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DISCLAIMER

The members of the RRWG Policy Team have developed this White
Paper to highlight scientific issues and to identify future research
needs concerning VOC emissions. It should be noted, however,
that this White Paper does not necessarily represent the opinion of
each individual member of the RRWG Policy Team, the organiza-
tions with which these individuals are affiliated, or the RRWG Policy
Team as a whole. The RRWG Policy Team does not intend this
White Paper to constitute consensus advice or recommendations
to EPA or any other regulatory body regarding future regulation of
VOC.

EPA has been a participant in the work of the RRWG Policy Team
and in the preparation of this White Paper in order to promote an
open dialog regarding scientific issues and necessary research.
Nevertheless, EPA notes that it must comply with current statutory
mandates to regulate VOC emissions, and that any reconsideration
of EPA’s policies regarding regulation of VOC emissions does not
delay or suspend the Agency’s obligations to comply with such
mandates. If additional studies that arise as a result of this White
Paper justify the Agency’s reconsideration of any regulatory
program in the future, EPA will take such action as the Agency
deems appropriate at that time. The Agency does not consider this
White Paper or any other materials created by the RRWG to be
consensus advice or recommendations for the Agency.
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1. INTRODUCTION

1.1 BACKGROUND

The Environmental Protection Agency (EPA) has promulgated regulations and developed
implementation control strategies over three decades to reduce the photochemica smog afflicting many
urban areas across the nation. The photochemical oxidants ozone (O,) and oxides of nitrogen (NO,),
which arethe mgjor congtituents of photochemica smog, pose risksto human health and the environment.
To protect human hedlth and the environment, EPA setsanationa ambient air quaity sandard (NAAQS)
for ozone.

The EPA providesguidancefor each State with areas not attai ning the applicable ozone standard
to develop its State Implementation Plan (SIP) to attain the standard by the designated attainment date.
The Clean Air Act directs EPA to regulate both VOC and NO, emissions. Since 1970, EPA’ sunderlying
drategy to reduce tropospheric levels of ozone in nonattainment areas has focused mainly on reducing the
total mass of volatile organic compound (V OC) emissionsbecause they are a precursor of ozone pollution.
In the 1990's EPA began devel oping policies and guidance for reducing NO, emissions as a strategy, in
additionto VVOC emission reductions, to achieve the ozone standard, especially in those Situationswhere
upwind transport significantly contributes to nonattainment.

Although EPA hasfocused its VOC control strategy on the reduction of al VVOC emissonswithout
regard to the reactivity of theindividual speciesof VOC, EPA has made some attempts over theyearsto
congder variationsin VOC reactivity inits SIP policy and guidance. These effortseventudly led to the
development of EPA’ sexemption policy for negligibly reactive VOCs. Thepaucity of chemica reactivity
dataand thelack of aviablereactivity scaleor index that isinvariant to location, however, are mgor issues
which havelimited thedevelopment of aV OC control policy based on the differencesin reactivity between
different compounds. Advances in the understanding of atmospheric photochemistry and in the
improvement of themodel ssimul ating atmaospheri c processesand ozoneformation made over recent years,
however, may afford EPA an opportunity to develop aVOC control policy which reflects differencesin
VOC reactivity, provided further research can resolve a number of technical issues.

After saverd decadesof total VOC emission reductionsin nonattainment aress, theleast expensive
and most cogt-€effective control measureshave generdly beenimplemented. But, to attainthe 1-hour ozone
gtandard in nonattainment areas further reductionsin ozone formation from VVOCs may beneeded in some
of the areas. The development of a broader-based VVOC regulatory policy recognizing the relative
reactivity of individua speciesof VOC may have potential benefitsto both the environment and industry
by lowering the ozone forming potentia of pollutants rel eased to the atmosphere while extending the cost-
effectiveness of aVVOC control strategy and affording greater flexihbility to the regulated community. Also
aVOC control policy based onrelativereactivity could provideaviableway of deding withinterrelated
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and competing environmenta issues such asfine particleformation, toxicity, stratogpheric ozone depletion,
and globd warming through VVOC subgtitution and exemption strategies to the extent permitted by the Clean
Air Act. However, whilethere are potentia benefitsthat may berealized by such aVVOC control policy,
thereare 9gnificant hurdles associated with devel oping apracticd, cost-effective, enforceable VOC policy
based on relative reactivity of VOCs. Additional research may help to solve these problems.

1.2 REACTIVITY RESEARCH WORK GROUP

If EPA wereto develop VOC control policy based on relative reactivity, anumber of technical
issues would need to be addressed by additional research. In May 1998, EPA invited interested parties
to participate in a public-private partnership to sponsor research that would help to address technica
issuesreevant to theformulation of aVOC control policy. Asaresult of thisinvitation, representatives of
Federd and State agencies, the academic community and industrial companies and associations formed
the Reactivity Research Work Group (RRWG). The stated mission of the RRWG is...

To provide an improved scientific basis for reactivity-related regulatory policies.
That [mission] will be accomplished by bringing together all parties actively
interested in sponsoring, planning, performing or assessing policy-relevant scientific
research on the reactivities of organic compounds emitted to ambient air, as related
to the formation of ozone, PM,., and regional haze. This [work group] is for the
pur poses of coordinating such research and defining potential applications, while
continuously involving key policy makers.*

Theactivitiesof RRWG arenot intended to formul ate or devel op policy nor to devel op consensus advice
on policy options, but, rather, toidentify areas of research that may assist policy makersin making decisons
about VOC control policy and to sponsor this research.

Asafirst gepinits misson, the RRWG formed two teamsto prepare white papers on the state
of knowledge and the status of current research in thefield of VOC reactivity (research team) and on
possible policy options and the relevant technical issues related to reactivity (policy team).

1.3 SCOPE OF THISDOCUMENT
The purpose of thiswhite paper isto provideastarting point to identify possible areas of research

which could assst Federd, Stateor local policy makersin developing VOC emission control strategiesand
related guidance and policy based on thereactivity of individua speciesof VOC. This paper gives (chapter

! RRWG adopted this mission statement at its December 2-3, 1998 meeting in Research
Triangle Park, NC.
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2) anoverview of past and current EPA and State guidance and policies associated with VOC reactivity
issues. Chapters 3 and 4 outline potentia opportunities and goasfor aVVOC control policy based upon
reactivity and identify possible concept options or approaches which could be consdered in such apalicy.
Our intent hereisnot to devise or recommend policy per senor to provide an exhaustivelist of options,
but to creaste aframework for identifying and examining possibletechnica issuesand related research areas
that would help to inform future policy decisions. A brief overview of the significance of VOC reactivity
and fine particul ate matter formationisgivenin chapter 5. Chapter 6 attemptsto identify thetechnical
issues and research topics associated with the options presented in chapter 4.
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2. HISTORY OF VOC REACTIVITY POLICY

2.1 U.S ENVIRONMENTAL PROTECTION AGENCY PoLIcY
2.1.1 VOC asa Focus of Ozone Policy
2.1.1.1 1970to 1990 VOC Policy

Volatile organic compounds (VOCs) are defined in 40 CFR 51.100 as*“any compound of carbon,
excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, and
ammonium carbonate, which participatesin aimospheric photochemica reactions” Theinitia verson of
the current control regulationwasissued in 1971 as part of the U.S. Environmental Protection Agency’s
(EPA) guidanceto Statesfor the preparation of State |mplementation Plans (S Ps) for demongtrating ozone
attainment. Inthisinitia guidance, EPA emphasized the reduction of the total mass of organic emissions,
but also offered that “ substitution of one compound for another might be useful whereit would resultina
clearly evident decreasein reactivity and thustend to reduce photochemica oxidant formation.” Thislatter
satement encouraged States to promul gate SIPs with organic emission control provisons Smilar to those
outlinedinLosAngeesDigrict’ sRule 66, which alowed many VOC specieswith minima adverseeffects
to be exempted from control.

The Rule 66 exempt status for many of these organic emission specieswas questioned afew years
later when research results from field studies conducted between 1971-1974 revealed that pollutant
transport conditionswere capabl e of enhancing ozoneformation such that these* exempt” compoundswere
now consdered significant ozone producers. Thus, in 1977 the EPA issued the “ Recommended Policy on
Control of Volatile Organic Compounds,” offering itsown, much morelimited list of exempt compounds.
Specificdly, inthe* Recommended Policy” therewere only 12 listed organic compoundsthat EPA judged
a thetimeto be“negligibly reactive’ and of those compounds, only 4 qudified for an exemption. However,
in recent years, as research data have become available, additional compounds (primarily from the
hal ocarbon family of compounds) have beenfoundto be* negligibly reactive’” and further exemptionshave
been granted for specific compounds (see Table 2-1).

Reactivity Research Work Group 2-1
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Table 2-1. Organic Compounds That EPA Has Exempted from the Definition of Volatile Organic
Compounds (VOCs) in 40 CFR 51.100.

Compound Exemption Date® FR Citation
1 methane . ... July 8, 1977 42 FR 35314
2 ethane ... ... July 8, 1977 42 FR 35314
3 1,1,1 trichloroethane (methyl chloroform) ................... July 8, 1977 42 FR 35314
4 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113) .............. July 8, 1977 42 FR 35314
5 dichloromethane (methylenechloride) ...................... June 4, 1979 44 FR 32042

May 16, 1980 45 FR 32424

6 trichlorofluoromethane (CFC-11) .............. ... ... ...... July 22, 1980 45 FR 48941
7 dichlorodifluoromethane (CFC-12) ........................ July 22, 1980 45 FR 48941
8 chlorodifluoromethane (HCFC-22) ........................ July 22, 1980 45 FR 48941
9 trifluoromethane (HFC-23) ......... .. July 22, 1980 45 FR 48941
10  1,2-dichloro-1,1,2,2-tetrafluoroethane (CFC-114) . ............ July 22, 1980 45 FR 48941
11 chloropentafluoroethane (CFC-115) . ....................... July 22, 1980 45 FR 48941
12 1,1,1-trifluoro-2,2-dichloroethane (HCFC-123) .. ............. January 18, 1989 54 FR 1988
13 1,1,12-tetrafluoroethane (HFC-134a) ...................... January 18, 1989 54 FR 1988
14  1,1-dichloro-1-fluoroethane (HCFC-141b) .................. January 18, 1989 54 FR 1988
15  1-chloro-1,1-difluoroethane (HCFC-142b) .................. January 18, 1989 54 FR 1988
16  2-chloro-1,1,1,2-tetrafluoroethane (HCFC-124) .............. March 18, 1991 56 FR 11418
17 pentafluoroethane (HFC-125) ...t March 18, 1991 56 FR 11418
18  1,1,2,2-tetrafluoroethane (HFC-134) . ............ ...t March 18, 1991 56 FR 11418
19  1,1,1-trifluoroethane (HFC-143a) ......... ...t March 18, 1991 56 FR 11418
20 1,1-difluoroethane (HFC-152a) ................cccon.n. March 18, 1991 56 FR 11418

Perfluorocarbon compounds which fall into these classes:
21  cyclic, branched, or linear, completely fluorinated alkanes; .. ... March 18, 1991 56 FR 11418
22  cyclic, branched, or linear, completely fluorinated ethers with no

UNSBEUIAtioNS; . ..\ttt et e March 18, 1991 56 FR 11418
23  cyclic, branched, or linear, completely fluorinated tertiary amines

with no unsaturations; and, .................. ... ..., March 18, 1991 56 FR 11418
24 sulfur containing perfluorocarbons with no unsaturations and

with sulfur bonds only to carbon and fluorine ................ March 18, 1991 56 FR 11418

EPA adopted a definition of VOC in 40 CFR 51.100(s) ....... February 3, 1992 57 FR 3941
25  parachlorobenzotrifluoride (PCPTF) ....................... October 5, 1994 59 FR 50693

Reactivity Research Work Group 2-2
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Compound Exemption Date® FR Citation
26  cyclic, branched, or linear completely methylated siloxanes . . . . . October 5, 1994 59 FR 50693
27 ACEIONE . ... June 16, 1995 60 FR 31633
28 tetrachloroethane (perchloroethylene) ...................... February 7, 1996 61 FR 4588
29  3,3-dichloro-1,1,1,2,2-pentafluoropropane (HCFC-225¢ca) ... ... October 8, 1996 61 FR 52848
30 1,3-dichloro-1,1,2,2,3-pentafluoropropane (HCFC-225¢h) . . . ... October 8, 1996 61 FR 52848
31 1,11,2,3,4,4,5,5,5-decafluoropentane (HFC-43-10mee) ........ October 8, 1996 61 FR 52848
32 difluoromethane (HFC-32) . ... ... ... August 25, 1997 62 FR 44900
33 ethylfluoride (HFC-161) .. ....ovrneee e August 25,1997 62 FR 44900
34  1,1,1,3,3,3-hexafluoropropane (HFC-236fa) ................. August 25, 1997 62 FR 44900
35 1,1,2,2,3-pentafluoroproane (HFC-245¢ca) ................... August 25, 1997 62 FR 44900
36 1,1,2,3,3-pentafluoropropane (HFC-245ea) .................. August 25, 1997 62 FR 44900
37  1,1,1,2,3-pentafluoropropane (HFC-245eb) .................. August 25, 1997 62 FR 44900
38 1,1,1,3,3-pentafluoropropane (HFC-245fa) .................. August 25, 1997 62 FR 44900
39 1,1,2,3,3-hexafluoropropane (HFC-236€a) . .................. August 25, 1997 62 FR 44900
40 1,1,1,3,3-pentafluorobutane (HFC-365mfc) .................. August 25, 1997 62 FR 44900
41  chlorofluoromethane (HCFC-31) .................covvun... August 25, 1997 62 FR 44900
42  1-chloro-1-fluoroethane (HCFC-151a) . ..................... August 25, 1997 62 FR 44900
43  1,2-dichloro-1,1,2-trifluoroethane (HCFC-123a) .............. August 25, 1997 62 FR 44900
44 1,1,1,2,2,3 3,4,4-nonafl uoro-4-methoxy-butane (C,F,OCH,) . ... August 25,1997 62 FR 44900
45  2-(difluoromethoxymethyl)-1,1,1,2,3,3,3-heptafluoropropane

((CF),CFCR,0CH.) .ttt August 25,1997 62 FR 44900
46  1-ethoxy-1,1,2,2,3,3,4,4,4-nonafluorobutane (C,F,OCH.H;) . . . .. August 25, 1997 62 FR 44900
47  2-(ethoxydifluoromethyl)-1,1,1,2,3,3,3-heptafluoropropane

((CF),.CFCR,0CH.) oot e August 25,1997 62 FR 44900
48 methylacetate ... April 9, 1998 63 FR 17331

a
Date shown is publication date of the Notice in the Federal Register. Actual exemption date is generally 30 to 60 days after this
publication date.

The foundation of this policy usesthe “k,,” method for determining a specific compound’ s
reactivity relativeto thereactivity of ethaneunder set conditions. Thek,,,-vauerepresentsthemolar rate
constant for reactions between the subject compound (e.g., ethane) and the hydroxyl radica (i.e., COH).
Thisreaction isvery important since it isthe primary pathway by which organic compounds initially
participatein atmospheric photochemical reaction processes. Under the current policy, compoundswith
reactivity equa to or lessthan that of ethane would be considered “negligibly reactive’” and exempt from

Reactivity Research Work Group 2-3
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the current VOC regulations. The comparison of reactivities for specific compounds is based on the
chemica premisethat chemica reactions occur on amole (i.e. number of molecules) basis, not on amass
(i. e massof themolecule) basis. Thelatter concept isextremely important because the use of ethane as
the benchmark compound isonly valid given that reactivity comparisons with ethane are performed on an
equimolar concentration basis. The policy emphasizes positive controlson al organic compounds since
the available transport studies suggest that al VOCs eventually would react in the photochemical process.

With the adoption of the Clean Air Act Amendmentsof 1990 (1990 CAA), Congressshifted the
focus of ozone attainment strategiesaway from solely VOCsand began to recognize and acknowledge the
benefits associated with co-control of VOCsand oxidesof nitrogen (NO,). In essence, the 1990 CAA
continued controls for VOCs and added NO, control requirements in areas that had more persistent
problemswith attaining the National Ambient Air Quality Standard (NAAQS) for ozone. The EPA has
highlighted the need for an integrated pollutant assessment when devel oping attainment strategies for
photochemically-derived pollution. Thus, inlight of the 1990 CAA and the numerous advancesin science
and technology over the past two decades, it may be appropriate to revisit the VOC policy originaly
defined in the early- to mid-1970s.

2.1.1.2 History of Volatility in VOC Definition

Inthelate 1970s, EPA began publishing a series of control techniques guidelines (CTGs) at the
request of several Statesfor assistancein determining what control technologies are reasonably available
to control volatile organic compound (VOC) emissons. Volumell of the CTG series (Control of Volatile
Organic Emissions from Existing Stationary Sources- Volumell: Surface Coating of Cans, Coails, Paper,
Fabrics, Automobiles, and Light-Duty Trucks," May 1977, EPA-450/2-77-008) contained an appendix
which gave guidance to aid in writing rules containing the emission limitations recommended in the
document. Inthisappendix, aseriesof definitionswere givenincluding adefinition for "volatile organic
compounds.” This definition said:

Volatile organic compound is any compound of carbon (excluding carbon monoxide,
carbon dioxide, carbonic acid, metallic carbides or carbonates, and ammonium
carbonate) that has a vapor pressure greater than 0.1 mm of Hg at standard
conditions.

Based on the vapor pressurelimits, EPA's VOC definition above (0.1 mm Hg) appeared to be
more stringent (i. e. classifying more organic compounds as V OCs) than the older Rule 66 definition (0.5
mm Hg) which LosAngelesAQMD had provided. A closer analysis of thesetwo definitions, however,
revealed that the above VVOC definition was actualy less stringent because of the different temperatures
at which the vapor pressures are specified and different carbon number cutoffsfor VOCs. TheVOC
definition above defined VV OCs as organic compounds having vapor pressures at andard conditions (20E
F) greater than 0.1 mm Hg; whereas, Rule 66 defined VOCs as having vapor pressures at 220E F (104E

Reactivity Research Work Group 2-4
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C) greater than 0.5 mm Hg. The VOC definition included in the surface coating CTGs further considered
compounds with carbon numbers less than 12 as VOCs compared to Rule 66 which considered
compounds with carbon numbers below 18 as VOCs.

Several Statesadopted the 0.1 mm Hg vapor pressure cutoff. 1t soon became apparent to EPA
that this cutoff exempted from control s organic compoundswhich doinfact evaporateinto theair where
the compoundsareavailableto participatein photochemical reactions. In addition, EPA and States|earned
that Method 24 (the test method used to measure VOC in paints and coatings) measured as VOC some
organic compounds which have vapor pressures below 0.1 mm Hg at standard conditions (20E F).
Scientific literature published after EPA's surface coating CTGs showed that organic compoundswith much
higher carbon number than 12 are found in the vapor state. Compounds with carbon numbersup to 18
areroutingly found in thevapor state. Compounds with carbon numbersover 24 are found partidly inthe
vapor state and partly condensed. Some alkane compounds with carbon numbers up to 31 have been
found in the vapor state.

For these reasons, EPA decided to revise its guidance regarding the vapor pressure cutoff in the
definition of VOC. The EPA decided that if acompound could be vaporized, especially at elevated
temperatures, it could be availablein the vapor state to participatein photochemica reactions. Whether
or not acompound isvaporized dependsto alarge extent on how it is heated during use. Thiscan not be
determined in advance by EPA. The EPA decided that it would be appropriate to remove the vapor
pressure cutoff altogether from the definition of VOC.

On November 24, 1987, EPA proposed a new ozone and carbon monoxide policy statement.
Inthat proposal, the Agency described a process to make State |mplementation Plan (SIP) deficiency
"cdls’ pursuant to Section 110 (8)(2)(H) of the 1977 CAA. Appendix D of the proposed policy statement
contained alisting of SIP deficienciesand incons stenciesthat States should address and correct when
responding to such SIP calls. In this Federal Register notice (52 FR 45108), EPA said "Many rules
incorrectly contain avapor pressure cutoff (e.g., 0.1 mm Hg) that effectively exempts some photochemi-
caly reactive compounds (such as diethylene glycol monobutyl ether, asolvent, and certain minera oils)
from control." The notice then provided amode definition of "volatile organic compound” for use which
did not contain a vapor pressure cutoff.

Later, in May 1988, EPA issued additiona guidanceto Statesto clarify the SIP cal policy ina
document titled: "1ssues Relating to VOC Regulation Cut points, Deficiencies, and Deviations- Clarification
to Appendix D of November 24, 1987 Federa Register.” Thisdocument provided that States " Cannot
use 0.1 mm Hg vapor pressure cutoff to define VOC -- inconsistent with EPA reactivity policy. Sucha
definition would exempt compoundsof low volatility, which, under certain processes, would volatilizeand,
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Ehere‘ore, would participatein photochemicd reactions. A State must iminatethisloopholefromthe SIP."

The 1990 CAA in effect codified EPA's SIP call process by requiring areasto correct existing
deficienciesintheir reasonably available control technology (RACT) rules® Statesresponded by correcting
the deficiencies, including removing the 0.1 mm Hg vapor pressure cutoff from the definition of VOC.

On February 3, 1992, EPA published (57 FR 3941) adefinition of VOC that was subsequently
codified inthe Code of Federd Regulations[40 CFR 51.100(s)] for usein evauating SIPsto control ozone
ambient air non-attainment. Thisdefinition doesnot contain the vapor pressure cutoff. Most Stateshave
now adopted this definition of VOC or something very similar for use in their own VOC regulations.

The absence of avapor pressure cutoff has caused a certain amount of confusion within the
regulated community. Peopleask if thereisany organic materid of such low vapor pressurethat it cannot
be considered volatile. Suppliersare often asked by their customersto specify what percent of aproduct
iIsVOC. If part of theproduct isavery low vapor pressure materia, perhapsasolid at room temperature,
should thismaterial be counted asVOC in the product? If the material isapaint or ink, the answer can
be found by running aMethod 24 test. The solid film forming part of the coating is not counted asVOC
even though it may bepartly organic. However, for many products there is no test method analogousto
Method 24 which can be used to calculate VOC mass content. This raises the question of whether a
compound with avapor pressurethat isso low that compounds of like vapor pressure are never foundin
theair in avapor state should realy be considered avolatile organic compound. Such aquestion suggests
that some vapor pressure cutoff may be appropriate, but one much lower than 0.1 mm Hg at 20E F.

2.1.2 VOC Definition and Exemption Policy

At varioustimesin the past, EPA hasrecommended example VVOC definitionswhich States might
use for regulatory purposes. For example, EPA published amodel VOC definition in the May 1977
control technique guideline document "Control of Volatile Organic Emissionsform Existing Stationary
Source - Volume lI: Surface Coating of Cans, Coils, Paper, Fabrics, Automobiles, and Light-Duty
Trucks" Thismodd definition did not recogni ze any exempted compounds, except those that had avapor
pressure below a certain cutpoint.

2 U. S. Environmental Protection Agency, "Issues Relating to VOC Regulation Cut points,
Deficiencies, and Deviations - Clarification to Appendix D of November 24, 1987 Federal Register,”
Office of Air Quality Planning and Standards, Research Triangle Park, NC 27711, May 25, 1988, p.
1-2a. (Note: Thisdocument is often called the “Blue Book™.)

% Clean Air Act section 182(a)(2)(A)
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On July 8, 1977, the "Recommended Policy on Control of Volatile Organic Compounds' was
published that established the basi ¢ policy which EPA has used regarding photochemical reactivity since
that time. That statement listed the following four compoundsasbeing of negligiblephotochemical reectivity
and said these should be exempt from regul ation under State | mplementation Plans. methane; ethane; 1,1,1-
trichloroethane (methyl chloroform); 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113). That policy
gatement said that asnew information becomesavailablethelist of compoundsmay berevised periodicaly
to add compoundsto or del ete them from thelist of negligibly reactive compounds. Organic compounds
listed asentries 1 to 24 in Table 2-1 above were added to the list by revisonsto policy statementswhich
were published in the Federal Register.

The EPA'sdecision to exempt certain compoundsinits 1977 policy was heavily influenced by
experimental smog chamber work done earlier inthe 1970's. In thisexperimental work, smog chamber
runs were made with various compounds at a molar concentration that is typical of the total molar
concentration of volatile organic compoundsin Los Angelesambient air. 1f the compound in the smog
chamber did not result in ozone formation of 0.08 ppm of ozone, which was the oxidant standard at that
time, it was assumed that emissions of the compound would not cause the 0zone standard to be exceeded.
Thecompound could then be considered to be negligibly reective. Ethanewasthe most reactive compound
tested that did not cause the 0.08 ozone level in the smog chamber to be exceeded.

These experimentswere somewhat of asimplification in that only one organic compound wasin
the chamber during the tests. Researchers have since learned that if a variety of organic species are
present, their reactivities can sometimes have asynergistic effect, and anew increment of agiven species
added to such amixture may cause more ozoneto form thanif the aliquot isadded to air containing only
that compound (plus NQ,). Also the smog chamber experiments were one day experiments, and the
effectsof multi day sunlight exposure was not evauated. Both of these factorsmight tend to produce more
ozone in the real world than under the laboratory conditions.

TheJduly 8, 1977 policy referred to above provided abasisfor adefinition of VOC, but did not
contain a specific VOC definition. The most recent model definition appeared in the May 25, 1988
document of guidanceto Statesfor usein revising State implementation plans "Issues Relating to VOC
Regulation Cutpoints, Deficiencies, and Deviations' which contained amodel VVOC definition for States
to usein State implementation plans. Thismodd definition excluded dl the compounds for which EPA had
excluded from the definition of VOC in previoudly issued policy statements, saying that the compounds
were negligibly reactive.

Therefore, EPA decided that there should bean official VOC definition in the Code of Federal
Regulationsto which EPA could refer as areference in various other places. On February 3, 1992 (57
FR 3941), EPA adopted adefinition of VOC in 40 CFR 51.100(s). The new definition of VOC had a
list of negligibly reactive compoundswhich States did not need to control in 0zone nonattainment areas.
(Therewasno vapor pressure cut-off in thisdefinition.) Thenegligibly reactivelist conssted of theorigina
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four compoundsfromthe 1977 policy statement plusall other compoundswhich EPA had recognized as
negligibly reactivein Federa Register policy revisonssincethen. Prior to thistime EPA had classified
compounds negligibly reactivethrough policy revisons. Afterthisdate, EPA has added compoundsto the
negligibly reactivelist by revising the definition of VOC at 40 CFR 51.100(s). Compoundswhich EPA
has added since 1992 to the negligibly reactivelist in the definition of VOC aregivenin Table 2-1 above
as entries 25 to 48 along with the date the action was announced in the Federal Register.

2.1.3 Implications of VOC Policy | mplementation
2.1.3.1 Impactsof Volatility Thresholdsand Test M ethods

While the definition of VOC in 40 CFR 51.100 (s) does not consider volatility of the organic
compound, EPA does consider the volatility of organic compoundsin the devel opment of new source
performancestandardsand in recommendationsof control technology guiddines(CTG's) for useby States.
Thus, the definition of VOC in 40 CFR 51.100(s) is but one part of the overall regulatory approach that
EPA has used to reduce the formation of photochemica oxidants. For rules established under section 111
of the Clean Air Act, EPA has defined VOC as

Volatile Organic Compound means any organic compound which participates in
atmospheric photochemical reactions; or which is measured by a reference method,
an equivalent method, an alternative method, or which is determined by procedures
specified under any subpart. [40 CFR 60.2]

In part 60 and in CTGs, the EPA has used both approaches allowed by this definition.
Specificaly, the EPA hasused volatility of the material (or the emission rate) asan explicit applicability
criterion or hasimplicitly factored it in through the method used to determine compliance or applicability.

For example, the new source performance standard (NSPS) for storage of volatile organic liquids, 40
CFR Part 60, subpart Kb, only appliesto storage vessel sgreater than a specified sizewhich areused to
store organic liquidswith vapor pressures greater than 0.75 psig.  The vapor pressure (and other factors)
determinetheemissonratefromthestoragevessd. Inother cases, the sandard does not explicitly include
avapor pressure cutoff because it only appliesto specific solvent blends or products. In such cases, the
volatility and the emission rate were explicit consderationsin the rule development process. An example
of such astandard isthe NSPSfor Petroleum Refinery Wastewater Systems (40 CFR Part 60, subpart
QQQ). Inother NSPS, the requirements apply to gas streamsthat are discharged to the atmosphere and
control or monitoring requirements are based on anumber of factorsincluding the emission rate of the gas
sream. Examplesof NSPS using this gpproach are the process vent standards for specific unit operations
in the synthetic organic chemica manufacturing industry (SOCMI), 40 CFR Part 60, subparts i, NNN,
and RRR. The CTGsfor SOCMI process vents use the same approach with dightly different cutoff
criteria
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VOCsaredetermined in alarge number of standardsand CTGs by using aprescribed method or
procedure as alowed for in the previous definition. Where this approach isused, avolatility cutoff is
implicitly included in thestandard. 1nthese cases, the specified method for determining concentration of
organic materialsin amateria reflects the emission potentia under specified conditions. For example,
Method 25D was developed to reflect emission potential from improperly managed waste management
units. Method 25D does not determine the composition of the waste in that it does not measure
compounds which are not volatilized under the conditions of the procedure. Method 25D gets different
resultsthan methodsthat determine the composition of the waste such as some of the methods devel oped
by EPA’s Office of Solid Waste. Regulationsthat use Method 25D include air emission standards for
tanks, surface impoundments, and containers under RCRA* and a proposed NSPS for wastewater from
SOCMI processes. TheAlternative Control Techniques document for wastewater al so referencesuse
of Method 25D for determining VOC concentration in wastewater. Like Method 25D, Method 24
measuresV OC emitted from the coating under specified conditionsand doesnot necessarily yiddthesame
mass content asthe actua composition of the coating. New source performance standardsthat apply to
coating operationstypically determine compliance using Method 24, dthough the rulesmay allow use of
formulation data, or other reasonable means to determine the content of the coating.

2.2 CALIFORNIA AIR RESOURCESBOARD’' SUSE OF REACTIVITY

One of the main goals of the RRWG isto examine current volatile organic compound (VOC)
reactivity policiesand identify the research needed to fill datagaps, to ensure that regulatory strategieshave
afirmbasis. However, inthisprocess, it isimportant not to overlook the VOC photochemical reactivity
research that has been conducted over the past several decades. Itiscertainly desirableto gain additional
datain thefield of hydrocarbon reactivity. However, the State of California’ s Air Resources Board
(CARB) believesthat sufficient research has been donein ng the State' s atmospheric conditionsto
warrant the use of reactivity as a part of their regulatory control strategy in certain situations.

Moreover, to ensure that hydrocarbon reactivity is used appropriately inits proposals, CARB
created the Reactivity Scientific Advisory Committee (RSAC), agroup of leading researchersinthefield
of atimospheric science, to provide recommendations on the use of reectivity inregulaions. The members
of theRSAC are Professor John H. Seinfeld of the Californialnstitute of Technology, Professor Roger
Atkinson of the University of Cdifornia, Riverside, Professor Jack G. Calvert of the National Center for
Atmospheric Research, Professor Harvey E. Jeffries of the University of North Carolina, Chapel Hill,
Professor Jana B. Milford of the University of Colorado, and Professor Armistead G. Russell of the
Georgia Ingtitute of Technology.

* Resource Conservation and Recovery Act
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CARB wasthefirst regulatory agency to incorporate hydrocarbon reactivity into aregulation. In
1991, it adopted the Low-Emission Vehicles and Clean Fuels (LEV/CF) regulations that were designed
to reduce mass emissions of o0zone precursors from motor vehicles, and also account for reactivity
differencesin organic gas emissions from aternatively fueled vehicles (AFVs). CARB is currently
developing a new regulatory approach that utilizes reactivity for control of VOCsin aerosol coatings.

2.2.1 Activities Undertaken to Support Reactivity Policy Development
2.2.1.1 Selection of a Reactivity Scale for Use in the California Regulations

Thefirst epindesigning aregulation based on reactivity isto select themost appropriatereactivity
scale. For ozone control strategies, the scale selected should be designed for the best overall air qudity
benefit. Carter investigated 18 different methods of ranking the reactivity of individual VOCsin the
atmosphere using asingle-cell trgjectory model with the SAPRC90 chemica mechanism®. Considering
those 18 scales, Carter concluded that, if only one scaleisto be used for regulatory purposes, the maximum
incremental reactivity (MIR) scaleisthe most appropriate. The MIR scaleis defined in terms of
environmenta conditionswhere ozone productionismost sensitiveto changesin hydrocarbon emissions
and, therefore, represents conditions where hydrocarbon controls would be the most effective.

The Cdiforniaregulations specify use of the MIR scale becauseit has been determined to be the
most appropriate reactivity scaleto complement Caiforniasnitrogen oxides (NOXx) control program. NOx
controlsare being implemented in Californiato reduce ozone under conditionsthat are sensitive to NOx
reductions. Such conditions are typically downwind of emission source areas. In a complementary
manner, the organic gas controls are designed to reduce ozone under conditions most sensitive to
reductionsinorganic gases. These conditionsare generally found near emission sourceareas. Concerns
have been rai sed and addressed about the use of the MIR scaleinaregulation. A brief summary of some
of the issues and research performed to address them is provided in the next section.

2.2.1.2 Research Performed to Address | ssues of Concern

Severa generd concernshave been raised about theregulatory use of reactivity, especidly if scales
based on less complex models, such asthe MIR scale, are used. Reactivities are based on chemical
kinetics and the cal culation of reactivitiesis extremely complex. The caculationsrequire both achemica
mechanism to represent hydrocarbon chemistry of the troposphere and an air quality modd to represent
physica processesof theatmosphere. Both componentshave been investigated intwo ways. usngamore
complex dgorithm and usng asmplified agorithm. Whilethe complex agorithms may better represent the

® Carter, W. P. L. "Development of Ozone Reactivity Scales for Organic Gases," J. Air Waste
Manage. Assoc., 44.881-899, (1994).
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actua processes, they arecomputationaly demanding. Simplificationalowsmultipleca culations, withthe
advantage that numerous scenarios can be examined in areasonable time frame.

The complexity of the cdculations naturaly rai ses questions about the uncertainty associated with
reactivities. For example, concern has been expressed about the effect of the smple, zero-dimensional,
Langranian air quality modd used in calculating MIR values. Other issuesinclude the effect of uncertainties
inthe chemica mechanism, kinetic parameters, and precursor ratios. All of these concernswere addressed
in apaper by Russell et al.® Their findings and additional work are summarized below.

2.2.1.3 Effect of the Air Quality Model on Reactivity

Todlow examination of multiple scenarios, MIRs are caculated with asingle cdl box modd. This
type of model lacks physical details, such as wind shear, as well as spatial and temporal details of
emissions. Assuch, themodd does not address processes such as pollutant transport and mixing that may
affect reactivity. Inaddition, the MIR values are based on a 10-hour episode; however, it isnot unusua
for asevereepisodein Californiatolast for two or three days. The effect of using athree-dimensional
model instead of the simpler zero-dimensional model has been examined by Russall in two papers.®’
Russell used the same SAPRC90 chemica mechanism as Carter in caculating MIR vaueswith athree-
dimensiond Eulerian airshed modd. Theairshed mode incorporates pollutant transport and mixing, and
models an episode (August 27-29, 1987) using input data from the South Coast Air Quality Study.

The comparison showed that MIR values correlate well with the model metric of population
exposureto ozone concentrations greater than thefedera and Californiaambient ozone standards. Thus,
the smpler model’ slack of physical detail and shorter episodetime does not limit the use of the MIR
values. Differencesbetween MIR and exposure were observed for speciesin which photolysisplaysa
major role in the mechanism. This difference was attributed to the difference between the clear sky
condition used in calculating the MIR values and the cloud cover used in the airshed model.

® Russl, A. G., Milford, J., Bergin, M.S., McBride, S., McNair, L., Yang, Y., Stockwell,
W., Croes, B., “Urban Ozone Control and Atmospheric Reactivity of Organic Gases’, Science,
269:491-495 (July 28, 1995).

" Bergin, M. S., Russell, A. .G., Milford, J. B., “Quantification of Individual VOC Reactivity
Using a Chemically Detailed, Three-Dimensional Photochemical Model”, Environ Sci Tech  29:
3029-3037, (1995)
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2.2.1.4 Effect of the Chemical M echanism on Reactivity

The effect of different chemical mechanisms on reactivity has been examined by anumber of
people. A comparison of significantly different types of mechanismswas done by Derwent et al 2inwhich
ozone concentrations cal culated with the Master Chemical Mechanism (MCM) were compared to
concentrations from two mechanisms derived from smog chamber data, CBM-1V°®and CAL™. Tomake
amore compact mechanism, the CBM-1V and CAL mechanismstreat many compounds by using alumped
mol ecul e approach that combines compoundsinto classesthat are assumed to have similar chemical
reactivity. For example, the CBM-IV mechanismincludesapproximately 100 reactions. TheMCM was
devel oped using amore theoretica gpproach and explicitly includes over 2400 chemicd species and over
7100 reactions. Despite these differences, ozone concentrations cal culated with all three mechanisms
agreed within 16% over afive-day scenario.

In acomparison directly related to reactivities, Derwent also compared two reactivity scales,
Photochemical Ozone Crestion Potential (POCP), calculated usingthe MCM and amulti-day trgjectory
ar quaity modd, and MIR va ues cd culated using the SAPRC mechanism. Evenusing different chemica
mechanisms and different air quality models, the majority of organic compounds showed excellent
agreement between the two reactivity scales. A small number of compounds, such asformadehyde and
1,3-butadiene, did exhibit anomal ous behavior in the comparison. Recently, asecond version of MCM
was developed in which formaldehyde' s POCP and its MIR are better correl ated™.

2.2.1.5 Effect of Uncertaintieson Reactivity

The calculations needed to estimate reactivities require numerous kinetic parameters. Somerate
constants and product yields have been determined experimentally and, as such, have experimental
uncertainties associated with them. However, the kinetic parametersfor many of the reactions have never
been directly measured and are estimated by analogy with known reactions. The effect of these

8 Derwent, R. G., Jenkin, M. E., Saunders, S. M., Pilling, M. J., “ Photochemical Ozone
Creation Potentials For Organic Compounds in Northwest Europe Calculated with a Master Chemical
Mechansm” Atmos Env 32:2429-2441, (1998)

° Gery, M. W., Whitten, G. Z., Killus, J.P., Dodge, M. C., “A Photochemical Kinetics
Mechanism for Urban and Regional Scale Computer Modeling” J Geophys Res 94:12925-12956,
(1989)

19 | urman, F. W., Carter, W. P. L., Coyner, R. A., “A Surrogate Species Chemical Reaction
Mechanism for Urban-Scale Air Quality Simulation Models. Volume | Adaptation of the Mechanism”,
US EPA Report EPA-600/3-87-014a (1987)

1 Derwent, R. G. Personal communication to CARB January 1999.
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uncertaintiesin the rate parameters on cal cul ated incremental reactivities was examined by Y ang et al*
They found that uncertainties of 1F (1 standard deviation) inthe MIRs of 26 organic compounds ranged
from 27% to 68% and a significant portion of the uncertainty was controlled by asmall subset of rate
parameters. Thus, reducing the uncertainty of arelatively small number of parameterswill significantly
improvetheoverdl uncertainties. Also, therate parameter uncertaintieshad directionaly smilar effectson
the reactivities of most of the compounds investigated and, thus, the use of normalized reactivitiesis
recommended to lessen the effect of rate parameter uncertainty. California’ s LEV/CF regulations use
normalized reactivity inthereactivity adjustment factors (RAFS). Inthe proposed consumer products
regulation CARB intends to quantify the uncertainty associated with each MIR value. A more detailed
description of this approach is given in the section on uncertainty bins,

Another paper by Y ang et al** combined estimates of the variability in the composition of motor
vehideexhaugt with the uncertainties of the rate congtantsto estimate the overdl uncertainty of the reectivity
of theexhaust. Theresultsshowed that, for gasoline vehicles, variabilitiesin emission composition were
amore significant contributor to uncertainty in the RAF than uncertainties associated with kinetic
parameters in the MIR calculations.

Criticism of the regulatory use of reactivity has aso been based on the variahility caused by different
initial conditions. Carter’s MIR values are the average results from 39 scenarios, in which theinitia
nonmethane organic gases (NMOG) and NOx concentrations, a oft 0zone concentration and mixing height
werevaried. Theuseof averagereactivities can lessen the effect of thevariability caused by environmenta
conditions. Inthepaper by Bergenet al,” athree-dimensiond air quality mode! for theLosAngelesbasin
was compared with MIR values based on only the Los Angelesinputs, aswell asthe MIR results based
ontheaverageof dl 39 scenarios. Whileit might be expected that the Los AngelesMIR scadewould more
closaly agree with the 3D model, the MIR sca e based on the average of the 39 scenarios showed better
correlation with the 3D model.

Insummary, ARB staff concluded that the smple box-modd caculaionsused to cdculatethe MIR
scaeyidd sufficiently certain reactivity rankingsto alow incorporationinto regulaion. They concluded that
the effect of the uncertainties associated with the chemistry, variable environmenta conditions, and the
composition of asource shydrocarbon emissionson the ca culated MIR va ueswere acceptably small, and
that their use in the regulation was appropriate and technically sound.

2 Yang, Y. J, Stockwell, W. R., Milford, J. B., “Uncertainties in Incremental Reactivities of
Volatile Organic Compounds’, Environ Sci Tech, 29: 1336-1345, (1995)

B Yang, Y. J, Milford, J. B., “Quantification of Uncertainty in Reactivity Adjustment Factors
from Reformulated Gasoline and Methanol Fuels’, Environ Sci Tech 30: 196-203, (1996)
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2.2.2 California’ s Regulatory Programs Using Reactivity
2.2.2.1 Low Emission Vehiclesand Clean Fuels Regulation

Inmany CdiforniacitiesNOx and organic gasesemitted frommotor vehiclesarethe primary cause
of excessivelevelsof ozone.* Theearliest studies of photochemical air pollution showed that individual
hydrocarbons make different amounts of ozone, or, stated another way, some hydrocarbons are more
reactive than others.> CARB wasthefirst regulatory agency to incorporate hydrocarbon reactivity into
aregulation when it adopted the L EV/CF regul ationsto reduce mass emi ssions of 0zone precursorsfrom
motor vehicles, and dsoaccount for reactivity differencesin organic gasemissonsfromdternatively fuded
vehicles(AFVs)."*" Theregulationsestablished increasingly stringent vehicle certification standardsfor
emissions of NMOG, NO,, carbon monoxide, and formaldehyde.

The Cdiforniaregulationsare"fue neutrd” inthat al AFVscan competein the marketplace, so
long as they meet exhaust emission standards that are equivalent in ozone-forming potential asthose
established for vehiclesfueled with conventiona gasoline. Manufacturerswho choseto build automobiles
powered by alternative fuels, including reformulated gasoline, can take advantage of the lower
ozone-forming potentia of these vehiclesthrough the use of reactivity adjustment factors (RAFs). A RAF
is defined as the ratio of the exhaust reactivity (per gram) of an AFV to the exhaust reactivity of a
comparable conventionally fueled vehicle (CFV). The massemisson rates of NMOG exhaust for each
AFV isadjusted by the RAF before comparison with the emission standards. For example, if an AFV’s
exhaust is determined to be half as reactive as the exhaust of a CFV, the AFV mass emissions are
multiplied by 0.5 before comparison to the emission standard. Inthisway, AFVsaredlowed to havea
higher mass of NMOG emissionsthan CFV's, aslong asthe ozone-forming potentia of the AFV isno
greater than a CFV that just meets the standards.

The procedure for determining the RAF for each type of AFV is set forth in the California
regulations.” Manufacturersmay determine RAFsfor their specific enginefamiliesin accordancewith this

4 National Research Council Rethinking the Ozone Problemin Urban and Regional Air
Pollution, National Academy Press, Washington, D. C. (1991).

> Haagen-Smit, A. J., Bradely, C.E., and Fox, M.M., “Ozone Formation in Photochemical
Oxidation of Organic Substances’, Ind. Eng. Chem., 45:2086 (1953)

16 California Air Resources Board " Proposed Regulations for Low-Emission Vehicles and
Clean Fuels--Staff Report and Technical Support Document,” State of California, Air Resources
Board, P.O. Box 2815, Sacramento, CA 95812, August 13, 1990.

17 California Air Resources Board "Proposed Regulations for Low-Emission Vehicles and
Clean Fuels--Final Statement of Reasons," State of California, Air Resources Board, July 1991.
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procedure, or they may use default RAFs established by the ARB. To calculate RAFs, the full range of
organic gasesthat contribute to ozoneformation must beidentified and quantified. The emission ratesof
all NMOG species are converted to an appropriate mass of 0zone using the MIR scale and summed to
estimate the reactivity of the entire exhaust sample.

The use of reactivity in theform of RAF in the LEV/CF regulation alows Californiato develop
regulations that, while decreasing the emissions standards for motor vehicles, are fuel neutral, thus
encouraging the development of alternatively fueled vehicles.

2.2.2.2 VOC Reactivity Control Program for Consumer Products

To help meet the consumer products commitment in the State | mplementation Plan for Ozone,
CARB gaff committed to investigatethe feasibility of incorporating photochemica reactivity into their
regulatory strategy. Asafirst step, CARB isdeve oping anew regulatory gpproach for the control of VOC
emissionsfrom aerosol coating products, based on the photochemical reactivity of theV OCsused in them.
At present, California’ s consumer products regulationslimit thetotal VOC content of products, with no
consideration of the differing reactivity of the VOC ingredients. The regulationsinclude the U.S. EPA
exemptions. Based onthe experiencein California sreactivity-based LEV/CF Program, CARB staff
determined that reactivity could be afeasible control strategy for the control of VOC emissions from
consumer products.

To develop asuccessful reactivity program, thefollowing e ementsare needed: 1) aninventory of
speciated VOC datafor the source category; 2) ascalethat allows a comparison of VOC reactivities
based on the atmospheric conditions; 3) agpeciated inventory that consstslargely of VOCsthat havewd |-
characterized reactivities; 4) product saes datathat alow weighting of VOC reactivities, and 5) amethod
to establish limits.

2.2.2.2.1 Using the MIR Scale as a Voluntary Compliance Option for Aerosol Coatings

TheMIR scdewas sdected for the consumer product regulation for the same reasons stated earlier
inthissection. Onceascaeis selected, source categories can be evaluated to determineif reactivity can
beamore effective ozone control strategy. Aspart of thisanalysis, it isessentia to anayzethetype of
VOCs used, or potentialy used, in the source category to determine if adequate reactivity dataexist for
themgority of VOCs. In Cdifornia, based on recently conducted manufacturer surveys, dataon the types
and amounts of VOCsused in aerosol coatingsare available. Andyzing these datashow that, on aweight
bas's, over 80 percent of the VOCs used have well-characterized reactivities. Thereactivity regulation for
aerosol coatingsisbeing designed asavoluntary compliance dternativethat will provide equivaent ozone
reductions aswill be achieved through the existing mass-based regulation. However, inthefuture, CARB
may beinvestigating the use of reactivity asamore effective ozone control strategy for aerosol coatings,
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consumer products, and architectura coatingsby targeting reductionsfrom V OCsthat have ahigh potentiad
to form ozone.

Another aspect to consder in determining thefeasibility of areactivity-based VOC control strategy
isthe efficacy and performance of the lower-reactive reformulated product. To investigate this, severa
consumer product manufacturers participated in apilot project for CARB in June 1996. Theresultsof that
project indicated that the performance and efficacy of products could be maintained whileformulating
products with less reactive VOCs.

2.2.2.2.2 Assigning MIR Valuesto VOCs

Industry has suggested that the current V OC exemption policy is*unfair” because avariety of
VOCswith reactivities near that of ethane, the current U.S. EPA standard for determining exemption
status, continueto beregulated just likethe higher-reactive VOCs. Therefore, thereisnoincentiveto use
lower-reactiveVOCs. Thissamestrategy isusedin Caifornia sexisting consumer productsregulations.
Essentially theseregulations use areactivity scale of zero and onefor non-reactive and reactive V OCs,
repectively. Thisissmplefor theimplementation of mass-based regulations. However, in contrast to this
typeof reactivity scae, theMIR scaedlows CARB to distinguish each VOC by itscharacteristic reactivity
value. Thus, another advantage to using reactivity in regulation is that the “bright-line” approach to
determineif aVOC isreactive or non-reactiveiseliminated. Thisleadsto amoreefficient ozone control
strategy, while aso recognizing that low reactive VOCs do contribute to ozone formation oncethey are
emitted; they arejust lessefficient in forming ozone. Given their low reactivity vaues, the use of low reective
VOCsisencouraged in areactivity regulation.

2.2.2.2.3 Uncertainty Bins

The most recent table of MIR values'™ represents years of scientific research which has allowed
better understanding of VOC photochemistry. However, as with any reactivity scale derived from
predictive models (including the MIR scale) there are uncertainties associated with them. The mgority of
the concerns arise from the uncertainties in the experimental data and the uncertainty of the chemical
mechanistic reactivity. However, the MIR scaleisrobust for theinclusion of the dataaccounting for the
VOCs impactson ozonelevels.? Depending on the source category to be regulated, these uncertainties
need not preclude regulatory development. To account for uncertainties, within the regulation, adjustment
factors may be used to modify the estimated MIR vauesfor V OCsto account for the degree of uncertainty
associated with the value.

8 Carter, W. P. L. “Updated Maximum Incremental Reactivity Scale for Regulatory
Applications.” Preliminary Report to California Air Resources Board. Contract No. 95-308. August
6, 1998.
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In proposing adjustment factorsfor VOCs, CARB’sgod isto have an uncertainty protocol that
isstraight-forward and easy to apply. The protocol must aso be flexible enough to allow compoundsto
be recatergorized as new information becomes available. In establishing amethod to treat uncertainty,
caution should dso be used if, on amass basi's, a high percentage of VOCsin the source category fdl into
categories with limited data.

Tomaketheuncertainty of VOC MIR vauesmore understandable, Carter provided CARB with
anumerical ranking to categorize the uncertainty associated with each MIR value. The uncertainty
designations are ranked from 1 to 11'®. Therankings are not intended to be ameasure of the magnitude
of theuncertainty, but rather to provide useful guidance on thetype of uncertainty associated with the MIR
vaue. Therankings, however, can serve as abasis for establishing adjustment factors. For example, a
number of VOCslisted were studied extensively in smog chamber experimentsto serve asthe basisfor
CARB'’sLEV/CF Program.>**22-2  For these VVOCs, the reaction mechanisms and reaction rates have
been well-characterized; their photochemical reactivity can berdiably predicted for purposes of regulatory
goplications. MIR vauesfor these VOCs are expected to remain stable and the adjustment of MIR vaues
for uncertainty may not be warranted. These compounds fall into uncertainty bins 1 through 4.

However, experimenta smog chamber datafor dl VOCsarenot availableto caculate MIR va ues.
Although techniquesfor estimating the MIRs are available, scientific understanding of certain VOCsis
limited with differing degreesof uncertainty. Hence, someMIR valuesare based on limited understanding.
These compounds are designated as uncertainty bins 5 through 11. MIR value uncertaintiesfor these
compounds must be addressed for theimplementation of areactivity program, so that ozonereductionsare
not compromised. One possible method isto establish numerica adjustment factorsthat can be applied
tothese MIR valuesbased ontheavailabledata. For example, compoundsthat have somedataavailable
could beadjusted dightly, while MIR valuesfor compounds with very little data avail able can be assgned
higher adjustment factors.

19 Carter, W. P. L. “Computer Modeling of Environmental Chamber M easurements of
Maximum Incremental Reactivities of Volatile Organic Compounds’, Atmos Env 29:2513-2527,
(1995)

% Carter, W. P. L., Pierce, J. A., Luo, D., Malkina, I. L., “Environmental Chamber Study of
Maximum Incremental Reactivities of Volatile Organic Compounds’, Atmos Env 29:2499-2511,
(1995)

2 Kwok, E. S. C., Atkinson, R., “Estimation of Hydroxyl Radical Reaction Rate Constants for
Gas-Phase Organic Compounds Using a Structure-Reactivity Relationship: An Update’, Atmos Env
29:1685-1695, (1995)

2 Carter, W. P. L., Lurman, F. W., “Evaluation of a Detailed Gas-Phase Atmospheric
reaction Mechanism Using Environmental Chamber Data’, Atmos Env 25A: 2771-2806, (1991)

Reactivity Research Work Group 2-17
Policy Team



VOC Reactivity Policy White Paper 10/1/99

2.2.2.2.4 Upper Limit MIR Calculations

For VOCswith no published MIR vaues, the use of Upper-Limit MIR (ULMIR) values has been
proposed. To calculate the ULMIR vaues a methodology, developed by Carter, can beused. This
methodology isasmplified model based onthe MIR scale. The basic framework, except for the latest
August 6, 1998, update'®, has undergone peer review by the RSAC. The ULMIR methodology isbased
on empirica results of tested VOCs and reflects the best of knowledge on the accuracy of the science of
incremental reactivity.

For theca culation of the ULMIRs, the upper-limit kinetic reactivity ismultiplied by itsmechanistic
reactivity.®®® Thekinetic reactivity isthefraction of emitted VVOC which reactsduring the episode. The
mechanistic reactivity is the amount of ozone formed per molecule of VOC reacted.

To cdculate the ULMIR vaues a methodol ogy, developed by Carter, can be used. The ULMIR
value calculated is based on the fraction of the compound that has reacted (kinetic reactivity) and the
literature information on the reaction mechanism (mechanistic reactivity).?

Because an ULMIR infers the highest reactivity for agiven VOC, no additional uncertainty
adjustment factor need be applied to any calculated ULMIR. [t isimportant to note that for aerosol
coatings, thismethodol ogy would only need to be applied to V OCs representing less than one percent of
the aerosol coatings emissions inventory.

2.2.2.2.5 Hydrocarbon Solvent Bins

Hydrocarbon solvents are adiverse product group that areused in avariety of consumer product
categories. Typical hydrocarbon solvents are mineral spirits and naphtha. These solvents are not
composed of asingle chemica component, but rather many hydrocarbon congtituents. Because of this,
a methodology to assign MIR values is necessary. Hydrocarbon solvents are produced from the
fractionation of abroader distillation range petroleum stream. Distillation range, or boilingrange, isa
primary parameter for characterizing hydrocarbon solvents. They often contain hydrocarbonsthat differ
ingructure (e.g., paraffin, aromatic, etc.), activity, and number of carbon atoms. Hydrocarbons of smilar
volatility and general composition can be “binned” and an MIR value can be assigned to each bin.
Characteristicsthat are considered in proposi ng these binsinclude boiling range, aromatic content, and
paraffin content (for products greater than 70 percent alkane). For example, one bin could include
hydrocarbon solventswith congtituents of five, Sx, and seven carbon atomswith smilar functional groups.

% Carter, W. P. L. “Estimation of Upper Limit Maximum Incremental Reactivities of VOCSs.”
Statewide Air Pollution Research Center and College of Engineering. Center for Environmental
Research and Technology. University of California, Riverside.
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2.2.2.2.6 Proposed Methodologiesto Calculate Limits

The methodol ogiesto calculate limits can be designed to be equiva ent to aready existing mass-
based VVOC limits, or can be designed asthe soleregulatory strategy for asource category. Depending on
the source categories, the limits set will help reduce ozone in the most efficient manner.

To establish reactivity limits, one gpproach isto cal cul ate the sd esweighted-average reactivity of
all productsin the particular category that are complying with amass-based limit and use that average as
the limit. This method would be appropriate for establishing an alternative for currently regulated
categories. If amanufacturer choosesto comply with thereactivity limits, the ozoneformation potential,
or weighted-reactivity, of the product must be no morethan thereactivity limit for that product category.
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3. PURPOSE AND SCOPE OF REACTIVITY POLICY

Before consdering the variousissuesinvolved in designing apossible reactivity-based VOC control
policy and the research questions generated by theseissues, it isimportant to consider what the purpose
of areactivity-based policy might be. In other words, what goals are a reactivity-based policy designed
to achieve? Higtorically, avariety of justifications have been offered for the reactivity policies described
in the previous chapter. These justifications suggest several goals for areactivity-based policy:

C Improve efficiency of NAAQS attainment and regional haze policy by focusing resources on
controlling compoundsthat have alarger impact on nonattainment (and excluding from regulation
those compounds that have a minimal impact on nonattainment), where efficiency refersto
minimizing both the public and private costs of implementing, administering, maintaining, and
enforcing controls necessary to achieve our air quality goals.

C Improveefficiency of NAAQSattainment and regiona haze policy by encouraging substitution of
VOCsto reduce O, and PM forming potential.

C Totheextent permitted by statute, assure continued progress towards other air quality goals,
including prevention of significant deterioration and decreasing hazardousair pollutants exposure,
acidifying deposition, eutrophication, stratospheric O, depletion, and climate change.

C Develop apractical, cost-effective, and enforceable means to implement policies based upon
relative reactivity of VOCsthat would not impose huge burdens on industry, States and EPA to
achieve.

In addition to these goals, any reactivity-based VOC control policy must be consi stent with the existing
legidative authority and regulatory policies of Federa and State agencies. Each of these goals and
considerations is discussed further below.

3.1 CoNTROL VOCSTHAT IMPACT NONATTAINMENT AREAS

Controlling photochemicd precursors(e.g., VOCs) isachdlenge because such astrategy requires
adetailed understanding of their chemical structure and composition and athorough knowledge of the
atmosphere’ s ability to transport these substances to non-source regions (i.e., downwind). The ozone
research conducted inthe 1980'sand early-1990's has clearly defined the role of atmospheric transport
in determining the ability of a given source region to influence another downwind receptor region’s
attainment status. Thus, the question becomeswhat isaspecific VOC' s* areaof influence,” with respect
to contributing to aspecific region’ snonattainment status. |nherent in such astatement isthe assumption
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that one can adequately assess the ability or likelihood of a given compound or speciesto participatein
photochemical reactionsand thus contributeto aregion’ sambient ozone or fine particulate conditions.
Additiondly, smilar analyses could a so corroboratethe environmental fate of such compoundsor species,
relative to global warming potential (GWP) and stratospheric ozone depletion.

Giventoday’ slimited financia resources, afuture VOC control policy based on reactivity could
focusoninitidly controlling VOCswhich provide the greatest net environmenta benefit. In other words,
maximizethe return on theinvestment in VOC contral strategies and/or VOC subdtitution policies. [nitidly,
apolicy could focus on those compounds and species which are widely used and are known precursors
for ozone, fine particles and toxics or have quantifiable GWP or stratospheric disbenefits. In essence, one
would definea“living” policy that would identify compoundswhichare currently identified to be detrimental
to net environmenta health, while reserving the option to expand/contract thislist inthe future as the science
and knowledge base evol vesto support such changes. Such afocused approach would provideincentive
for researchersto quantify the effectsof their compounds, while also providing incentivesfor industry to
select and formulate products containing lower reactive compounds/species.

3.2 Use VOC SuBSTITUTION TO REDUCE OzONE, PM AND HAZE FORMATION

A good dedl of attention in recent months has been focused on the concept of substituting newly
formulated, lessreactive compoundsfor currently used more highly reactive compounds. At facevalue,
this concept appearsto have merit; however, the overal implications and logistics of such aprogram could
be cost prohibitiveif not structured properly. Thefoundationa €ement of any viable substitution program
isan accurate accounting of the compound’ susage (i.e., emissioninventory). Inventorying and reporting
requirements for aVV OC substitution program would have to be stringent in order to model and anayze
adequately the net environmental benefits across the nation (and the globe) resulting from any pro-
posed/approved VOC substitutions. Additionally, the proper market-based incentiveswould haveto be
present to motivate industry and consumersto select the often higher-cost, lower reactive compounds as
substitutes for the cheaper, higher reactive compounds currently in use.

Onekey dlement in any VOC subgtitution policy would be the assessment of what isredly gained
by substituting aton of VOC-x for aton of VOC-y. A good dedl of discussion has been entertained lately
regarding the replacement of highly-reactive toluene and xylene with other, less-reactive compounds;
however, without proper inventorying and reporting the possible net environmental benefits of such a
substitution are not quantifiable. Thus, thefirst step in establishingapolicy which would alow VOC
subgtitutionsasacontrol strategy would beto establish accurate, comprehensiveemissioninventoriesfor
al VOCscurrently inuse. Theinitia focus could be on higher-reactive compounds and those compounds
which arewidely used (regardlessof their respectivereactivities). Theseinventorieswould haveto be
collected nationwide so that the substitutions could be modeled effectively, including the effects of
atmospheric transport and the inherent differencesin rurad and urban ambient environments. However,
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substantia improvements would be required to our current understanding of the chemistry of fine particle
formation and air toxics generation before these scenari os could be effectively ssimulated in numerical
models.

3.3 PROVIDE PROGRESS TOWARD OTHER AIR QUALITY GOALS

One approach to devel oping aworkable VV OC exemption/substitution policy restsin aregulatory
body’ sahility to craft apolicy that would providefor anet environmental benefit for al areasof interest:
ozoneand particulateformation, generation of air toxics, stratogpheric czone depl etion and globa warming.
Asoutlined earlier, a\VOC control policy based upon reactivity should be“living” in nature, Sncethe state-
of-the-scienceis currently incomplete. Just asthefocusof ozone attainment demonstrations has shifted
fromaV OC-based strategy inthe early 1990sto the current NO,-based approaches, asour understanding
of fine particle and toxics chemistry improves so should our reectivity policy incorporate and embrace the
best, policy-rdevant science. Additionally, sncereactivity issues span Titles| (NAAQS), 111 (Air Toxics)
and VI (Stratospheric Ozone) of the 1990 Clean Air Act, the future reactivity policy could attempt to
integrate these three different initiatives into a common, cost-effective national program.

3.4 CONSISTENCY WITH EXISTING AUTHORITY AND PROGRAMS

Any future reactivity-based VOC control policy aternatives must be evaluated in the context of
the exigting regul atory programs and legidative authority of federd and state agencies. The consstency of
policy aternatives with existing programsmust be considered along with the scientific and economic
justifications for the policy aternatives. Thus, it isimportant to recognize that while the RRWG is
concerned with hel ping to improvethe scientific basisfor designing areectivity-based VOC control policy,
that the actual design of such afuture policy may include other considerations outside the scope of the
RRWG'sefforts. For example, there are significant hurdles associated with devel opment of apractical,
cost-effective, enforceablepolicy based upon relative reactivity; and unless such problems can beresolved,
Federal, State, and local regulatory bodies may be unable to implement such policies.
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4. OPTIONSFOR A VOC REACTIVITY POLICY

The purpose of this section isto identify the possible waysthat differencesin the reactivity of VOCs
may beaddressed in future air quality management policiesand toidentify the research questionsthat must
be resolved before such policies can be eval uated or implemented. The advantages and di sadvantages of
different regulatory gpproachesfor addressng VOC reactivity are discussed, not to advocate for particular
policy aternatives, but to help focus future research on those questions related to the possible policy
responses. Thissection beginswith adiscussion of four general, or overarching, issuesthat should be
addressed in defining the scope and content of any reactivity-based policy. Thediscussion of these generd
issuesisfollowed by adiscusson of dternativeregulatory approaches and the opportunitiesand challenges
associated with their use.

4.1 GENERAL |SSUES

Indeveloping aV OC reactivity policy, there are severd issuesthat should be addressed regardiess
of theregulatory options under consideration. Some of theseissues deal with the scope of the policy,
including theimpacts of concern, the geographic areaof applicability, and the applicability to different
sourcetypes. Other issuesinclude accounting for the actua atmospheric availability of VOCs. Each of
these generd issuesisdiscussed in thissection and isreferred to in the discussion of the specific regulatory
options below.

4.1.1 Impactsof Concern

Historically, VOCs have been regulated as a class because of their potential to contribute to
ground-level ozone. Individual VOCs, however, may also cause or contribute to a variety of other
environmenta concerns. Certain compoundsraisetoxicity concernsand may cause other adverse hedlth
or environmentd effects. SomeVOCsmay aso deplete stratospheric 0zone; others may contribute, elther
directly or indirectly, to global warming. VOCs above a certain molecular weight can aso react
photochemically to form secondary organic aerosols (SOA), contributing to fine particul ate matter
concentrations. EPA hasrecently determined that fine particulate matter (often referred to as* PM fine” or
PM, ) can poseasignificant risk to human health and the environment. Thus, in developingareactivity-
based policy, it isimportant to consider which VOC-related impacts to address and which impactsto
address in other ways.

While EPA's current VOC control policy is generally focused on the impact of VOCs on
tropospheric ozone, the scope of future policies could be expanded to addressany combination of the
variousimpactsassociated withVOC emissions, if the statute permits. Thecurrent feasibility of addressng
different combinations of impacts depends on the regul atory approaches chosen. At the opposite end of
the spectrum from EPA'scurrent policy isa*“ oneamosphere” gpproach, under which dl theenvironmentd
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impactsof aV OC would betaken into account in determining how it would beregulated. 1n between an
ozone-focused policy and a"one atmosphere” policy, thereisarange of optionsthat could be considered.

One consideration in deciding which combination of impactsto addressisthe existence of other
regulatory programsto address specificimpacts. For example, thetoxicity impacts associated with VOCs
aregeneraly addressed under Titlell of the 1990 Clean Air Act Amendments and theimpacts of VOCs
on stratospheric ozone are addressed under Title VI. If these existing programs are sufficient to address
those impacts of concern and areactivity policy does not conflict with these programs, it may not be
necessary tointegrate the management of thoseimpactsinto areactivity-based policy. Given EPA's current
effortsto integrate ozone, particulate matter, and regiona haze management strategies, al of which are
addressed under Title| of the Clean Air Act, aVVOC reactivity policy that addressesthese impactsin an
integrated fashion may be more desirable than one that does not.

Asthenumber of impactsthat are addressed by areactivity policy increase, theinformation needed
to formulate and implement such apolicy also increases. Given that the relationship between VOC
emissions and some impacts, such as ozone formation, are currently better characterized than the
relationshipswith other impacts, including fine particleformation, it ispossiblethat areactivity policy could
bedesgnedtoevolve. Initidly, the policy could addressthoseimpactsthat arewell characterized. Later,
asmoreinformation is devel oped through research, the policy could be adapted to integrate other impacts
of concern.

Thus, policy decisions about the scope of areactivity-based VOC control policy could beinformed
by further research on the relative contribution of different VOCsto all of the impacts of concern. Of
particular interest are Situationsin which substituting one VOC for another decreases one type of impact
but increasesancther impact. Furthermore, in devel oping areectivity research program, the RRWG should
attempt to project the amount of timeand effort that will be necessary to devel op better characterizations
of therelationship between VVOC emissionsand each of theimpactsof concern. The RRWG will then have
to consider how to prioritize research efforts so as to provide policy makers with the most useful
information in atimely fashion.

4.1.2 Geographic Applicability

In designing a reactivity-based VOC control policy, another overarching consideration is
determining the geographic area, and thus the pool of sources, to which it will apply. In sdecting thearea
of application, thereare at least two issuesthat should be considered: 1) Over what geographic areawill
changesin VOC composition have an effect on the impacts of concern? 2) Over what geographic area
isit most effective to implement control requirements? Each of these issuesis discussed below.

Thefirg issueisreated to the characterigtics of the environment in which the policy isapplied. If
the purpose of thereactivity policy isto control ozone, the characteristic that ismost important istherelative

Reactivity Research Work Group 4-2
Policy Team



VOC Reactivity Policy White Paper 10/1/99

effectiveness of VOC and NO, controlsin decreasing 0zone concentrations. In someareas of the country,
which are characterized as"NO,-limited," reducing VOC emissions may have little or no impact on
reducing ozoneformation. Insuch areasfrom ascientific perpective, reducing NOx emissonsisexpected
to bethe more effective strategy for controlling ozone and reactivity-based VOC control strategiesare of
lessvalue. However, large areas can be very heterogeneous with respect to NO, or VOC limitation. In
some areas, VOC control may be effective in small pockets (such asin the city center core or within
plumes of large emission sources), whilethe surrounding areaisNOx-limited. Any viable VOC control
policy must also recognize that there are factors other than scientific ones which regulatory bodies must
consider inreducing ozone and fine particul ate pollution, such asenforceability and cost-effectiveness of
controls both for industry and the regulatory body.

If areactivity policy isintended to takeinto account other impacts such as exposureto hazardous
air pollutants, then the distribution of emission sourcesand ambient concentrations of pollutants may be
important characteristics of the environment. Changesin vV OC composition dueto areactivity policy may
havelittle effect in areas where sources are dispersed and the ambient concentrationsarelow. However,
in areas with a large number of sources and high ambient concentrations, some changes in VOC
composition may be significant.

The geographic scale over which aVVOC may contribute to an impact of interest may vary with
meteorologica conditions and varieswith the period of time analyzed. VVOCsthat react dowly may not
produce significant impacts near their emission source, but may be transported and dispersed over large
distances and contribute to impacts over amuch broader geographic areaover alonger period of time.
For example, methane and carbon monoxide, which are considered to be negligibly reactive on an urban
scalewith respect to theformation of ozone, contribute significantly to the formeation of tropospheric ozone
on a hemispheric or global scale.

In addition to the characterigtics of the environment, the characterigtics of the emisson sourcesare
aso important in determining geographic gpplicability. For sometypes of emission sources, such aslarge
dtationary sources, it ispossible, athough administratively cumbersome, to have different types of controls
acrossaregion, or even at every individua source. For other types of sources, such asmotor vehiclesor
consumer products, it is practical to have aset of controlsthat apply uniformly across a broad region.
Whilethe generd issue of having different policiesfor different types of sourcesis discussed more below,
it'simportant to understand that both the characteristics of the environment and the nature of the emission
sources may play arolein determining the appropriate geographic extent for acontrol policy. Takinginto
account the ability to implement, administer, and enforce control policies, it may make sense to control
VOCs, eventhough NOx control would be effectiveinareasin aregion. Alterndively, it may bethat VOC
control, possibly including some form of reactivity-based program, should be used to reduce ozone
concentrationswithin certain geographic pockets, even though the overal regionislargely NOx-limited.
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Therefore, research is needed to develop appropriate scientific tools to help policy makers
determinetheappropriate geographic extent of reactivity-based V OC control policies. Inparticular, tools
are needed to hel p policy makers decide whether an area should focusitsregul atory efforts on NOx or
V OCs, or whether both NO, and VVOC control areneeded. Furthermore, research isneeded to determine
the nationwide extent of NO,-limited conditions, in terms of geographic area, the fraction of emission
sources, and their contribution to ozone nonattainment. |f apolicy isto address hazardous air pollutant
concerns, the nationwide extent and character of "toxic hot spots’ should also be characterized. Given the
extent of these conditions, policy makerswill be ableto more effectively evaluate the potential benefits of
reactivity-based policies on different geographic scales.

4.1.3 Variation by Source Type

Asdiscussed above, it isoften appropriateto regul ate different types of sourcesusing different
approaches. Thus, another general question that must be addressed in designing areactivity-based policy
istowhat types of sourceswill the policy beapplied, or aternatively, how will an overal policy be applied
to avariety of different sources.

To consder how areactivity-based policy may be applied, it is helpful to consider how sources
are categorized under existing regulatory policies. Under current regulatory approaches, the major sources
of VOC emissions may be divided into the following categories:

C Mobile Sources
C Area Sources (including Consumer and Commercial Products)
C Stationary Sources

Emissions from mobile sources are currently regulated either through (1) “tallpipe’ standards that
requiretheingtalation of control technology onvehicles; or (2) fuel sandardsthat requirethereformulation
of motor fuels. Under current policy, fuelsarerequired to be formulated differently for different parts of
the country. On the other hand, because the same vehiclelinesare sold nationwide, they are subject to
uniformtailpipe standards throughout the country (with the exception of Cdiforniaand perhapsother states
that are permitted to adopt the“ Californiacar” approach). Thus, any reactivity policy for vehicleswould
likely be anationwide policy, while areactivity program for fuels could betailored more specificaly for
different parts of the country.

A smilarissuearisesinthe case of areasources. For consumer products (such ashair spraysand
cleaners), national manufacturerstypically formulate one product for theentire country (with the possible
exception of California). The sameistrue for sometypesof commercia productsthat are distributed
nationwide. In such cases, product reformulation istypicaly the only viable gpproach for reducing ozone
formation attributabl e to these products. For products in this category, any type of reactivity-based
program would probably need to be a national one. There are other types of commercia products,
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however, that are used in industrial settings where VOC emissions can be controlled at the source. For
productsin thissecond category, it may be feasible to have reactivity-based programsthat aretailored to
specific areas.

Inthe case of stationary sources, there may aso be aneed to make adistinction between nationa
and local (or regional) approaches because new sources often consider existing ruleswhen choosing a
location. Although it may be desirableto have nationa guidancefor states on the use of reactivity-based
programsfor stationary sources, such programs could be designed for local circumstances. It may be
important, however, to differentiate stationary sources on the basisof thetype of facility or the processes
involvedintheemisson of VOCs. Some processes may resultin well characterized emissonswith stable
compositionthat arerelatively easy to control by changing theinputsto the process, e.g., apainting or
degreasing operation. Other processesmay involve complex mixtures of chemicalsthat produce poorly
characterized and highly variable VOC emissions, e.g., petroleum refining operations. Each of these
different types of sources presentsdifferent chalengesfor implementing, administering, and enforcinga
reactivity-based policy.

Thus, for purposes of the RRWG, it may be hepful to think in terms of the following categoriesand
subcategories:

Mobile Sources
Tailpipe Standards
Fuel Standards
Area Sources (including Consumer and Commercial Products)
Products subject only to reformulation
Products that can be regulated where used
Stationary Sources
Stable, Well-Characterized Processes
Complex, Variable Processes

For each of these different categories, research needs to be performed to develop ways of
efficiently characterizing the emission streams and their reactivity for purposes of implementing and
enforcing a reactivity-based policy.

4.1.4 Atmosphere Availability
Lastly, in designing areactivity-based VOC control policy it may be appropriate to take into

account how much of the VOCsin aproduct, afud or aninput stream, or in the emissions stream actuadly
affect the impact of concern.
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Depending on the process in which aVOC is used, a portion of the VOC may end up on a
manufactured product, or in asolid or liquid waste stream. Current regulations attempt to take such
"losses" to the emission stream into account using uniform " purge and trap” test methods that apply to
specificindustria processesand uniform test methods thet apply to specific typesof control devices. Thus,
what countsasaVVOC emission for regulatory purposes may depend on the measurement method used
for the specific process or control system. Further research may be able to improve the accuracy or
efficiency of these test methods, providing better information about emissions and control efficiencies.

Onceinthe atmosphere, not al of the emitted VOC may contribute to an adverseimpact. For
example, VOCs can only react to form ozoneif they are available in the atmosphere in the vapor phase.
Some V OCs, even though they are emitted in the vapor phase, are removed from the atmosphere by a
variety of processes beforethey can contribute agppreciably to ozoneformation. In somecases, they may
quickly condense into the aerosol phase and be unavailable for ozone formation (although they may
contributeto other environmental concerns). In addition to condensing in the aerosol phase, VOCs may
be removed from the vapor phase by contact with surfaces or water droplets. The environmental fate of
VOCs can be complex and can lead to avariety of adverse impacts or no impact at all.

Many of the determinants of atmospheric availability are context dependent. A reactivity-based
policy could take these factors into account. More research is needed to characterize the potential
environmenta fate of different VOC emissionsfrom different emission sources. Modelsthat predict the
environmentd fate, or partitioning, of individua compounds may be useful to policy makersin developing
abroader reactivity schemethat considers not only how much ozone acompound can form whenitis
availablein the vapor phase, but so how much of the compound is availablein the atmosphere. Section
2.1.3.1 describes how EPA takes volatility and environmenta fate into account in developing regulations.

4.2 REGULATORY APPROACHES

Any regulatory approach that addresses VOC reactivity should have at least two fundamental
components. 1) aclassification scheme, which distinguishes or groups compounds on the basis of their
characterigtics, and 2) atrestment scheme, which gppliesdifferent requirementsto different classes. There
are many combinations of classification and treatment schemesthat could be used to achieve different
policy godsindifferent contexts. Thesetwo components, however, are not completely independent; some
treatment schemes suggest certain classification schemes, and vice versa. Thevarious optionsfor these
different schemes are discussed below, followed by a more general discussion of opportunities and
challenges for using combinations of the schemesin the air quality management process.

4.2.1 Classification Schemes

Under itscurrent reactivity policy, which wasdeveloped in 1977, EPA classifiesVOCsinto two
clases: “reactive” andthereforeregulated asaV OC; and “ negligibly reective,” and thereforeexempt from

Reactivity Research Work Group 4-6
Policy Team



VOC Reactivity Policy White Paper 10/1/99

regulationasaVOC. Thisscheme can bethought of aslying near oneend of a continuum of possible
classfication schemes. At oneend of this continuum isaone class gpproach in which no digtinctionis made
between different VOCs and all VOCs are treated equally. At the other end of the continuum is a
continuous scale that allows every individual VOC compound to be treated differently based on the
compound's particular characterigtics. The MIR scale used in Cdifornia slow emission vehiclesand clean
fuelsregulations, which isdescribed in Section 2.2, isan example of acontinuous scale. 1n between the
two extremesis the current two-class approach, followed by classification schemes using an increasing
number of discrete classes, or bins. Asthe number of binsincrease, the resolution of the classification
scheme approaches that of the continuous scale.

Whileitiseasest to think of an actua classification scheme a one point along this continuum, itis
conceivable that a complex classification scheme may be designed that combines different levels of
resolution. For example, given adequateinformation, amulti ple-bin system could beused to classify VOCs
into threeclasses. low reactivity, medium reactivity, and high reectivity. Within thelow reactivity or high
reactivity classes, a continuous scale may be used to further differentiate the VOCs in these classes.

All of the classification schemesrely on somereference point or points, and incorporate some set
of assumptionsthat provide a basisfor comparing individual VOCs. For example, the MIR scaleis
developed on the basis of a specific set of environmental conditions where ozone formation and
accumulation are believed to be most sensitive to changesin hydrocarbon emissions. In selecting the
reference points on which a classification schemeis based, it isimportant to consider:

1) How generalizable are the reference points? For example, how robust is the ranking of
reectivity provided by one classfication schemeif theassumptionsunderlying that scheme are
changed?

2) How can comparisons be made between the composition of complex emission streams and
thosereference points? For example, if athree-class schemewere selected, what analytica
methods are availablethat readily distinguish between the fraction of emissionsbelonging to
each class? Alternatively, isit necessary tofully speciate VOC mixtures before applying any
classification scheme?

Such considerations areimportant in theimplementation and enforcement of any different treatments
assigned to the different VOC classes.

Further research on the generalizability of different metricsfor reactivity would provide useful
information for the design of aclassification scheme. In particular, theidentification of natural breaksin
reactivity scalesthat arerobust acrossawide variety of conditionsmay help guidethe design of reactivity
policies. Ideally, such natural classes may take into account the mixturesinwhich VOCsare actually
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emitted and the ability of existing analytical techniquesto distinguish groups of VOCs, aswell asthe
propensity to contribute to the formation of impacts of interest.

Inthe current two-classpalicy, ethaneisused asthe benchmark. A compound that is determined to be
equal to or lessthan ethanein termsof photochemical reactivity, measured in termsof itsmolar rate of
reactionwith hydroxyl radicalsisconsidered to benegligibly reactive. Any discrete classification scheme
will involvethe specification of such*bright lines” or thresholds, which conflict with the physica nature of
reactivity which ismore of acontinuous phenomenon. Theoretically under the current reactivity policy, if
acompound is 1 percent less reactive than ethane, none of it is counted as a VOC for purposes of
determining compliancewith VOC limits; on the other hand, if acompound is 1 percent morereectivethan
ethane, then 100 percent of it is counted asaVV OC -- even though the two compounds have virtually the
same impact on ozone formation. One possible approach to this bright line issue isto establish a
“bandwidth” around the reference point that softensthe distinction between classes. Withinanarrow band,
such as+/- 5% of thereference metric, the VOC could be classified on either Sde of thethreshold. Further
research is needed to understand the implications of choosing different reference pointsasthe basisof a
classification scheme.

Astheresolution of the classification scheme increases, the amount of information needed to
differentiate between individual VOCsincreases, and the generalizability of the classification scheme
decreases. Given our current state of knowledge, the level of uncertainty in the relative rankings of
individual VOCsgenerally increases astheresolution of the classification schemeincreases. In other
words, it may possibleto design athree-class schemethat ismore generalizabl e than a continuous scale.

One advantage of using acontinuousscae, however, isthat it may be possible to quantify some
of theuncertainty inthereactivity vauefor each VOC, making it possibleto explicitly take uncertainty into
account. Uncertainty inthereactivity vauefor aparticular VOC may comefrom measurement uncertainty,
incomplete knowledge of the compound'’ sreaction pathways, or from uncertainty about the environmenta
conditionsinwhichthe VOC will befound. Itispossibleto quantify some of these sources of uncertainty,
but thereisno agreed upon methodol ogy for characterizing the uncertainty in different reactivity metrics.
Furthermore, it snot clear how thisinformation should be used in making policy decisons. A hypothetica
situation best illustrates thisissue. XY Z Company needsto reformulate aproduct to reduce its ozone
forming potentid. The company determinesthat the new product will have aphotochemical reactivity vaue
of 1+/- 0.5, and thiswill replace the old product that had a photochemica reactivity value of 1.25+/- 0.25.
With theuncertainty rangesassociated with each product, it is possible that the newer reformul ation may
actudly have areactivity value greater than the older product it isreplacing, and will adversely affect the
ar qudity. Becausethereisno accepted method for estimating hydrocarbon reactivity uncertainty ranges,

# The ethane threshold has been historically applied on amolar basis except in the case of
acetone, which was compared on a mass basis using a MIR values, because photolysis and not the
hydroxyl reaction is the rate-controlling step for acetone.
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thereisno way for the user of thisinformation to determine how likely it will be that the newer, nominaly
lower reactivity compound is actually more reactive.

A more qualitative approach to dealing with uncertainty in reactivity classification schemeswas
proposed by CARB in their consumer products regulations. While the regulation generally uses a
continuous reactivity scae, CARB devel oped a discrete classification scheme for the uncertainty inthe
reactivity val uebased on expert judgment. Specificaly, Dr. Carter, who devel oped the continuous scale
in question, grouped compoundstogether on the basis of how likely it would be that their reactivity values
would changeif subjected to further study. Each grouping wasthen assigned an adjustment factor that is
used to increase the measured value to ensure that the reactivity value used in the regulation is greater than
the true value.

In adopting any classification scheme, it isimportant that policy makers understand that the state
of knowledge about reectivity is congtantly evolving. Thus, reactivity policies must be designed to evolve
aong with our changing understanding, which may involve periodicaly readjudting the classification scheme
based on new insights from research.

Regardless of how different classes of VOCs are treated under a regulatory system, the
classfication system itsdf may haveimportant implicationsfor how policy makersand the public perceive
the use of particular VOCs. Producers and users may be particularly concerned about the stigma attached
to compounds placed ina*“high” or “very high” reactivity bin. Based on past experience, thereis concern
among industry groups that compounds so stigmatized may be inappropriately banned under future
regulatory or “voluntary” programs.

4.2.2 Treatment Schemes

The second fundamental component of any regulatory approach addressing VOC reactivity isthe
treatment scheme that defines how the regulatory requirements differ acrossthe different categoriesin the
classfication scheme. Ingenera, aternative trestment schemes can be divided into exemption schemes
and weighting schemes.® The possibilitieswithin these different types of schemes are described below.

4.2.2.1 Exemption Schemes
Given aset of regulatory requirementsfor VOC emissions, an exemption scheme may apply al,

some, or none of the requirementsto different classes within the classification scheme. Under the current
reactivity policy, al VOC emission limitation and reporting requirements apply to those compoundsthat

* Note that an exemption scheme is actually a special case of aweighting scheme in which the
weights applied to certain regulatory requirements are either O or 1.
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are more reactive than ethane. Those compounds that are less reactive than ethane are considered
“negligibly reactive’” and are exempted from all of the emission limitation and reporting requirements.
However, inthe future it may be necessary to include emissions of even the“negligibly reactive” inthe
emissionsinventory toimprovethe performance and accuracy of theairshed modelsand to verify that these
exempt compounds produce negligible levels of ozone.

In addition to the current “all or nothing” exemption scheme, different classes within the
classfication scheme could be assigned partia or restricted exemptions. Restrictions could be based on:

C Typeof Obligation. For example, certain classes of VOCs could be exempted from emission
limitation requirements, but not exempted from emission inventory and reporting requirements.

C Geographic Location. Exemptions could be granted that apply only to a particular geographic
areg; for example, VOC emisson limitations could belifted in specific areasthat are NO,-limited.

C SourceCategory. Exemptionsfrom some requirements could be granted for aclassof VOCs
if used in a specific source category or a specific type of application or process.

C Facility. Exemptions from some requirements could be granted for the use of VOCsin a
particular classat aparticular facility. Suchan exemption could be part of aprogram to achieve
better overall environmental performance at particular facilities, such as Project XL.

C EmissonsCap. Exemptionscould begranted to removerequirementsaslong astota emissons
remain below some set cap.

C TimePeriod. Exemptionscould be granted for alimited period of time. At theend of thetime
period, the regulatory agency would have the opportunity to look back and reeva uate whether the
exemption had has had apositive or negativeimpact on air quality. Such arestricted exemption
may be thought of as a*“deferred control” approach as opposed to a pure exemption.

Further research is needed to provide information about the impactsthat can be expected from
such restricted exemptions. In particular, additiona information isneeded to determine how exemptions
granted in small geographic areasmay impact other areas downwind and whether or not thechangeinair
qudity dueto granting VOC exemptionsat the facility or processlevel can be detected in periodic reviews
of thepolicy. Moreover, further research may suggest that any exemption scheme may be inappropriate
because even those compounds considered “ negligibly” reactive contribute to ozone formation.

4.2.2.2 Weighting Schemes
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While exemption schemes either apply regulatory requirementsto a class of VOCs or not, a
weighting scheme appliesregul atory requirementsto each classwith astringency that isrelated to the
relaivereactivity of theclass. Such weighting schemes are usudly associated with classification schemes
based on continuous scales. However, it ispossible to use weights with adiscrete classification system.
For example, given athree-bin classification scheme, aweighting scheme may apply mass adjustment
factorsof 0.5, 1, and 2 to the emissonsof thelow reactivity, medium reectivity, and high reactivity classes,
respectively, for purposes of calculating emission totals and for compliance with emission caps. Inthis
system, emissionsof highreactivity VOCscould count 4 times as much as an equa mass of emissions of
low reactivity VOCs.

Weighting schemes, likeexemption schemes, could alow policy makersto encouragetheemisson
of low reactivity VOCsin place of more reactive VOCs by decreasing the regulatory requirementson
lower reactivity VOCs. However, weighting schemes could also allow policy makersto discourage the
emission of high reactivity VOCs by increasing the stringency of requirements as reactivity increases.

Asitis possible to design hybrid classification schemes that combine discrete classes and
continuous scales, it isaso possibleto design hybrid treatment schemes that involve both exemptions and
weights. For example, inthethree-bin classfication schemediscussed above, thelow reactivity classcould
be exempted from dl requirements except reporting for purposesof emisson inventory development. For
the high reactivity class, aweighting factor of 2 could be applied to dl emission calculations asapendty
to encourage substitution to lower reactivity compounds.

Toimprovetheutility of possible weighting schemes, aswell asthe classification schemesbehind
them, further research is needed to identify differences in the contribution of individual VOCsto the
environmental impactsof concern. To be meaningful, weighting schemes must represent the different
reactivitiesof classes of VOCstaking into account the uncertainty in characterizing such reactivities. By
resolving differencesin reactivity scales based on different metrics and assumptions, it may be possibleto
design arobust and generalizable weighting scheme.

4.2.3 Implementation Opportunitiesand Challenges

Withintheair quaity management process, thereareavariety of opportunitiesto use combinations
of the classification and treatment schemes discussed aboveto addressV OC reactivity and achievethe
goasdiscussed in Section 3. Each of these opportunitiesto address reactivity has associated challenges,
some of which may be overcomeby additiond research. The opportunities and chalenges associated with
incorporating reactivity into the planning & assessment, control measuredesign & implementation, and
compliance & enforcement phases of air quality management are discussed below.
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4.2.3.1 Planning and Assessments

VOC reactivity can be addressed at severa pointsin nationd, state, and local air quality planning
processes. First, VOC reactivity classification and/or weighting schemes could be used to help prioritize
future VOC control measures, so that the most reactive VOCs are addressed first. Inthefuture, States
could potentialy use reactivity considerations to prioritize VOC controls needed to attain the ozone
NAAQS for various source categories. Aswith most other efforts to address reactivity, the use of
classification schemes and weighting schemesto set regulatory priorities presupposes the availability of
adequate information about the chemical composition of different emission streams, the environmental
conditionsinwhich the streamsare emitted, and the differenceinimpacts associated with the differences
in composition. The amount of information that is already available and the costs to collect more
information vary with the type of emisson source. Conddering reectivity in the planning process done does
not help generate moreinformation from emission sourcesthat could befed back into the planning process,
such astheinformation that apermitting program that requiresemissionstesting might generate. Gathering
adequateinformation for incorporating reactivity in the planning processmay involvealargeresearch effort
or more detailed reporting requirements for industry. Research and analysisis needed to determine the
vaueof additiona information about thereactivity of emissons. Such andysismust consider the potentia
costs of gathering the necessary information and the efficiency gainsassociated with using it in setting
regulatory priorities.

The second opportunity to addressreactivity intheair quality planning processisin modding and
assessment studies. Reactivity is addressed in these impact assessments through the use of computer
models of atmospheric chemistry that predict the fate of different classes of compounds. However,
reactivity isnot usualy considered in the devel opment of economic assessments, such asthe regulatory
impact assessments (RIAS) that are developed by EPA for every mgjor regulation. One of the main
purposesof thistype of analyssisto evaluate the cost-effectiveness of the different regulatory optionsthat
are under consideration. The cost-effectiveness of aregulation or regulatory option relating to VOC
control istypicaly measured in terms of the cost-per-ton of the VOC emissionsit would reduce. Using
reactivity classification and weighting schemes, the cost-per-ton of VOC emissions may berelated to a
metric such asthe cost-per-ppb ozone decrease. Thismetric would alow individual control measuresto
be compared on the basis of an air quality impact instead of an intermediate objective such asemission
reduction. However, using such ametric presupposes that the reectivity classification and weghting scheme
used are generdizableto all of the different environmental conditionsof interest. Furthermore, ranking
V OC control measures solely on the basis of ozone cost-effectivenessignoresall of the other potential
benefits of VOC control, including decreased particle formation and exposure to toxic air pollutants.
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4.2.3.2 Control Measure Design and | mplementation

Exemption and weighting schemesthat addressV OC reactivity could potentially beincorporated
into the design and implementation of control measures via permitting requirements, emission limitations,
andreporting requirements. Different classification and trestment schemesmay beappropriatefor different
€mission Sources.

Under the current VOC control policy, emissionsthat arelessreactive than ethane are not counted
as VOCsand are exempt from permitting and reporting requirements and emission limitations. This
exemption scheme creates a strong incentive for industry to use exempted compoundsin place of VOC
materialswherever possible. Encouraging substitution of lessreactive V OCsfor morereactive VOCs
could beagod of areactivity policy. Another goa of areactivity policy, of course, could beto keep the
higher reactive VOCs out of the air altogether or as much asisfeasible.

I ncentives to encourage the substitution between less and more reactive VOCs could be created
with ether an exemption scheme or awe ghting scheme. Exemptionsfromrequirementsor limitationscould
providefor shifting from the use of productsor processesthat emit more reactive VOCsto products or
processes that emit lessreactive VOCs. Asdiscussed earlier, weighting schemes could provide such
rewardsfor low reactivity emissions aswell as penalizing high reactivity emissionswith more stringent
requirements. Both rewards and penaltieswould create incentivesto substitute low reactivity VOCsfor
high reactivity VOCs.

In designing aVVOC contral policy to encourage VOC subditution, it isimportant to consider which
source types could take advantage of such rewards and penalties and which source types could not.
Complex processesthat cannot be easily modified to ater emissionsor the production of productswhose
properties depend on the use of high reactivity compounds would not be able to take advantage of the
benefitsof subgtitution, but other sourcesthat can changeinput streamsto reducethereactivity of emissons
would respond to the system of incentives. Further research may contribute to abetter understanding of
where such opportunitiesfor subdtitution exist. Similarly to the vaue of information andys's discussed with
respect to the planning process, the potentia cogts of implementing asystem to create subgtitution incentives
should be compared to the potential environmental and economic benefits of those substitutions.

How effectivethe system of incentivesis at encouraging subgtitution depends not only on the ability
to change the emission source, but a'so on how big the changesin regulatory requirements are and how
small the changesin reactivity haveto beto receive credit. Under the current two-bin palicy, thereislittle
incentiveto substitute between highly reactive compoundsand lessreactive compoundsthat fal withinthe
“reactive’ bin. With thethreshold for exemption set at the reactivity of ethane, ardatively small number
of compoundsare classified asnegligibly reactive (most of them hal ogenated compounds), and there are
technical obstaclesthat prevent these exempt compoundsfrom being used in most productsor processes.
Thus, therearefew opportunitiesto take advantage of the exemptionsthrough substitution, despitethefact
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that the changesinrequirementsaresignificant. Additional substitution could be encouraged by raising the
threshold, alowing more options, by dividing VOCsinto more classes or using acontinuous scale or by
imposing morestringent VOC emission limitsto encourage reductionsin VOC emissions. Withmorebins
or acontinuous scal e, there would be an incentive to substitute compounds or adjust processes so that
emissionsfdl into alessreactive classor areassigned alower reactivity weight. However, themorebins
usedintheclassfication scheme, themore complex theregul atory approach becomesto design, implement,
and enforce.

Whilethe multiple environmental impacts associated with VVOC emissionsand the uncertainty
associated with classification schemes were discussed above, it isimportant to consider theseissuesinthe
context of encouraging possible VOC substitution. It isimportant that any set of incentives designed to
encourage substitutionsthat will decrease one environmenta impact under one set of conditionswill not
increase other impacts under other conditions. Research on generating robust classification schemesfor
V OCs that address the multiple impacts will help guard against potentially harmful substitutions.

Thediscussion of the benefits of substitution above presupposesthat higher reactive compounds
have more 0zone generation potential over the atmospheric lifetime of the compound than alow reactive
compound over itslifetime. This hypothesiswould need to be clearly demonstrated before restrictions on
tota massof VOC emissionswererdaxed. Any existing supporting data needs to be published so that dl
policy makersinvolved are able to take it into consideration.

Mogt of thisdiscussion hasfocused on the systematic development and implementation of control
measuresthat would apply to whole source categories. However, it might also be possibleto incorporate
reactivity exemption and we ghting schemesinto permitting requirements, emission limitations, and reporting
reguirements on a case-by-case basis. More specifically, restricted exemptionsor weighting schemes
could be applied to individual areas, facilities, or processes to encourage appropriate substitutions.

4.2.3.3 Compliance and Enfor cement

It isnot clear that VOC reactivity can be taken into account in the compliance and enforcement
phaseof air quality management except to the extent that reactivity hasbeen incorporated into thedesign
andimplementation of control measuresasdiscussed above. However, thesignificant challengescreated
by reactivity consderationsfor successful complianceand enforcement efforts, and thusasuccessful overall
policy, warrant a separate discussion.

If reactivity classification or treatment schemes are incorporated into permit and reporting
requirements, operatorsof sourcesand government inspectors must havethe ability to monitor and verify
compliance with the requirements. For some source types, monitoring and verifying compliance would
reguire the use of emissionstesting methods that could differentiate VOCs based on the classification
schemeused. 1dedly, thesetesting methodswould beinexpensiveand relatively smple, so that they could
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be applied onaroutinebasis. For other sources, record keeping proceduresthat track processinputsand
processrates might be sufficient to monitor and verify compliance. Different sourcetypeswould require
different approaches. Any changeinaV OC control policy based upon relative reactivity and permitting
substitution will potentially impose grester record keeping and testing burdenson industry. Aninability to
devisepractical, cost-effective, enforceable meansto permit such apolicy will limit theability of regulatory
agenciesto consider such an approach. Thus, further research regarding the devel opment of analytical
methods that can distinguish between relevant classes of VOCs would be helpful in the design,
implementation, and enforcement of areactivity policy.

4.3 SUMMARY OF DESIGN | SSUES

Insummary, there are avariety of opportunitiesto incorporate considerations of VOC reactivity
into the planning, implementation, and enforcement of control measures, permit requirements, emission
limitations, and reporting requirements. Each of these opportunitieshas an associated set of challengesthat
may be overcome with additional research. Indl of these possible applications, the VOC reactivity policy
would have at |east two fundamental components. a classification scheme and a treatment scheme.
Different combinations of these schemes may be more suitable to particular source categories and contexts
than others. Indesigning the classification and treatment schemesfor any particular context, policy makers
might consider:

The potential for multiple impacts of concern

The appropriate geographical scope of application

The suitability of the scheme to the source type

The atmospheric availability of the affected VOCs

The uncertainty in the reactivity characterization

The availability of anaytical methods to support compliance monitoring and enforcement

DO OO OO

Specific research questions generated from these policy design issues are discussed further in
Section 6.
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5. ORIGINSOF VOC REACTIVITY FOR OZONE & PM FORMATION

5.1 OZONE AND PARTICULATE MATTER FORMATION

The formation of tropospheric ozone requires the oxidation of NO to NO, by peroxy radicals
(RO, andHO,). Inthe symbol RO ,, the R- represents an organic chain, that is, carbon atoms bonded
to other carbon atoms with the remaining bondsfilled with H-atoms or with O-atoms, or with various
halogen atoms. Thefirst member of the peroxy seriesisHO,., which isformed from H-atomsthat were
origindly attached to organic compounds but are abstracted by O,during the VOC' soxidation. When the
newly created NO, photolyzes, it produces an atomic oxygen atom and recreatesthe NO. The atomic
oxygen atom combines with the atmosphere’ s molecular oxygen (O,) to produce ozone (OJ). Thus,itis
obvious that both organic compounds capable of forming RO,/HO.. radicalsand NO are needed to form
tropospheric ozone. Figure5.1 emphasizesthisdua character to VOC reactivity, i.e., thatitisafunction
of both the VOC’ s chemical properties and the conditions of the environment in which it reacts.

Causes of
Reactivity

Chemical
Characteristics of
VOC

Environmental
Conditions

Figure 5-1

The amount of O, formed isafunction of the supply of RO; and HO, radicas and the avail ability
of NOtobeoxidized. Theformer isrelated to the oxidization of volatile organic compounds (VOCs) via
radicals or photolysis and the latter is related to the spatial and temporal emissions and atmospheric
disperson and remova of NO and NO,. Figure5.2 illustratesthe way various VOC characteristicslead
to NO to NO, oxidation or to some other process that may remove radicals and/or NO,. Figure 5.3
illugtrates some of the environmentd factorsthat influence the radica supply that isoxidizing the VOCsand
the factors that influence the availability of NO,.
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Figure 5-2

The Supply Of RO and Horadicals is determined by the photolysis of (emitted or photochemi-
2 2 '

cally formed) carbonyl compounds such as aldehydes (these are compounds with formulas Ilike R2C=0)
or by the creation of RO2 and HO2. radicals subsequent to hydroxyl radical ( OH) attack on virtually all
organic compounds, or by O3 or nitrate radical (NO3.) radical attack on organic compounds having double
bonds between two carbon atoms. The formation of these photolyzable products creates a positive
feedback loop in Figure 5.2 where the reactions of one VOC can affect the reactions of other VOCs. The
largest sources of OH radicals are photolysis of O3 and the HO2. radical’s reaction with NO to produce

NO2 and OH. As shown in Figure 5.2, VOC oxidation products---rich in aldehydes, organic nitrogen

compoundslike PAN, and potentialy other forms of nitrogen---can be carried over or transported intoa
domain and add to the radical and NO, supply.

NO and NO, become less available in active photochemica systems due to the formation of
organic and inorganic nitrogen-containing products (e.g., PAN, RONO,,and nitricacid, HNO ). This
occursfor some RO, radicasasan dternativeto oxidizingNO to NO ,, Thenitric acid formation occurs
via'OH + NO,. Thesereactionsnot only decrease NO , they aso removeradicals, thusVOC’ sthat react
thisway can exhibit a*“ negative reactivity.”
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Theformation of secondary organic aerosol matter occurs during the oxidations of the emitted
volatileorganic compounds. Theorganic productsof the various attacks becomeincreasing oxygenated,
become more polar, and have lower vapor pressures. These compounds can partition between the gas-
phase and the surfaces provided by ambient aerosol sto increasethe mass of the aerosols. Subsequently,
if the aerosolsaretransported to adifferent chemical environment, the organic content of the aerosol can
evaporate from the aerosol and once again become gas-phase material.

Environmental
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Figure 5-3
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5.2 REACTIVITY OF VOCs
5.2.1 Explaining Reactivity
The term “reactivity of aVOC” can be used in two distinctly different ways:

I Astheamount of O, that the reactions of a particular VOC (and its reaction products) have
contributed to the total O, formed in a given system; or

1 Asthesengtivity of thetotal O,formed in agiven sysemto asmal changein the emissons (and
ultimately, the concentration) of a particular VOC.

Thefirst explainstheorigin of the O, inthesystem (i.e., thetotal amount of O isexplained by the sum of
the amounts of O, produced by reactions of each VOC), but such explanations cannot predict how the
system will respond to achange in the VOC composition. The second reactivity describesthe initia
tendencies of thetota O, asthe sum of the sengitivities associated with changesin the VOC composition,
but can not explain the cause of thetotal O, in the system, nor even the cause of any O changesin the
system. That is, one can not multiply each VOC' s senditivity by the amount of VOC in the mixture and
obtain thetotal amount of O, produced in the system. Furthermore, if onewereto remove agiven VOC
from the system, multiplying the amount of VOC removed by its senstivity may not equd the actud change
in the system’'s O,.

Jeffries and Crouse (1990) explained O;formation in model systemsviaa“process analysis’
method (Jeffries, 1995) wherein the magnitude of the model’ sinternal processes were recorded and
subjected to subsequent analysis. Thus, in a particular smulation, the total O, was explained by:

total O, =ECY, over all i VOC species
where

C, isthe amount of VOC, that reacted;

Y, isthe “ozoneyield” of VOC,

during the simulation.
The“ozoneyield” of agiven VOC, is

Y,=()[tota NO,]/HVOC) ()O3/H)NQO,)
and
O[total NO,J/)HVOC) = OHO,/HVOC) ONO,HHO,) +
(ORG/HVOC)DNO/HRO,)
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For the CB4 Mechanism in atypical tragjectory model simulation used by
Carter for his scales, the total daily average values for these terms for the total “urban VOC mix” are:

OHO,/HVOC) =1.06 range 0.74 -- 1.17
ONG,/HHO,) =091 range 0.71 -- 1.00
ORO,HVOC)DNO,HRO,) =0.73 range 0.40 -- 0.79
O[total NO,]/HVOC) =170 range 1.24 -- 1.87
O O03)HNG,) =0.80 range 0.43 -- 0.86.

Therefore, Y, = 1.33, or each VOC molecule that reacted created 1.33 molecules of,O. The
inefficienciesin the processarethelow number of NO,’ sproduced by the VOC’ sRO ,sand thefact that
not every NO, photolysisled to the production of O ; Theformer isdueto formation of productslike
PAN and organic nitrates and the later is dueto loss of odd oxygen in the cycling of NO, NO2, NO3,
N205, and O3.

Figure 5.4 showstwo pie-charts from an Urban Airshed Model simulation of aCharlotte, NC
episode. The chart on the left shows the amount of each VOC that reacted, and the chart on the right
shows the O, that was formed.

VOC Ozone Production Reactivity in CB4
6 x 6 Cell area, Layer 1, 287FC UAM-IV scenario for Charlotte, NC

Total OH + VOC = 128.1 ppbV Chemical Ozone Produced = 124 ppbV

'MGLY 1 %
%o Others 1 %
RCHO 8 % co 18 %

Others 1% o
RCHO 12 %
CO 28 %
HCHO 16 %

CH4 6 % HCHO 9 %

ISOP 4 %
XYL 1%
TOL 2%

CH4 4 % ISOP 10%

OLE 2% PAR 25% ToL 27"
PAR 28 % ETH 4% OLE 4%

Figure 5-4
Thetwo environmentd factors that most influence agiven VOC' sreactivity arethe originsand
intensity of radical sources and the availability of NO.
5.2.2 Explaining Sensitivity to VOC Change

Figure5.5 showshow incrementa reactivity (or O, sengtivity) can be explained using the concepts
from above. Thediagram ontheleft of Figure 5.5 showsthe amount of O, created by aVVOC in the“base
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case” smulation asagray rectangle with sdesthat have lengths proportional to the amount of the VOC
that reacted in the scenario and the magnitude of the O,-yield of each reacted VOC molecule. EachVOC
inthe mix would have such adiagram. The sum of al the gray areaswould be the total amount of O,
produced in the simulation.

VOCj’s Ozin VOCj's Ojzin
Incrementi(:ase )Cj )Yj Incrememil Case IOV,
SR W 4 .I
)G <| Incremental Og 1y DCy < Incremental O3 | v
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51 | 8
|2
= 1
VOC;'s O | VOC,'s O
j> >3 kS Y3 1
in Base Case/ : in Base Case/ :
_l
LV AV
_ d[0o4] DY _d[O4] DY
Yj = d[HC], Yk T d[HC,],
Positive effect of Negative effect of
VOC addition VOC addition
Figure 5-5

Now when aparticular VOC emission or concentration ischanged in the scenario, not only isthe
CY -diagram for the particular VOC modified, but other VOC's CY -diagrams are also likely to be
changed. Say, for example, we increased the concentration of aVOC, then we would expect that more
of it might react and at the same O,-yield asin the base case, the CY -gray areafor this VOC would
increase verticdly, but have the samewidth; thiswould increase the totd O,inthesmulation. Alterndively,
this particular VOC might make faster reacting RO,’ s which compete better for the NO, compared to
some other VOC whose RO, smake more RONO,than thisVOC. Thisresponse, indicated by the C-Y
gray areaincreasing horizontally, would increase the O,-yield for the VOC, leading again to more O,
produced. If aparticular VOC, however, has areaction process that makes substantial organic nitrates,
thenincreasing that VOC' s presence may cause other VOC' sto exhibit lower Oyyidds, dueto adecrease
intheavailability of NO to react with their RO, radicals. Thus, increasing aparticular VOC may resultin
it reacting moreand itself making more O, viaanincreaseinitsown CY -gray area, but it also make other
VOC'smakeless O, dueto alower availability of NO, and thetotal sum of all theVOC sCY -gray areas
could be significantly less.
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Figure 5.6 illustrates these situations. The plotsin Figure 5.6 show just the sum of the changed
areasof the CY -plots (that is, just the areaslabeled “incremental O;” inthe CY -plots of Figure 5.5) which
were caused by a2% increasein one of the model’sVOC species. Thetop plot isfor addition of CB4's
OLE species, ahighly reactive mode speciesthat representsolefinsin urban areas. The bottom plot isfor
addition of CB4’'s TOL species, which isused to represent toluene.  Notethat the OLE speciesis about
10timesasreactive asthe TOL species. Barsare shown for two base conditions, alow HC-to-NO, ratio
of 4:1 and amore O, formation optimum HC-to-NQ, ratio of 6:1. Inthemiddle of the plot are shown bars
for the sum of dl theVOC species changes, and to theright sdeof the plot are other changesin smulation
ozone caused by physical processes such asdilution, which usualy becomesalarger lossdueto more O,
being available to dilute, and O, reaction and deposition losses, which also increase because ©
concentration increased. The last two bars are the “incremental reactivity” aswould be computed by
Carter for these species and these are the sum of the middle bars and the physical processbarsfor thetwo
HC-to-NO, ratio cases.
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Figure 5-6

In Figure 5.6 for thetop plot, the incrementa reactivity for addition of OLE isabout twice as high
athe4:1ratiothanatthe6:1ratio. Thatis, thechangein O,for achangein OLEislarger at 4:1, but the
total O, produced islessat 4:1 than at 6:1. At both ratios, the change in O, caused directly by the
reactions of the additional OLE are virtually the same, about 0.4 ppb O, per ppb of added OLE. The
changein O, produced by other VOC speciesin the mixture, however, are quite different at thetwo ratios.
At 4.1, the PAR-species, methane, and CO (the least reactive species) dl increased their CY -gray areas
over their CY -gray areasin the base case; thiswas mostly due to the increased amount of these long-lived
speciesthat reacted dueto theincreasein theradical pool caused by the photolysis of the additional OLE
products. Thus, at the 4:1 ratio, about half of the changein O, that occurred when OLE wasincreased
was due to the reactions of VOCs in the mixture other than OLE.
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In Figure 5.6 for the bottom plot, theincrementa reactivity for addition of TOL isaso about three
timesashigh at the4:1 ratio than at the 6:1 ratio. Once again, at both ratios, the change in O, caused
directly by thereactionsof the additional TOL arevirtually the same, about 0.04 ppb O, per ppb of added
TOL. Thechangein O, produced by other VOC speciesin the mixture, however, are not only different
at thetwo ratios, but many have changed signs!  That is, addition of TOL to a6:1 HC-to-NO, mixture
resulted in six of the other VOCsin the mix producing less O, than inthe 6:1 base case. Thisisaresult
of areaction pathway in TOL’ sreaction mechanism that removes NO, from the systlem. Thisdeprivesthe
other VOCsof NO needed to react with their RO, radicalsand thuslowerstheir O,-yields, so that even
if the same of amount of each VOC reacted, each VOC' s products were less effective in converting NO
to NO,, resulting in an overall lessening of each VOC’ s contribution.

Asinthe OLE case, the physicd conditionscause alossin the chemica produced O;which differs
depending upon thetotal amount of O, produced, resultingin even larger differencesinthechangesto O ,
between the two ratios.

5.2.2 Demonstration of Effects of Environmental Conditions on Reactivity

Figures5.7 comparesthe reactivity of acomplex VOC mixturethat represents the exhaust from
industry average gasoline (IAG) fueled automobileswith aVV OC mixture that representsthe exhaust from
amethanol-gasoline (M 85) blend fuel ed automobilesin the UNC Dua Outdoor Chamber. Itisclear that
the M85 fud exhibits only about half the O, forming capability asthe |AG fuel under these conditions.
Figure 5.8 compares these same fuel emissions, but in a50:50 mixture with a mixture of 54 VOCs that
represent those found in typica urban air. Under these circumstances, thereisvirtualy no differencein
the O, forming capabilities of the two fuel emissions.

In these experiments, the HC-to-NO, ratio is the same, only the complexity of the VOC mixture
was different.
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Figure 5-7

5.3 COMPUTING REACTIVITIESOF VOCs

Because of the complex interplay among the various competing reaction pathways and themajor
importance of availability of NO in determining O, formation, it isimportant not to investigate VOC
reactivity only by experimentsin environmental chamberslike those shownin Figures5.7 and5.8. The
problem isthat these results may only be representative of the conditionsin the chambers and may not
extent to the urban and regional conditionswhere we wish to use the reactivity concept in aregulatory
application.
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The solution to this problem isthat al realistic applicationsof VOC reactivity involve the use of
photochemical reaction modelsto estimatethe behavior of VOCsunder conditionslikethoseexpectedin
urban areas and in regional domains. The chamber experiments are extremely useful in testing the
photochemica reaction mechanism to assurethat it doesmimic the complex behavior of theV OC mixtures
in the reasonably unambiguous conditions of an environmental chamber.
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Figure 5-8

In addition to the photochemical reaction mechanism, themodel must aso re-create the proper
availability of NO, and the radica source strength. Thismost likely requires ahigh fidelity representation
of the meteorological eventsand emissions strengths asafunction of spaceandtime. Evenif the regulator
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chooses to apply reactivity in the form of “scales’, the relative positions of VOC’ s on the scales are
determined by the operation of a photochemical model for a set of environmental conditions.

The subtleinteractionsamong VOC’ sand theimpact that chemical and physical conditions can
have on how aVVOC affects the amount of O3 it can form argue for beginning with comprehensive and
relatively complex representations, and ssmplifying after the system’ sbehavior hasbeeninvestigated and
reasonably understood.
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6. TOPICSFOR VOC REACTIVITY RESEARCH

Thefocusof the previous chaptershas been devoted mainly to identifying potentia policy-relevant
VOC reactivity research issues where further research could be helpful to Federal, State and local
policymakersin considering possible VOC reactivity-based control measuresin regulatory policies. To
thisend, thischapter includesalist of related scientific questions and an associated list of possible short-
term research topicsthat could, a theleast, begin to provide some answersand further ingghts. Theselists
of questionsand possible research projects, however, are not exhaustive nor intended to be compl ete; but
they are intended to focus and initiate potential (less than 12 months) research activities.

To put these research topicsin perspective and to help guide the research efforts, some of the
implementation issues associated with the development of regulatory policy should be considered. For
policy makersto design aviableregulatory policy incorporating VOC reactivity-based control measures,
the approach must be practical, cost-effective, and enforceable. Theimportance of theseimplementation
issues cannot be overemphasized because, regardless of how promising the scientific findings arein
achieving an intended policy objective, aregulatory approach based on the scientific findings should
trandate into a course of action that is practical and cost-effective to do and can be monitored and
enforced.

Section 6.1 lists some of these implementation-related questions and issues, and section 6.2
includes scientific questions and some short-term research topics that may address these science issues.
Someinitial short-term research projects are identified in section 6.3.

6.1 IMPLEMENTATION | SSUES

The questionsbelow reflect some of theimplementation-rel ated i ssuesthat policy makerswould
need to addressin VVOC reactivity-based control measure regulatory policy. Thislistisnot intended to be
completebut rather to highlight some of the mgjor implementationissuesassociated withaVV OC reactivity-
based control strategy. Whilethese questionsare not necessarily subjectsof researchinvestigations, they
can serveto focustheresearch topicsidentified in section 6.2 and to help direct or prioritizeinvestigative
approaches.

1. Wha aetheissuesrdated to implementing, verifying, and enforcing regulaory reactivity rules?
a. What test methods are needed?
b. What record keeping is needed?

2. What arethe likely costs of doing any of the activities identified in question one above?
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3. What do we do with “uncertainty”?
a. Isthe uncertainty small enough to determineif the regulation is directionally okay?
b. What arethe ways uncertainty can be factored into aregulatory policy, and what arethe
associated environmenta and practical implicationson that policy and itsimplementation?

6.2 SCIENTIFIC | SSUES

6.2.1 Concept Scoping Questions

The questions listed in this section suggest, for the most part, short-term investigations aimed at
identifying or scoping out some of the concepts discussed in earlier chaptersfor further, more detailed
investigations. For example, answersto questions 2, 3, and 5 could be used to develop the analysis
methodol ogy used in subsequent studies and modding effortsto assessthe effects of variousVOC control
measure strategies and possibleregulatory scenarios. Information derived by addressing questions 1 and
4 could provideingght about |ocation, emission sources, and modeling scenariosto focus more detailed
VOC reactivity-based control measure modeling analysis.

1. InthoseareaswhereVOC reductionsmay berequired, does* reactivity” make adifference
(relative to mass-based reductions) in O;, PM, and RH?
a. How big acompositional change is needed?
b. How widespread is the effect?
c. How consistent spatially and temporally are the responsesin O,, PM, and RH?

2. Wha arethe dternative ways of expressng the “ differences’in question one above, and what
are their advantages and disadvantages?

3. What are the ways of comparing the differencesin VOCs found in question one above?
What are the scientific data needed to do the comparisons?

What are acceptable ways of adding new compounds to the system?

How consistent are the different approaches?

Which ones are applicable for multiple pollutants (O,, PM, RH)?

Which are most appropriate for multi-day and multi-episode scenarios?

Do any methods have “gaps’ in the response by different VOCs?

I N

4. What arethe sourcesof total VOCsthat can beinfluenced (locally, regiondly, nationally) by
regulatory reactivity policy?
a. Which are the VOCs that can be influenced?
b. What are the forecasts for emissions under a changed policy?
c. If more compounds are exempted, what may be the impact on O,, PM, and RH?
i. What istheimpact on total mass of VOC emissions?
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ii. What are the likely forecasts of emissions under a changed policy?

5. Canwequantify “uncertainty”? What arewaysto accommodate incrementa improvements
in science?

6.2.2 Important Broad-scope Questions

Thequestionsbel ow address more broad-based VV OC reactivity issuesthan the questionslisted
inthe preceding section. These questionsfocuson some of the VVOC reactivity-based control measure
issuesto be congdered in possible policy optionshaving an “integrated” or holistic environmenta regulatory
perspective. Research projects aimed at answering these questions are likely long-term or multi-year
efforts.

1. What are the roles of transport and multi-day stagnation?

2. What arethegloba implications on Globa Warming Potentia (GWP), stratospheric Ozone
Depletion Potential (ODP), persistent organic pollutants (POP), and formation of toxic
secondary products?

3. What role does “atmosphere’ availability play?
a. Vapor pressure or evaporation rate?
b. Fugacity?
c. Water-gas phase partitioning?
d. Particle-gas phase partitioning?
e. Lifecycle?

4. Fromthe perspective of areactivity policy with repect to multiple environmenta impacts, what
does “integration” mean; and how can we do this?

6.3 SOME SHORT-TERM RESEARCH PROJECTS

Thissection providesaninitid list of potentid short-term (Iess than 12 months) research projects
that address many of the questions shown in section 6.2.2. To see amore detailed description of these
research projects, refer the sectionsin the RRWG Science White Paper shown here in the square brackets

[].

1. Survey amounts of emissions that are suitable for reactivity-based controls [3.1.1]

Survey existing modeling assessments  [1.1]

3. Assesseffectsof large-scalereactivity-based substitutionson regiond air quaity usng existing
models [1.2.A]

N
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10.

a. Evaluate alternative reactivity metrics [1.5.1]

b. Uncertainty analysis

Improve emissions processing modulesin models  [6.3.2]

Use existing models to evaluate exemption standard [1.3.A]

Evaluate existing chamber database [2.4.1]

Evaluate existing fugacity modelg/availability  [4.3.1]

Develop model criteriafor reactivity assessments [6.1]

Andyzeavailableinformation concerning distributionsof conditions, including ar quaity data
[5.1.1]

Develop appropriate scenarios for 7, 10, 8; genera reactivity assessment 5,6,3 ... 1,9.
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