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In response to the desire to allow the use of cleaner-hurhing
automotive fuels, and at the same time to provide an equitable
regulatory framework for comparing specific fuel/vehicle combi-
nations, recent action by the California Air Resources Board
proposed a reactivity-weighting for calculating the allowable
automaobile exhaust mass emission rate of non-methane organic

- gases, The “ozone-forming potentiais” of individual organic
compounds, times the mass fraction of those components in the
exhaust, are summed to find the net ozone farming potential for
a fuel/vehicle combination. In this way, the ozone production
potentials of various alternative fuels {and reformulated gaso-
lines) can be directly compared. Currently, the ozone-forming
potentials of individual organics are calculated using the restilts
of an average of about 35 episodes simuiated with a chemically
detailed, 1-dimensional model over short (less than one day)
modeling periods. At gquestion is whether using a physically
detailed, three-dimensional mode! and muiti-day simulations of
a single severe episode gives comparable calculated ozone
formation sensitivity, and also what the impact of changing
emissions would have on other pollutants such as NO,, PAN and
formaldehyde.

This study uses a 3-D Eulerian photochemical model and an
advanced chemical reaction mechanism to evaluate the sensitiv-
ity of pollutant levels to changes in emissions. In particular, the
ozone forming potentials of classes of organic compounds are
calculated, with particular emphasis on oxygenated organics
associated with alternative fuels, Methanol, ethanol, MTBE,
alkane and toluene emissions were found to add about one-fifth

Implications

Use of organic compournd reactivities is being promul-
gated by the California Air Resources Board for provid-
ing a level playing fleld for comparison and taking
advantage of the differences between alternative fuels.
These regulations are being considered for adoption by
other states. This study investigates how results ob-
tained using a comprehensive three-dimensiona! air
quality model compare with species reactivities devel-
oped from the EKMA-type model being used in the
regulatory process. In general, the results compare well,
though some marked differences are apparent.
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the ozone {on a carbon mass basis) as alkenes, aldehydes,
non-toluene aromatics and ethene. On a per-carbon basis,
formaldehyde added about ten times as much ozone as the "aast
reactive organics tested. The results of the trajectory m_del
based study usually compare well with those found here. The
pollution formation potentials can now be used in assessing the
refative impact of various exhaust gas compositions.

About one hundred cities in the United States and else.
where (e.g., Mexico City) experience episodes where ozone
concentrations exceed the United States standard of 0.12
‘ppm. Emissions of reactive brganic gases (ROG) are a key
precursor to ozone formation in these urban areas, and
regulations have targeted reducing the mass emission raotes
of ROG. However, the same mass emission rate of "wo
organic compounds can contribute very different amou ats
to the total ozone formation in an urban basin. Reasons ior
the differences include the individual compound’s oxidation
rate (particularly the reaction with the hydroxyl radical,
OH), the products of the reactions and the prevailing
arobient conditicns. In an effort to improve air quality in
the nation’s most polluted cities, regulators and manufac-
turers are considering taking advantage of the differences
in reactivity by using alternative fuels and reformulated
gasolines for use in automobiles. These alternative fuels,
and the emissions from vehicles using these fuels, are
intended to promote less ozone formation than using
conventional gasoline. In the near term, these alternatives
include methanol, methanol blends, natural gas, ethanol,
ethanol blends, and reformulated gasoline, which may
contain substantial quantities of oxygenates. A key ques-
tion arises as to how to compare the relative benefits of the
various fuels in terms of their atmospheric impact, and
provide a scientifically justified, equitable policy regulating
alternatively fueled vehicle (A¥V) emissions. While there
kave been proposals to include the compounds’ net reactiv-
ity, or “ozone formation potential,”” to account for reactiv-
ity differences, until recently regulations have followed 2
two-tiered approach classifying organic gases as reactive or
unreactive, and if they are reactive they are given equal
weighting. Recently, the California Air Resources Board

- adopted organic gas exhaust emission standards for automo-

biles with & proposed reactivity-weighting of the emissior:s.
This paper addresses issues associated with reactivity, or
“ozone forming potential” of organic gases, and issues
associated with the recent California regulations.
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Two directions are available for determining, quantita-
tively, how fuel changes will improve {or harm) air quality
in urban basins. First, the forecast exhaust composition
and emission rates from vehicle fypes [e.g., those running
on a methanol-gasoline blend (M335), compressed natural
gas (CNG), or reformulated gasoline] may be used with
advanced photochemical models to prediet what impact
using a new fuel in motor vehicles will have on smog
foermation (see, for example, References 1-3). While this
procedure s the most appropriate for determining the
effects of the exhaust from the “assumed” vehicle (or
vehicle fleet), it sufers from two shortcomings. First, the
composition of emissions from future vehicles using dif-
ferent fuels is unknown, and forecasts are debated. A
second shortcoming is that this route does not determine
the role individual exhaust components have on forming
ozone and other pollutants. However, this direct determina-
tion does account for the non-linear interactions between
the emitted compounds,

A second direction is to test the sensitivity of ozone

formation, and other secondary species, to changes in

emissions of individual compounds or classes of com-
pounds. This information can then be pieced together o
estimate the effects of many of these compounds emitted
simultaneously. This route is taken here, and is the motiva-
tion of the work of Carter and Atkinson,* Carter,® and
Chang and Rudy.® This is also the basis behind recent
proposals by the California Air Resources Board? for devel-

oping reactivity-based standards for mobile source emis-
- sions. However, summing individual compound reactivities

to estimate the impact of the combined mixture neglects the
synergisms between species, and may not fully account for
non-linear effects of the chemistry. For small perturbations
in emissions, these limitations should be minor, though
wouldl he significant for, say, shifting an entire fleet to the
use cf alternatively-fueled vehicles (AFVs), This paper
discusses the use of a 3-D grid-based airshed model to
develop a relative reactivity scale for hoth individual com-
pounds (e.g., methanocl, ethene, formaldehyde, ete.), and
lumped organic classes {e.g., aromatics, higher aldehydes,
alkanes, ete.). This information can be used for regulatory
pwrpeses and for compariser with similar calculations
tonducted using chemically more detailed and physically
less complete models. 6 Of note is that the reactivity scale
turrently proposed by the CARB (i.e., developed by
Carter4®7), was derived from a suite of 35 single day,
trajectory simulations (efectively less than 18 hours),
using a pseudo-1 dimensional model. One question being
addressed here is the importance of considering muiti-day
effects. This is important because most smog episodes are
mulii-day events, and the carryover of pollutants from one
day to the next is critically important. A greater fraction of

the less reactive organics will remain on following days. A

Second issue is if there are significant differences when

coking at exposure-based results versus peak ozone forma-
tion results.

Methadology

I“‘DTBVious studies®? the 3-dimensional, Eulerian, Cali-
oria/Carnegie Institute of Technology (CIT) photochemi-
dirshed model was used to simulate the evolution of

activeC .

Da Sg;?en equal POllu;:angS during a multi-day smog episode in the Los

oUTCeS ; :geles, California Basin. The period chosen for detailed

ds for autom® eling was August 30 to September 1, 1982, and was

Fhe emissiol L because:

reactivity» &z § Met_eorological conditions present during the three-day

s, and ST ‘penod were conducive to forming ozone. By the third

ons. .98y of the 1982 episode, ozone concentrations built up
0.35 ppm, which is comparable to the highest levels
X Tecorded in recent years.
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2. The atmosphere prior to the start of the episode was
relatively unpolluted. This, and the use of a three-day
modeling period, makes predicted pollutant concentra-
tions on the third day relatively insensitive to initial
conditions (This was tested, and the results are given
elsewhere®). .

3. Pollutant measurements of trace species, including
PAN, HNOj, aerosol nifrate, and NHj, were made
during the first two days of the period.® Along with
routine menitoring data, this allowed for extensive
model performance testing. Model results for not only
O3 and NOs, but also trace species such as nitrate and
PAN compared well with measurements.®

4. Winds during this period were generally westerly from
over the Pacific Ocean. Pollutant concentrations aver
the ocean are low, and if the modeling domain extends
sufficiently far out, predicted concentrations in the
Basin are relatively independent of boundary condi-
tions.10

In this study, the meteorological inputs correspond to the
August 30-September 1, 1982 period. Meteorological fields
were developed from observations throughout the modeling
domain (Figure 1) using objective analysis techniques.1!

Base case emission inputs used in this study correspond
to the year 2010 forecast inventory for the South Coast Air
Basin (30CAB) (Table I). This inventory does not reflect the
proposed controls developed as part of the recent Air
Quality Management Planl2 (AQMP), but does reflect more
stringent mobile source regulations. The 2010 inventory
was chosen for modeling because there is a marked time lag
between adopting a source control technique and the time
that the conirol is fully implemented. For example, it takes
more than 10 years to turn over the vehicle flest, and the
clder vehicles contribute disproportionately to mobile source
emissions. -

The version of the CIT model used in this study has
implemented the Lurmann, Carter Coyner,!® or “LCC,”
condensed chemical mechanism. This mechanism was cho-
sen to replace the Caltech mechanism because it represents
the state-of-the-art description of atmospheric photochem-
istry at a level compatible with three-dimensional airshed
models. Correct implementation of the LCC mechanism
was verified against the supplied test case.!® In this study,
that mechanism was extended to include, explicitly, metha-
nol (METH) and ethanol (ETOH):

METH + OH - HCHO + HO, K= 1360 ppm™ min™

ETOH + OH + 0.1 NO — 0.922 ALD2
+0.158 HCHO + 0.1 NO + HO,

K = 5040 pprm *! min™

ALD?2 is the lumped aldehyde including acetaldehyde. The
ETOH chemistry and MTBE oxidation mechanisms taken
from Carterl* were also implemented:

MTBE + OH -» 0.98 RO2R + 0.37 R202 ‘
+ 0.02 ROZN + 0.41 MEK + 0.39 HCHO

K = 4130 ppm ™" min™!
Emissions were processed to develop a spatially and tempo-
rally detailed inventory for use with the LCC chemical
mechanism (Table II). This inventory, along with the

- meteorological and geographieal fields, provide the base

case predictions of Gy, NOy, HCHO, PAN and other pollut-

" ants.

“~Local sensitivities to changes in emissions are calculated
by perturbing the emission inventory, and re-running the
airshed model for the full three-day pericd. Results from
the third day are used to minimize any depenidence on
initial conditions. In the perturbed simulations, all other

. inputs, including boundary and initial conditions, were

unaltered. The sensitivity to a change in the emissions of
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Figure 1. Map of Calffornia’s South Coast Air Basin (SoCAB), showing the grid system used. The modeiing region is denoted by the heavy solid (——) line.

species i, S;, is then defined as:
_PE,) - P(E,)

: E,-E,
where P is the predicted quantity (e.g., peak ozone or ozone
exposure), associated with either the i’th perturbed inven-
tory, &,; or the base inventory, Ej. In this study £,; and E;,
are measured in moles (or kilograms) carbon of each
organic species and CO. The sensitivities are then stated on
a per carbon or per gram basis. In mest cases, the increase
in emissions are allocated with the same spatial and
temporal distribution as the original species. Exceptions
were made for methanol, ethanol and MTBE, which are
currently emitted from relatively few sources. However, if
these compounds find greater use in transporiation fuels,
those emissions could become widespread. For this reason,
increases In those emissions were distributed proportion-
ally to the other organics. Emission perturbation levels
were chosen to give about a 5 to 10 percent change in peak
ozane, but not severely change the total carbon concentra-
tions. 3

While much concern is devoted to how peak ozone
concentrations respond to emission changes, the approach
taken here considers a broader range of measures. In
addition to the sensitivity of the peak ozone, the sensitivi-
ties of the peak HCHO, PAN and NO, are also calculated.
One advantage of using a three-dimensional airshed model,
as compared to a irajectory model, is that the spatial
distribution of pollutants is also predicted. These fields can

Resulis

Predicted peak concentrations and exposures for O,
HCHO, NO5 and PAN are given in Table IIT for the base
case. For Oz, exposures are only considered if the predicted
concentration is above 0.12 ppm, the national standard
There was a slight change in the predicted concentrations
of most species when the chemical mechanism was changed
from the Caltech to LCC mechanism, though the relarive
spatial and temporal distributions were similar. Compaied
to sirnilar simulations using the CIT model and the Caltech
chemistry, the predicted peak ozone in the central portion
of the Basin decreased by 9 percent. Exposures responded
similarly to the change in mechanism.

Pollutant formation sensitivities to each of the emitted
organic classes used in the condensed LCC mechanisms are
given in Table IV. In addition, the sensitivities to methanol,
ethanol (ETOH) and MTBE are also given. Table V gives
the ‘“‘normalized” sensitivity of peak ozone and exposure,
N;, using the sensitivity of ozone peak and exposure to CO:

N=2
)

This facilitates comparison with the results of different
model formulations and sensitivity measures. (It is imprac-
tical to try to define an incremental reactivity measure

Table II. Base case emissions by chemical class in moles carbon.

be combined with the forecast population distribution to Snecs Species descri .ti [ Ez:in.issions)
provide an exposure-based estimate of the impact of raising pecies pecies cescription 10° moles C
species emissions. In addition to peak sensitivities, expo- CO Carbon monoxide 218295
sure sensitivities are also caleulated, . ALD2 Higher aldehydes 850
' ALKA > C3 alkanes 53601
ALKE > C, alkenes 5890
s 3 AROM Di- and tri-alkyl aromatics 4193
Table . Forecast 2010 emissions (108 kg day). ETHE Ethene 796
Co NO, ROG HCHO Formaldehyde 375
g TOLU Toluene 9353
On-Road 4274 430 - 385 METH Methanol 445
Stationary and Off Road 1843 436 1097 MTBE Methy! t-Butyl ether 0
Total 68117 866 1452 ETOH Ethanol ) 0
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Table TI1. Predicted peak pollutant concentrations for the base
case, 2010 simulation.

Table V. Reactivities of compounds relative to CO (per carbon
basis): Comparison of airshed results to EXMA-type model.

Predicted peak Exposure

Pollutant concentration (ppb) (102 person-ppm-hours)
0, 320 10022 (O3 > 120 ppb)
NGO, 350 22783
PAN 26 200
HCHO 62 6472

similar to that used by Carter and Atkinson? because that
measure would depend on modeling domain. The peak
ozone does not respond equally to emissions in various
parts of the Basin.) Similar quantities derived from Carter®
and those based on the OH-reactivity are also shown for
comparison. '

Results shown in Tables IV and V can be used to estimate
the effectiveness of changing the composition and mass
emission rates from sources such as automobiles and

solvents. First, it is obvious from this analysis that the

pollutant forming potential of a compound is not ade-
quarely characterized solely by the mass emission rate or
the hivdroxyl radical reactivity or a simple combination of
the two (e.g., Table V). The limited lifetimes of the highly
reactive compounds decrease their impact relative to using
the OH-reactivity, over multi-day episodes.

The rank ordering of the species in the per carbon
contribution to forming ozone (e.g., exposure} is found to
be, in ascending order: CO, MTBE, methanol, ALKA (al-
kanes), ethanol, toluene, ethene, ALD2 (higher aldehydes),
ALKE (alkenes), AROM (di- and tri-alkyl benzenes) and

Table TV. Pollutant sensitivities to individual compounds
emizsions.

Pollutant sensitivities*®
(in per gram of organic compound emitted)

. Qzone HCHO
Emitted
Compound Peak Exposure Peak Exposure
Class (x10%) (x104) (x10%) (x10%)
co 0.85 1.0 0.0 -0.10
Aldehydes 146 92 53 50
Alkanes 49 27 2.6 3.0
Alkenes 190 150 156 85
Aromatics 170 200 - 43 43
Ethene 190 - 120 110 110
Formaldehyde i60 180 950 840
Toizene 85 58 17 15
Mearhanol 18 10 11 10
Eiianol 23 17 7.9 1.0
MTBE . 21 13 3.5 3.0
NQ, PaN
Peak Exposure Peak Exposure
{x109) (%104} {x10%} (x104%)
CcO -19 0.53 -0.62 =0.0
Aldehydes -~154 37 22 23
Alkanes 3.6 11 0.43 2.0
Alkenes 168 80 -0.18 27
Arpmatics -163 48 -10 30
Ethene -20 37 -7.4 95
HCHO 92 58 —24 14
Tavlene 3.2 13 6.0 8.4
Muzhanol 7.0 26 - -08 0.56
Ethanol 15 6.7 39 3.6
MTRE 11 3.7 -0.3 - 0.46

*Peak sensitivity is in units of (10~9) ppm per gram organic
compound (or CO} emitted, and exposure sensitivity is in units of
{10-4) person-ppm-hours per gram. Actual compound malecular
welghts were used when possible. For lumped species, molecular
weight is calculated from average carbon number, Ozone exposure
Is to concentrations = 0.12 ppm. .

February 1592 Volume 42, No. 2

Kor/Komn.co
Airshed Per Per Carter
Peak Exposure molecule carbon MOR! MIR2
Co 1 1 1 1 1 1
ALD2 108 67 65 332 524 71
ALKA 27 14 23 495 78 9
ALKE 102 77 178 457 58° 63
AROM 87 94 176 239 3210 75
ETHE 100 60 35 18 39 67
HCHO 176 188 41 41 63 162
TOLU 32 28 25 4 [ 21
METH 21 12 4 4 6 11
Ethanol 20 14 15 8 10 16
MTBE i4 8 12 2.4 6 7

! Incremental ozone reactivity at peak ozone predicted as defined
by Carter.

2 Maximum incremental reactivity, as defined by Carter.14

% Used an average of 2.38 atoms C/molecule.

% Used incremental reactivity for acetaldehyde.

% An average of 4.27 atoms C/molecule used,

6 Used 50% C4-C5 alkanes, and 50% C8+ alkanes from Carter 2
7 An average of 3.93 atoms C/molecule used.

8 Used C4-C5 alkenes from Carter.?

9 An average of 7.8 atoms C/molecule usad.

10 Used equal portions of di- and tri-alkyl benzenes from Carter 2

HCHO. {The reason for using a per carbon basis is that the
energy content of the organics is more closely associated
with the amount of carbon.) On 2 mass basis, the contribu-
tion to forming ozone of the non-aldehyde oxygenates
{mmethanol, ethanol, and MTBE) are similar, and are about
one tenth of the higher aldehydes, alkenes, aromatics,
HCHO and ethene. (It should be remembered that these
classes approximate an average of the reactivities in that
class, and individual species may be more or less reactive,)
An interesting aspect of using an airshed model in this
type of analysis is the ability to compare the exposure-based
and peak ozone results. As shown in Tables IV and V, the
relative sensitivity of peak ozone and ozone exposure for
each species is not identical. This is most striking for
AROM and HCHO that have a greater impact on exposure
than peak. Their high reactivity leads to rapid ozone
formation in the more densely populated, lower ozone
regions in the SoCAB. On the other hand, their limited
lifetimes and, very importantly, the formation of organic
nitrates lead to somewhat smaller impacts in the down-
wind, peak ozone region. Conversely, the less reactive and
longer lived methanol, MTBE and atkanes contribute some-
what more to the downwind peak than to exposure.
Coniributions of individual compounds to increasing
HCHO, NO; and PAN levels do not follow their contribu-
tion to forming Q4. For example, CO and methanel (METH)
are not precursors to PAN, and substituting those emis-
sions for other compounds can lead to reductions in PAN
levels. Not unexpectedly, PAN formation is very sensitive to
ALD2, ALKE and AROM. Of the organics tested, METH
contributed least to increasing NOs, and ALXE contributed
most. Sensitivity of HCHO formation is smallest for MTBE,
CO and alkanes, and the greatest sensitivity is found for

. increasing HCHO, ALKX and ETHE {ethene) emissions.

Comparison of these results with those of Carter? (Table
V) shows rather strong agreement in most cases. ALKA,
METH and MTBE are more reactive in the airshed analy-
sis. One likely reason for the differences is that these
species are less reactive, so a greater fraction can react over
three day simulations. Other possibilities include the use of
a 3-D model, with greater physical detail (though less
detailed chemistry), spatially and temporally explicit emis-
sions, use of a different NO to NOg ratio in emissions, the
use of a specific meteorclogical period, or the use of a
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* lumped mechanism. It is interesting that the ALKA (al-

" . kane) results here differ so markedly from those found for

the chemically detailed analysis. Reasorns for the differences
are being explored. o
' One concern with using this, or the Carter®-type of
analysis for determining the impact of very large perturba-
tions in the inventory is the non-linearity of the chemistry.®
The sénsitivities developed here are local, and the response
will depend not only on the organic emissions, but also on
the magnitude of NO, emissions and the spatial and
temporal distribution. Carter and Atkinson® show that at
very high ROG/NQ,, ratios, the ozone reactivity to certain
organic compounds may go negative and the relative reactiv-
ities change dramatically. However, ROG control will have
little effect in those regimes because ozone formation is
NO,-limited.*3 In the base emissions iriventory used, the
ROG/NO, ratio is about 5.5 ppmC/ppm NO.. This leads to
an ambient %:00 am ROG/NQ, ratio of about 8 in dense
source regions. Downwind ROG/NO, ratios are higher, and
can exceed 20. Thus, the modeled area spans a wide range of
conditions. The predicted peak is in a region with a higher
ROG/NOQ, ratic, so it is not surprising that the peak
sensitivities found correspond more closely with Carter’s
MOR scale which also is found at higher ratios and is a
measure of the peak ozone response. If the relative arounts
of ROG and NO, in the inventory were to change signifi-
cantly, the sensitivities would likely change. _
The seemingly small differences in relative reactivities
between Carter’s results and these could have major impli-
cations for contro] strategy analysis if the difference leads
to a consistent bias in the reactivity of fuel types. The 10 to
20 percent differences found for most species are similar to
the reactivity differences between exhaust from some fuels.

Conclusions

A three-dimensional air quality miodel has been uséd to
provide the relative sensitivities of pollutant formation to
changes In organic compound emissions. Results show the
benefits of replacirig the more reactive aromatic, aldehyde
and alkene fractions of emissions with alkanes$, methanol,
ethanol and MTBE. This is indicative of the benefits of
reformulating gasoline to decrease the mass emission rates
of the reactive components with alkanes and MTBE (and
possibly toluene), and that alternative fuels such as metha-
nol, natural gas and LPG could help decrease ozone concen-
trations. Lower NQs, HCHO and PAN concentratioris
would also result from decreasing the reactivity of the
emissions unless ethanol is substituted.

This analysis found important similarities and differ-
ences with a similar set of studies by Carter and co-
workers*? using an EKMA-type model. The relative reactiv-
ity of most compounds compare quite favorably with the
EKMA-based results. Toluene, MTBE, and alkanes were
found to be relatively miore reactive. Further analysis is
required fo undérstand all the reasons for these differences.

Reactivities derived by this type of analysis can be used to
help giide regulators and manufacturers in improving air
quality by lookinig at the use of cleaner fuels. These resuits
show that the incremental reactivity scale of Carter® pro-
vides & reasonablé first estimate of the relative importance
of compounds in forming ozone in an airshed like Los
Angéles. This is impertant given that the reactivity scale
used by Carter is for a suite of scenarios, typical of multiple
cities. However, the differences can be significant, and
warrant the use of more detailed, robust, area specific

analysis when possible. Carter’s analysis did not provide -

the sensitivities of other species, such as PAN, NO, and
HCHO. These species do not respond the same as ozone.
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Also, airshed amalysis provides a measure of pollutant
exposure, which as shown does not behave the same as the
peak concentrations.
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