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Overview

1. What's the scope and nature of the relevant air quality issue?
e 0zone attainment is core issue

» area-specific issues dominate (albeit covering densely populated
areas)

 SOCAB is the key nonattainment area
e non-linear air quality relationships complicate the matter
o targeted solutions will be necessary
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Overview

2. What's the actual real-world impact of HDOH NO, emissions?
* near-zero standards already
e aggregate in-use performance is robust

e need for new in-use data to assess potential for further HDOH NO,
reductions

e significant research efforts are underway
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Overview

3. What's the best path forward?
o FTP-oriented development efforts?
 focus on cold-start emissions? light-load emissions?
* need to preserve feasibility of GHG targets
 focus on real-world real-time emissions data

e establish actual relevant in-use baseline emissions from which to assess
potential targeted in-use emissions improvements

 consider role for NO, sensors and telematics

 vehicle/engines families as the new “lab” to generate aggregated in-use
emissions data
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Overview

4. \What's next?

 develop data-driven real-world in-use NO,-emissions baseline for “non-
credit” HDOH engines/venhicles

 develop data-driven real-world in-use targeted NO, reductions
» develop appropriate in-use metric for compliance

* develop targeted in-use standards assessed against aggregated in-use
emissions data

e streamline outmoded regulatory requirements and procedures
 Iimplement a new in-use-focused regulatory paradigm
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1. Scope and Nature of the Issue

1. What's the scope and nature of the relevant air quality issue?
e 0zone attainment is core issue

» area-specific issues dominate (albeit covering densely populated
areas)

 SOCAB is the key nonattainment area
e non-linear air quality relationships complicate the matter
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1. Scope and Nature of the Issue

14 Non-CA Counties Projected >70ppb in 2025* (EPA Data)
*Nonttaient Areas Could Smallr |
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o |s this truly a
nationwide
attainment issue?
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1. Scope and Nature of the Issue

CA Counties Projected >70ppb in 2025 (EPA Data)

California counties that would measure

ozone pollution above 70 ppb post-2025. * e Or is this an area or county-specific
* For illustrative purposes, attalnment ISSUE (albelt COverlng
penshts uenga aseine densely populated areas)?

that includes existing and
proposed federal rules
and assumes attainment
of the 2008 standards.

Note: This map shows counties with monitors.
Actual nonattainment areas could be smaller
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1. Scope and Nature of the Issue

Measured 8-hour Ozone Design Values in 2016 (AQMP Data)

i
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Much of the SOCAB appears on
the path to ozone attainment

But highest individual Design
Value (DV) out of all air monitoring
stations sets DV for entire SoCAB

The monitoring site at Crestline
has set the DV for the entire air
basin for over 20 years

Attainment is a county-specific
(and even seasonal) issue
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1. Scope and Nature of the Issue

CARB South Coast Air Basin Anthropogenic Emissions (2012 Base Year)

South Coast Air Basin Summer Emissions

1200 6000 e Progress toward attainment
has resulted from significant
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1. Scope and Nature of the Issue

Projected Ozone Reductions Have Become Flatter (Crestline) (SCAQMD Data)

180

 More recently, the rate of
ozone reduction is
flattening and not matching
rate of reduction of precursor

140 -

emissions
e Ozone-reduction dynamics
e 3o, 303 Modeled 2016 AGMP OV may be changing

100 ~#—3 Year, 3x3 Modeled 2012 AQMP DV
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1. Scope and Nature of the Issue

Recent Upticks in Ozone Levels (SCAQMD Data)

Measured Ozone Trend in the Basin
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12

 Even more recently, ozone
levels have moved in the
opposite direction of
precursor emissions

 Uptick is not consistent with
modeled projections

e Have we hit ozone-formation

“ridgeline” where incremental
NO, reductions (and other
factors) can increase ozone
concentrations?
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1. Scope and Nature of the Issue
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TECHNICAL PAPER

Projected ozone trends and changes in the ozone-precursor relationship in the
South Coast Air Basin in response to varying reductions of precursor emissions

Exic M. Fujita®, David E. Campbell®, William R. Stockwell®, Emily Saunders®, Rosa Fitzgerald®, and Raberto Pereat

*Bivision of Atmospheric Stences, Desert Research [nstitute, Nevada System of Higher Education, Reng, NV, USA; "Department of Chemistry,
Hovvard University, Washington, DC USA; *Department of Physics, University of Texas El Paso, El Paso, TX, USA

ABSTRACT PAPER HISTORY
This study examined the effects of varying future reductions in emissions of axides of nitregen  3ece'ved 29 June 2015
(MO, and volatile arganic compounds (VOO on the location and magnitude of peak ozone levels 3evised 7 October 2015
within California‘s South Coast Air Basin (SoCAB or Basin), As ozone formation is currently YO Aecepted 7 Getober 2015
limited in the Basin, model simulations with 2030 baseline emissions {-61% for NO, and ~32% for
VOC from 2008} predict 10- 208 higher peak ozone levels {Le., MO, disbenefit) in the western and
central S50CAB compared with the 2008 base simulation. With additional NG, reductions of 50%
beyond the 2030 base|ine emissions (—81% from 2008), the prediced ozone levels are reduced by
about 15% in the eastern SoCAB but remain comparable to 2008 levels in the western and central
Basin. The Basin maxirmum azone site shifts westward to more populated areas of the Basin and
will result potentially in greater population-weighted exposure to ozone with even a relatively
small shortfall in the required NO,, reductions unless accompanied by additional YOC reductions
beyond 203¢ baseline levels. Gnee committed to & NO,-focused contral strategy, MO, reductions
cxcecding 90% from 2008 levels will be necessary to atrain the ezone Mational Ambicnt Air
Quality Standards (MAAQS). The findings from this study and other recent wark that the current
WO emission estimates are underestimated by about 50% suggest that greater future VOC
reductions will be necessary to reach the projected 2030 bascline emissions. Increasing the
base year VOC emissions by a factor of 1.5 result in higher 2008 baseline ozone predictions,
lower relative response factors, and about 20% lower projected design values. If correct, these
findings have important implications for the total and optimum mix of VOO and NO, emission
reductions that will be required to attain the ozone NAAQS in the SoCAB.
Implications: Results of this study indicate that ozone levels in the western and central SoCAB
would remain the same or increase with cven a relatively small shartfall in the projected MO,
reductions under planned MO focused controls, This possibility, therefore, warrants a rigorous
analysis of the costs and effects of varying reductions of WOC and MO, on the formation and
combined health impacts of ozone and secondary particles, Given the nonlinearity of ozone
formation, such analyses should include the implications of gradually increasing global back-
greund ezone concentrations and the Basin's topography and meteorology on the practical limits
of altemative emission contrel strategies,

Intreduction
(VOC) and oxide ol nilrogen (NO,) emissions have

California’s South Coast Air Basin (SoCAB or Basin)
has historically experienced the mast severe ground-
level ozone (O5) pollution i the United Slales. The
Basin encompasses 1,743 square miles and is home Lo
over 17.8 milllan peaple (2010 17.8. Census). Prior to
the implementation of emission rednction measares in
the early 1930s, heurly averaged ozone mixing ratios in
the SoCAD approached 700 ppb and Stage 11 episodes
(ozone exceeding 500 ppb) were relalively [requent
evenls in the 1960s. Four decades of progressively
mare stringent contrals of volatile organic compound

reduced the number of exceedances of the 2008 & hr
ozone National  Ambient  Air  Quality Standard
[NAAQS) of 75 ppb from 211 days in 1975 to 88 days
in 2013 and the Basin design value (DV} from 275 to
107 pph. Although substantial progress has heen made,
the ozone NAAQS is still exceeded in the Basin on
most smmmer days and attainment of the standacd
remains a long-term challenge that has become more
difficul with the recent revisions of the szone NAAQS
from 75 o 70 ppb (U.S. Environmental Prolection
Agency [EPA], 2h5).

CONTACT = M. Fuite ) SicFujtagdiiedu @) Fvsion of Atmnspheric Sciences, Desert Researth Insttute, Nevads System of Higher Educetion, 2215

%gin Parkwey, Rene, NV 20512, LISA.

Supplementa| data for 141s anicle can be accessed o te publster's website.

2306 ARWMA

Fujita, et al. (2016), JAWMA Article

Ridgeline “VOC-limited” conditions
pertain in the SOCAB

Planned NO, reductions may cause
ozone levels to increase (10-20%)
and move Westward in the SoCAB

“NO, disbenefit” issues warrant careful
consideration when assessing next-
tier NO, standards

Trends of future “baseline” ozone
levels (next slides) need to be
considered when assessing

regulatory strategies Truck & Engine
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1. Scope and Nature of the Issue

Projected Future “Baseline” Ozone Design Values in 2023 (AQMP Data)
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Projected ozone levels under
current “base” scenario
(without additional NO,
controls)

Fontana (not Crestline) Is
projected to set the SoCAB
DV in 2023

Growing area across the
SoCAB will achieve
attainment under
“baseline” scenario
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1. Scope and Nature of the Issue

Projected Future “Baseline” Ozone Design Values in 2031 (AQMP Data)
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By 2031, there will be
continuing progress across
the majority of the SOCAB
toward attainment under
“baseline” scenario

o Arelatively small number of
remaining county-specific
concerns (albeit covering
significant populations)

» County-specific concerns could
support the potential
consideration of “geofencing”
and other targeted strategies
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1. Scope and Nature of

the Issue

Complex Chemistry of Ozone Formation

* A decrease in emissions does not always lead to a decrease
in ozone in the short-term

Glendora

2012 Emissions
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“Ridgeline” ozone isopleth conditions
illustrate the potential NO, disbenefit
phenomenon at the key nonattainment
sites across the SOCAB

Incremental NO,-focused reductions
can increase ozone levels

“NO,-only approach leads to
increased ozone and its exposure
in the more densely populated
western Basin during interim years
[such that] millions of residents would
experience worse ozone air quality...”
(VOC Controls, 2016 AQMP White
Paper, p.10.)
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1. Scope and Nature of the Issue

The NO, Disbenefit Issue (SCAQMD Isopleth)
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The ridgeline/disbenefit issue is applicable at the San Bernadino, Azusa and

Glendora sites
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1. Scope and Nature of the Issue

The NO, Disbenefit Issue (SCAQMD Isopleth)
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And also at the Fontana
site, which is likely to set
the DV for the SoCAB in
the future

Note that if the VOC
emission inventories are
higher than assumed,
actual ozone levels will be
higher than modeled

Other issues also may be
Impacting the efficacy of
current ozone-reduction
strategies (next slides)
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Key Points:

« The temporz evolution of maxinum
azane concentrations in Southern
Cahfarmia is accurately described by a
simple mathematical function

+ The US. background ozone
contribution of 620 4 1.9 ppb is the
lower limit achievable for the
concentrations upon which the
NAAQS Is based

- Projections indicate that ~35 years of
adaitianal cmission control effonts
wil be iequired ta reach the NAAQS
in the Los Angeles area
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Ozone Design Values in Southern California’s Air
Basins: Temporal Evolution and U.S.
Background Contribution

David D. Parrish™-2 [, Lindsay M. Young®* ", Mia H. Newman®*, Kenneth C. Aikin"2 (",
and Thomas B. Ryerson®

'Cooperative Institute for Research in Environmental Sciences, University of Calorado Boulder, Boulder, €O, USA, *Chemical
Sciences Division, NOAA ESRL, Boulder, CO, USA, "Now at East High School, Denver, CO, USA, “Now at Ralston Middle
School, Belmont, CA, USA

Abstract california’s ambient ozone concentrations have two principal contributions: US. background
ozone and enhancements produced from anthropogenic precursor emissions; only the latter effectively
respond to California emission controls. From 1980 to 2015 ozone has been monitored in eight air basins in
Southern Califernia. The temporal evelution of the largest measured concentrations, ie., those that define the
ozene design value {ODV) upen which the National Ambient Air Quality Standard {NAAQS) is based, is
described very well by an exponential decrease on top of a positive offset. We identify this offset as the ODV
due to the US. background ozone {i.e., the concentration that would be present if U.S. anthropogenic
precursor emissions were reduced to zero) and is estimated to be 62.0 + 1.9 ppb in six of the basins.
California’s emission control efforts have reduced the anthropogenic ozone enhancements by a factor of ~5
since 1980. However, assuming that the current rate of exponential decrease is maintained and that US.
background ODV remains constant, projections of the past decrease suggest that ~35 years of additional
emission control efforts will be required te reach the new NAAQS of 70 ppb in the Los Angeles area. The
growing predominance of U.S. background czone contributions has shifted the maximum czone
concentrations in all air basins from later to earlier in the summer. Comparisons indicate that currently
accepted model estimates of U.S. background ozone concentrations in Southern Califernia are somewhat
underestimated; thus, reducing ozone in this region to the 2015 NAAQS may be more difficult than
currently expactad.

Plain Language Summary Over the past decades, ozone air quality in Southern California has been
greatly improved, but the National Ambient Air Quality Standard (NAAQS) has not yet been achieved in
much of the region. The ozone standard is based on the rare, highest recorded concentrations (~98th
percentile). A simple mathematical function is shown to provide an excellent description of the decrease in
these ozone concentrations, which allows some implications to be inferred. Since 1980 the anthropogenic
contribution to these concentrations has been reduced by a factor of ~5. However, the contribution of
background ozone is estimated as ~-89% of the NAAQS. Since this background contribution is so large,
projection of the past rate of decrease of the anthropogenic contribution into the future suggests that

~35 years of additional emission control efforts will be required to reach the new NAAQS of 70 ppb in the
Los Angeles regian. The model calculations of the background ozone contribution that were considered

in the formulation of the new NAAQS underestimate the background contribution. Thus, reducing Southern
California ozone concentrations to the NAAQS may be more difficult than currently expected.

1. Introduction

In 1970 the U.S. passed the Clean Air Act, which required states to develop plans to improve air quality. Since
its introduction, comprehensive efforts have been made to reduce emissions of the ozone precursors, oxides
of nitrogen (NO, = NO + NG_) and volatile organic compounds (WOCs), in order to meet the ozone National
Ambient Air Quality Standard (NAAQS). The resulting emission reductions have produced substantial
decreases in ambient ozone concentrations throughout the nation, including Southern California, which is
the focus of this work. Quantification of these decreases and comparison of the decreases between different
regions can potentially provide useful information for (1) partitioning ambient ozone concentrations
between that produced locally and regionally from that transported from elsewhere, (2) forecasting likely

PARRISH ET AL.

SOUTHERN CALIFORNIA OZONE DESIGN VALUES 11,166

1. Scope and Nature of the Issue

Parrish, et al. (2017), JGR Article

The implications of background ozone
(boundary conditions) levels may not be
fully understood

Background ozone may be higher than
expected (62 ppb) and may (along with
other factors) impede rate of attainment

Attainment of the 70 ppb NAAQS could be
35 years away
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1. Scope and Nature of the Issue

SCIENCE ADVANCES | RESEARCH ARTICLE

P .  Almanaz, et al (2018), Science Advances
griculture is a major source of NO, pollution Hghes resarved

exclusive licer see
American AsscCiadon

in California

Article
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Nitregen oxides [NO, = NO + NO,) are a primary component of air pollution—a leading cause of premature death in Commors Attribuion

humans and biodi y declines Idwide. Alhough latory policies in California have successfully limited NonCommerclal [ ]
transportation sources of NO, pollution, several of the United States’ worst-air quality districts remain in rural re- Liver sa 4.0 iCC BY-NO).

gions of the state, Site-based findings suggest that NO,. emissions from California’s agricultural soils could contribute

Agricultural soils may be dominant

source of NO, pollution in California, with espedally high soil NO, emissions from the state’s Central Valley region. S O u r C e S O f N O
We base our conclusion on two independent approaches: (i) a bottom-up spatial model of soil NG, emissions and X
(i} top-down airborne observations of atmospharic NO, concentrations over the San Joaguin Valley. These ap-

proaches point ta a large, overlooked NO, source from aropland soil, which is estimated to increase the NO, budget
by 20 to 519%. These esti are L with previcus studies of point-scale measurements of NO,. emissions

from the soil. Dur results highlight opportunities to limit NO, emissions from agriculture by investing in manage-
ment practices that will bring co-benefits to the economy, ecosystems, and human health in rural areas of California.

Maya Almaraz,'*" Edith Bai,**" Chao Wang,” Justin Trousdell,' Staphen Conley,’
lan Faloona,” Benjamin Z. Houlton™*
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INTRODUCTION

Nitrogen exide (NO, = NO + NO,) gases are among the most im-
partant camponents of air pallution, which, accarding to the World
Health Organization, is responsible for ane in eight premature deaths
worldwide (1), These nitrogen (M) gases have been linked to upper
respiratory disease, asthma, cancer, birth defects, cardinvascular dis-
ease, and sudden infant death syndrome (2, 3). Global studies have
pointed to similarities in the magnitude of NO. emissions from fossil
fuel combustion and soil, with the largest soil emissions from regions
with heavy 15 fertilizer applications (4-7). Despite the significance of
soil rierabial NO, emissions at the global seale, policies have focused
largely on imiting NO, from mobile and stationary fossil fuel sources
(8, ). Where apiculture is an important souwrce of NO,, strategies to
reduce nonpeint emissions will need to incorperate soil manage-

(CARE) cstimatos that ~3.8% of the state’s NO, budest can be at-
tributed to cropland suils, but these estimates are based on data linzited
to farms located within 200 km of Sacramento and miss many of the
most heavily fertilized areas in the state (15). Mareover, CARE does not
include these estimated emissions in their official statewide database
for air quality modeling (16).

Here, we provide the first large-scale quantification of seil NO,
emissions for California through two different appreaches: integra-
tive “bottom-up” spatial modeling and “top-down™ airborne NO, mea-
surements. This twe-pranged approach allows as to independently
examine the contribution of biogenic NO, emissions in Califirnia while
comparing these esdnates to lecal empirical data, Our overarching hy-
pothesis is that biogenic emissions of NO, from agricultaral arcas are
much higher than we used to believe and could be a major suurce of

10222 Alenigas U0 /610" BEWAO UaIDS SSaUBAPEAIY WO PaPES USaD

« Agricultural NO, emissions may be different

In the SOoCAB, but lawn, garden and other
horticultural-related NO, emissions (fertilizer)
may be a factor

ment approaches and policies that are fundamentally different fram  armaospheric NO, starewide. Alternatively, if agricultural sources are = u L o =

Ry e el e e ° A ain th ese readion / countv-spbeci fl C issues
California is considercd the world's sixth largest ceonomy in  sions throughout natural and agricuttaral ccosystems, g ]

temms of gress nativnal product and supports 12.2% of the US. food

econnmy ( 11). '[he state has institured policies ta redace NO, pollu- - - -

tian fram fossil fuel sources, resulting in NO, declining by 9% per  RESULTS AND DISCUSSION S u O rt th e Ote ntl al C O n S I d e ratl O n Of

year in Los Angeles, San Francisco, and Sacramento over the period  Our combined bottom-up and top-down estimates uniformly point to

of 2005 to 2008 (1), Recent findings have suggested that agriculture  high NO. emissions from California’s agricultural soil, revealing a sig-

is one of the dominant sources of NO,, in the United States, partic-  nificant unrecognized source of N pollution statewide. Our bottom-up 11 H 7 H

ularly in the michvest regiem, where fertilizer inpats are substantial  model reveals that 161,100 metric tons of NO,-N vear ' is emitted g e O e n C I n g a n Ot e r ta r g ete Strate g I e S

(6, 12). In California, local field measurements have similarly as-  from California soll with croplands accounting for 79%of total emissions,

cribed high NO, emissions to agricultaral soil (13). Matson ef al. When combined with data on existing mobile and stationary fossil fiiel

(14] provided some of the first evidence of substantial NO, produc-  sources (16, our results indicate that fertilized croplands account for 20t

tion from agricultural soils in California’s Central Valley; however,a  32% of total NO,-N emissions from all sectors of the state, whereas . . P

statewids assesement, which is needed to drive new policies for NO,  natural soils aceount for 5 to 9% (Fig 1), A meta-analysis of soll NO,

° Dn‘fermg needs for and ut|||ty of HDOH NOX

Tepartrient of Land, At and Water Resaunees, Unsersity of Cal thmia Davis, Davis, A
25616, US4, U <oy Laboratony of Forest and Managermnen Insl e of Apoled Lol
gy, et Aaderny of Seivnces, Shergang 119016, Ch i of Geegrahical
Scences, Nertrerst Neenal University, Changehun 13002 loan Muir Institute.
of the Zwevenment, Jnversity of Calfornia, Davis, Davis, CA 95616, J5A
“Corresprnd 1q autaor. Emall: Almarazpucdays edu

HThese autwes conbuted equally w this werk

Almaraz ef ol 5 Adv, 2018:4:ea003477 31 January 2018

coherence hetween our model-based estimates and empirical measure-
ments from ditferent arcas of the state (Table 1), Mean NO, erissions
from Calibomia cropland seils were 19,8 (£27,3 8D) kg of Nha™ year™
and ranged from (1o 276 kg of N ha 'year ' (Fig. 2), with ', quartile
and ™, quartile values of 4.3 and 24.9 kg of N ha . year k. respectively.
NO), emissions were largest from agriculrural soils where M fertilizer
applications can reach »600 kg of N ha™! year™ (average N fortilizer

Tof 8

controls in different regions Truck & Engine
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1. Scope and Nature of the Issue

RESEARCH

L « McDonald, et al. (2018), Science Article

laboratory testing of chemical produets; (iii) am-
ATMOSPHERIC CHEMISTRY W::mnmulwimnm:(ﬂ'b]dﬁ')
indoor alr measurements.

Volatile chemical products emerging | wessesce ot nrocarsons i e

e ol . A « Consumer-product sources of VOCs may be

tics, together with near-roadway and laboratory

urbén organic cuieeions S equivalent to (or greater than) vehicular

Brian C. McDonald,"™ Joost A. de Gouw," Jessica B. Gilman,” Shantanu H. Jathar,” ~15 times th
All Alcherati,” Christopher D, Cappa,”* Jose L. Jimenez,"" Julia Lee-Taylor,"* (Fig. 1A), Chemical feedstocks are almost entire-
MMLM'MLW“W\’IIOI’,'&HWIIH-,“‘& Iy derived from fossil hydrocarbons (18) and are
Drew R. Gentner,"® Gabriel ' Allen H. e w»wwmmm Sou rces
Robert A. Harley,”® Gregory J. Frost,” James M. Roberts,” B
‘Thomas B. Ryerson,” Michael Tralner” mmmﬂmwmu-:rmm
organ! o
Agapin m“hnhmntuﬂﬁdumuwhﬂnmpnlcoompound (VOC) sources, which (IVOCs) and higher-volatility VOCs (fig. 51). The
contribute to regional ozone and aerosol burdens, has time scales of higher-volatility VOCs

i e e S A, LA | B et « VOC inventories may be understated and not
fully understood

constitutes half of fossil fuel VOC emissions in industrialized cities. The high fraction of VCP on product type and use (table §4). For example,
emissions Is consistent with observed urban outdoor and indoor air measurements. We show | & high fraction of organic compounds evaporate
that human exposure to carbonaceous aerosols of fossil origin is transitioning away from mmﬂmmﬂmmmhm

-@ousms/:dny wouy

transportation-related sources and toward VCPs. Existing U.S. VCPs pounds in

mitigating ozone and air toxics, but they currently exempt many chemicals that lead to ﬂdﬂﬂuph!ﬂrmmmw

secondary organic aerosols. amounts emitted from wastewater treatment
plants (27).

Total gas-phase VOC emission factors of mobile
xposure to air pollution is the fifth ranking | logical study suggests that adverse human health | source fuels and VCPs are based on field (eg.,

b e s : « Potential ozone modeling impacts?
ing malnutrition, dietary risks, high blood | PM,, and O, (). It is thus critical to identify and | ported in the literature (Fig. 2). A key finding is M

pressure, and tobacco (1). Secondary organic | quantify the most important human-produced | that VOC emission factors (emission amount per

aerosols (SOA), a major component of fine | sources of VOC emissions to effectively mitigate | unit product use) resulting from the use of many
particulate matter (PM, ;) in cities around the | air pollution and improve human health. chemical products are ane to two orders of mag-
world (2), form through oxidation of volatile of VOCs nitude higher than from automobile exhaust. The
organic compound (VOC) precursors. Oxidation | steadily from efforts to control tallpipe emissions | relatively low VOC emission factor for on-road
of VOCs in the presence of nitrogen oxides | intheUnited States (5) and Europe (6). Asaresult, | gasoline engines today (Fig. 2) results from (i)
(NO, = NO + NO,) also contributes to tropospher- | other sources of VOC emissions ave likely growing in fuel
ic ozone (Oy), which increases risks of mortality | in relative importance (7). Transportation emis- | to carbon dioxide, and (if) the increasing effec-

« Potential impacts on the efficacy of NO.-only
- regulatory strategies?

810Z ‘61 Aenigay uo /Bao

stons h
Sciences, of Cokrad, Boulder. 0, USA. —— grove e
Mnlmmwmmmn (12-14). the | cxample, mhinl min:nheetune a marker of
Labralory, Boulder, 00, USA. rtment of Mg lneofehemkal products have been difficult to | coating-related VCPs in this study and in the past
f'!"*"mwm Stae e, Pt C‘"f & constrain in models (15) or from ambient mea- tmumnadlumhlun -lrmm.\wiunun
and Earcnmen ring.
u-wuumhmu USA. *Depariment of suremenits (J6). One challenge has been thelack of

et e T T e Do we have the right air quality projections for

iin everyday houschold products (J6). Here, we

Monirll, Mrdel, Qusbac. Canada. ‘Dgarimnd of focus on volatile chemical products (VCPs), inciud- Aﬂhmdllf&slsd\‘ﬂlmmhhnﬁdb
Bt 1 Uoh oot Py vt | Ing pesticides, coatings, printing fnks, dhshs, | smallerthan for gusoline and dee i, VOC - H .
L o TS assessing the optimal targeted attainment
ai
-usu;mwﬂ,_luﬂr::%‘ru.;? mwmhnm:h&v?urhmhmm large as from mobile sources (35 = 117Tg) (Fig. 1E,
\Dastment of Environmental Science. Pocy. and - TR i Sk s Wl W R i i
Management, University of Cablornia, Berbeley, CA, USA, We show that success in alr pollu- fon factors. Emissions from =
"Dapartment of Cwvil and Emviranmental Enginesring, tion has changed the of VCPs should scale with driving ’)
S : i Strategles and control measures:
the relative from trans- | in cts. Other fossl sources thatccur upstream
xmmhnvmumhummu o fiale and sy e a
Yosat sty e R f Kot from VCPs. We consider four key piecesof evidence | refineries, and chemical manufacturing facilities)
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1. Scope and Nature of the Issue

m
=

Urban flux measurements reveal a large pool of

oxygenated volatile organic compound emissions

T. Karl™', M. Striednig®, M. Graus®, A. Hammerle®, and G. Wohifahrt"

Frastitutn of el Cr Farie Semricin, i 2 , Aust ot Plrititutn of Eeolagy, Unrirsity of lnnsbeosk, 5000

Inmilruck, Austria

Edited by Guy Bransewr, Max Planck Institute of Meteorology, Harburg, Germany, and accepted by Editorisl Board Member A R. Ravishankers December 12,

2017 {received for review August 21, 2017)

Avnuwlm:d\emwylsmdodb[alamz“dlmlmufmn—
rmethane volatile organic compounds (NNVOC)L These compounds
influence ozone fommation, lead 1o semndary organic aerossl pro-
duction, and play & sgrificant role for the oridizing wpadty of the
atrmesphars. The anthropogenic NVVOC budgat is considerably un-
certain due to the diversity of urban emission sources. Here, we pre-
mwmmgmmnwmmmm

understanding of climate ftcdba(ks ag SOA can efﬁucuﬂy a]u:r
cloud formation
ds can a]gn ially present an ...'

for air pollution mzm.lgemml a5 SOA is an acute puhhl: health
concem in many n-gmn! Hlm. wi Show Lhal a surpnu:r;]y large
of multf d NMVOC is injected

into the lower at.m'usphc't which cannot be explained by knewen

Musxies Lsing i runly chesigeed protoeed e
tarfoce t.lmu-ol-ﬁiwt mass ip-dmmlll W fownd emission fluses of
a il large pool of NNVOCs [OVOCS) with an
sppredable fradion of higher oxidized OVOCs that cannot be
anplainad by known fast photocharmicl tumamend or cirrent prifiany
emisson estimates. Measured OVOUNMVOC bulk flux ratios are two
to four times higher than inferred from aggregated anthropogenic
mmigion immniores. Extrapolating these reults would doubile e
whd aﬂfvvpog-!: NMVOC flw In view of globaly .tniwtng

hy | production or infersed from bottom-up emission
inventories

Results

Measurements were performed with a newly designed proton
irangfer-reaction ime-of-fight mass spectrometer with guadni-
pole interface (PTR-OTOF) (Mathods) using the eddy co-
variance (EC) method. The instrument's performance allowed a
10-fold decrease in flux detection limits compared with previous

study highlights the nesd
of ic NMVOC on ic chemistry, human haalth,

and the dimate system.

HIVEIE | eddy covarinnon | urban amisions | sir pollution |
G SpRElronmelry

eTe is mmpcﬂ.mg evidence that oxygemated nonmethane
c]aLih. urpml. Dumpuund.! (0\"0‘_,} released mto the at-

studies, [t was possible 1o quantify 4 significantly krger
mumber of ndividual NMVGC fluxes by this technique than in
the past. Soft chemical jonfzation based on proton-transfer re-
actions (PTR) has proven 2 valuable method for BC measure.
ments of NMVOC (22, 23) requiting the detection of ultrafast
comeentration fluctuations (e.g, 10 Hz and higher) in combina-
tion with minimal sampling losses. The BC method & funds-
mentally derived from the scalar budget equation after Reynolds
decomposition, and in its simplest form for horizontally homo.
geneous flows normal to the surface, where the mean vertical
motion of wind (W) can be considered 2ero, relates the measured

(1=3), in-
ﬂndmp; mc formation of secondary mgamr ﬁl:mmk (H0A)
(4-8). Urban phmnr_hem(cal smog has been identified as par

ticularly diverse in ozone- and SOA-forming nonmethane
volatile organic compounds (NMVOC) (7-9), but predictions of
aggociated emistions are highly imcertain. Urban areas are gen-
erally considered NMVOC-sensitive with respect to ozone pro
duction (7, 10-12), and aic quality control legislation devises
measures to limit the emitted OH ivity of the anth

Significance

The exchange of nonmethane volatile organic compounds
(NMVOC) at tha surface is
and i boundary ion for

precursar pool (13). Comparisons between modeled and mea-
sured OH reactivity sugpest significant discrepancies across dif-
ferent photochemical regimes, including urban areas (3, 9, 14). It

is assumed that urban ¢ ts in Western have
seen a gigni ion in the pasition of NMVOC
emissinng fueling heric ct during recent years.
ig, trends in i of aliphatic and aromatic
mpum.jb (1]. 15, 15) have langely been attributed 1o dicreasing
biles since the i duction of catalytic con-

verter m:h:m'lnmt In addition, new pollution directives {1() have
dated 2 gradual ing shift toward onyg d solvents.
Despite Hy good knowledge on relative i trends
of ahpham- and ammau: compounds, the verification of absolute
of ic NMVOC datat remains difficutt

(18, 19) because e anthropogenic budget of OVOC has been
identified as particubrrly wneertaim (7, 20). Consequently, the global
ernission ﬂnx of anthropogenic NMVOC s quite uncertain. While

ds are often ideced less tondc and rank
lower on the ozone reactivity scale (13), their infhoence on SOA

and its effects on dimate. Anthropegenic emissions.
arm thought to account for about hall of the NMVWVOC flux into
the of the Northarm yat thair budget
is considerably uncertain due to the scardty of appropriate top-
down censtraints. Here we present diract flux measuramants
of NMVOCs based on the eddy covariance technigue, showing
that the contribution of typical urban emission sources is
comprisad of a surprisingly large portion of oxyganatad
NMVOC. These results suggest that typical urban NMVOC
emission sources could be significantly higher than currently
projacted in air dhamistry and dimata models.

Authar cantributions TX. designed research; TH, M3, MG, AH, and GW. performed
oAty T, M3 MG AN, and G, analysed G weed TE, MG AM, aod G
it The e

The authors declare no conlicl of interest.
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formation is considered important due 1o their high solul zmd

Thia artich . . ook Aol 10

lowr wapor pressures (21). This has 7 for & g

W pns o e d ol 1007 pnas 17T ST

107 Mpraan 171471511 S0 CSupph .

PriAs Ealy Edian | 1 af &

Karl, et al. (2017), PNAS Article

Measured VOCs may be 2-4 times
higher than emission inventories

More concerns about the accuracy of the
emissions inventories and VOC:NO, ratios
underlying ozone modeling

Key question: Are we assessing
potential targeted NO,-control
measures based on the right ozone-
modeling assumptions and

projections?
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2. Impact of HDOH NO, Emissions

2. What's the actual real-world impact of HDOH NO, emissions?
* near-zero standards already
e aggregate in-use performance is robust

* need for new in-use data to assess potential for further HDOH NO,
reductions

e significant research efforts are underway

Truck & Engine
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2. Impact of HDOH NO, Emissions

The Progress Towards Near-Zero HDOH Emission Levels (EPA Standards)

G P

e Current HDOH NO,
standards are already near
zero (0.20 g/bhp-hr)

* Another key operative
guestion is: what real-world
iIn-use HDOH NO,
emissions need additional

2002/200 targeted regulatory control

| | to address area-specific

0.2 1.0 2.0 3.0 4.0 5.0 6.0 ozone concerns?

NOx (g/bhp-hr)

0.01 12010 2007
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NOx Emissions (tons per day)

2. Impact of HDOH NO, Emissions

Programs to Reduce Smog-Forming NOx Emissions (CARB Presentation)

5000 — .
50 @s0 S e ou « HDOH NO, emissions
4500 * $ 40 L i e e s G Sy have come d_own
o A g dramatically in the SoCAB
$lovimsion veideprogamiy s | o But after 2023, the era of
35‘]0 e ’;h_ﬂs_e_lgs;ﬂ_i;__ A.R.E.cleaner DESEI - i R e e e AR, o R S N eXponential reductions
Phase || Gasoline
i ‘ ’.Phasa HIGamiir.]g ‘Aﬂﬂnaﬁu;! Dil.!sel Fuel Fuels appears to be Over
psop | @ Clean Diesel Fuel o Additional incremental
@ cori Moyer HDOH NO, reductions will
2000 FEEE Q'Sma'zcheﬂlp T > need to be more targeted
1500 g S - and in-use focused to
In-Use .
s ’ﬂ&an Vehicle Rebate mejl!l:l Incentives addreSS I’eglor]/COunty'
e wd s specific attainment issues
500 ' so%ReductionGoal __ ____ ___ __ T $Enhanced Fiest Modemization Progrom Plus Up——
’ Low Carbon Transportation
s 3 ; ’ ’ = Truck & Engine
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Manufacturers

Association®




26

2. Impact of HDOH NO, Emissions

Figure 1-1: NOx Emission Reductions Needed to Achieve Federal 8-Hour Ozone NAAQS (AQMP Data)

Baseline NOx Inventory e The actual remaining scope of
the HDOH NO, issue (as of
2031) needs to be assessed in
0 Carrying Capacity context

W Heavy-Duty Diesel Trucks

m Medium-Duty & Heavy-Duty Gas Trucks °® Even If a” HDOH emiSSIOnS

Buses

600 -
500 -+

400 -

g 200 ] Cars/Light—Du.tyTrucks/SUVs{IMotorcycles Were ellmlnated’ the County_
Q W Off-Road Equipment and Vehicles . .
s A% oo ;C_’“’mf‘t"““es SpeCIfIC ozone attainment
& 200 4 B Oceon Galng Vesses issues in the SoCAB would
m Commercial Harbor Cra .
Recreational Boats perSISt

100 ] m Residential Fuel Combustion

Industrial Fuel Combustion
RECLAIM

m Other Stationary

I ) L llllJI iu i

o -
Base Baseline Carrying Baseline Carrying
Year 2023 Capacity 2031 Capacity .
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2. Impact of HDOH NO, Emissions

US 2010 Standards Demonstrating Effectiveness in the Field (WVU HDIUT Data Analysis)

8.0

7.0

6.0

5.0

4.0

3.0

Total bs-NOx Emissions [g/bhp-hr]

1.0

0.0
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2.0

|
Pre-2010 Engines

]
>

Post-2010 Engines

4  Pre-2010 engines

= = Pre-2010engines (average)
® Post-2010 non-credit engines —
® Post-2010 creditengines wio SCR
® Post-2010 credit engines with SCR
® Post-2010 CNG engines m

™ = = Post-2010 all engines (average)
A A ~ = Cert. Limit
p AL 8 “&A A A NTE Limit, 1.5 x Cert. Limit N
A . VA s
i“ A %‘ A AA‘
A A A Aa W 7]
_‘-2-‘_‘.‘___‘?.___‘_-s---“_-—r-‘ e °
L ARA & A LA L A . -
;ﬁ‘: ams - oM s AhE oy vt .
____‘_.fg,,_________»_‘__&,uz . ‘¢ . . .
B “ A A, ’.l'. LY * ) % -
4 A 2 2 g __ T o S0 00 0 0°0e o
: R 2 A TN - LR
I L “ Y v e T - “o%e -

Dataset

* 100 “non-credit” vehicles; approx. 27,000 VMT
» Total day’s NO, (key-on to key-off, no exclusions)

Standard (g/bhp-hr)
Average NO,

0.20

2.14 0.365

-84.6%
-83.0%

Significantly, aggregate real-world
in-use HDOH NO, performance is
0.37 g/bhp-hr across all operations

Percentage reduction of in-use
emissions has matched percentage
reduction in standards (83%/85%)

An additional cost-effective 83%
reduction in real-world in-use NO,
(through incremental improvements in
SCR conversion efficiencies) across the
board is not realistic

Limited “low-hanging” fruit

Additional reductions will need to be
incremental and targeted
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3. The Best Path Forward?

3. What's the best path forward?
o FTP-oriented development efforts?
 focus on cold-start emissions? light-load emissions?
* need to preserve feasibility of GHG targets
 focus on real-world real-time emissions data

e establish actual relevant in-use baseline emissions from which to assess
potential targeted in-use emissions improvements

 consider role for NO, sensors and telematics

 vehicle/engines families as the new “lab” to generate aggregated in-use
emissions data
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3. The Best Path Forward?

Low-NOx Technology Issues (SwWRI Presentation)

Baseline Cold-start FTP

2500

2000

1500

1000

Engine Speed [rpm]

500
0

350

Temperature [C]

0
80

Cum. NOx [g]

0

300 +
250
200 -+
150
100 ~
50

70 +
60 +
50
40 -
30
20 +
10

Engine-Out T r\'ﬁ w%:ﬂl‘;hj‘&‘*
SCRInT CoolgntT
+Engine calibration focus
area e — |
Enginerout |~
T 1
T failpipe
V] 1[;0 ?_(I}D 3[;[' 4I1_|0 SI;I] 600 700 800 900 1000 1100 1200

Time [sec]

Run 885

Note: typical FTP work is 27 HP-hr

Additional FTP-based standards
and optimization may not be the
best strategies for achieving
targeted real-world in-use HDOH
NO, reductions

“Cold-Start” NO, reduction is the
focus of the FTP engine-calibration
efforts that are a part of the low-NO,
research project pending at SwRI
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3. The Best Path Forward?

(Figs from SAE Paper 2017-01-0958) * Focusing on the first 500
TR . L o | 2 seconds of the FTP cycle may
T | At e —— ot b | M0 o aios oo towtox | 12 not translate into corollary
N T effective real-world in-use NO,
£ o oo 3 B, . . reductions
s B : _
g 500 o5 3 g - Baseline , B o
§ .y % ' (e Cold-start emissions
§ ** R B N Low NOX o0 2
8 00 o 5 B . . & account for only 0.4% of
20 | o aggregate in-use real-world
& e ¥ HDOH NO, emissions (WVU
0 200 A00 m‘i":c 800 1000 1200 0 200 400 ﬂm:c:c 800 1000 1200 anaIyS|S Of HDlUT data)
Cold-FTP Hot-FTP « Cold-start-focused

technologies (e.g., PNAs) do

— not yield significant real-world

S pepmemmem—— 0| NO, reductions, but do add
Baseline  75%  98.5% 95% 97% 97% significant costs and

Devel Aged  98%  99.7% 99.5% 99.3% 99.4% complexity

Final Aged 96%  99.3% 98.8% 98.2% 98.8% Truck & Engine
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Association®

30 ° POWERTRAIN ENGINEERING
ESOUTHWEST RESEARCH INSTITUTE swri.org



31

3. The Best Path Forward?

Final ARB Low NO, Configuration

EO NO,

130

13L 13L

I = Temp Sensor

FTP and RMC Results for Final Aged Parts

GHG Impact Summary

Ultra Low NOx Engine Demonstration at SWRI (SwRI Presentation)

« The FTP-based approach also
would necessitate early-cycle
added heat (e.g., with a 10+kW
mini-burner system) and a fuel
penalty (2.5%) to achieve higher
conversion efficiencies over the
first 500 seconds of the test

 Isittimeto think outside the
certification testing

BSCO2, g/hp-hr

Repeat Cold Hot Composite | RMC
engine-out g/hp-hr 2.7 3.0 2.9 2.1
1 tailpipe g/hp-hr | 0.098 | 0.021 0.032 0.035
%conv 96.4% 99.3% 98.9% 98.3%
engine-out g/hp-hr 2.7 3.0 3.0 2.0
2 tailpipe g/hp-hr | 0.105 0.020 0.032 0.037
%conv 96.2% 99.3% 98.9% 98.1%
engine-out g/hp-hr 2.7 3.0 3.0 1.9
3 tailpipe g/hp-hr 0.125 0.021 0.036 0.041
%conv 95.4% 99.3% 98.8% 97.9%
engine-out g/hp-hr 2.7 3.0 3.0 1.9
4 tailpipe g/hp-hr 0.120 0.023 0.037 0.040
%conv 95.6% 99.2% 98.8% 97.9%
engine-out g/hp-hr 2.7 3.0 3.0 2.0
5 tailpipe g/hp-hr 0.124 0.022 0.035 0.036
95.5% 99.3% 98.8% 98.2%
I Overall TP Average I 0.114 0.021 0.034 0.038
I Overall TP Stdev I 0.012 0.001 0.002 0.003

Cold Hot |Composite| RMC

Baseline Engine 574.2 542.6 547.4 457.7

Final ULN Config 604.4 548.8 558.2 463.6

% change 5.3% 1.1% 2.0% 1.3%
Mini-burner air 0.4% 0.2% 0.2%

Increased SCRF Regeneration 0.3% 0.3%

Total FTP CO2 Impact 2.5% 1.6%

laboratory?

Truck & Engine
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3. The Best Path Forward?

Flnal ARB Low-NO, Aftertreatment Conflguratlon (SWRI Presentation)

I:H-.i::'

Multi-bed . . _
= SCRF SCR

e |s it time to move beyond
these types of additional
lab-based certification
cycles, complexities and
configurations?

Downpipe (equivalent to
truck configuration)

Final configuration components were
insulated (shown here without)

* Modular components used in order to support the screening process

* Downpipe equivalent to underfloor mounting based on actual vehicle
configuration (no close coupling)

32 » POWERTRAIN ENGINEERING
CSOUTHWEST RESEARGH INSTITUTE swri.org
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4. Next Stegs?

4. \What's next?

 develop data-driven real-world in-use NO,-emissions baseline for “non-
credit” HDOH engines/venhicles

 develop data-driven real-world in-use targeted NO, reductions
» develop appropriate in-use metric for compliance

* develop targeted in-use standards assessed against aggregated in-use
emissions data

e streamline outmoded regulatory requirements and procedures
 Implement a new in-use-focused regulatory paradigm

Truck & Engine
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4. Next Steps?
e Current and emerging

NO, SENSOR BENCH TOP TESTING ANALYSIS NO, sensors may be

reliable enough (with
continued improvements)
to enable robust in-use
standards and metrics

* Relative NO, sensor error with respect to a NO reference concentration (47.9ppm)
» Two new sensors (Continental) and two aged sensors evaluated on test bench
» Accuracy of sensors +/- 10% at concentrations below ~10ppm
» Repeatability of sensors

2 - ool P P E  Development of the
Accuracy | Repeatability : .
0p : appropriate aggregate in-
.......................... _40r . .
2 403 : . 2’ """ ﬂ """""" g“""l’_j_:g-. .......... grg g £l et | use compliance standard
S b o N Sl i and the necessary in-use
£ e £ compliance metric for
@ -20 g g | _ : .
= Ehe assessing conformity
2 o st 1 .
§ ——— Sl g _ with that standard are
aop f o oacumne |1 Lo _ core research objectives
:.’ .......... Upper/Lower Error. Band :: I I l | | . l | |
_500 5I 1IU 1I5 NOiIUCtJnceilfration [i?)m] 3I5 4IU 4I5 ” UU | i " “ NO2xU(30nceifrati0n [?:)m] ® * ® ” ¢ EMA IS purSUIng that
w CAFEE 5 EMA Workshop, Hilton, Chicago Core researCh
v S LT February 21=t, 2018
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4. Next Stegs?

« EMA is funding WVU to equip 100 in-use HDOH 2013 and later MY
vehicles operating in California (representing a broad range of
applications) with NO, sensors and data-loggers (with telematic
capabillities)

* Real-time in-use emissions data will be gathered for 2-4 weeks from
each vehicle

* Those data (perhaps the largest such data set) will be analyzed and
aggregated to assess which types of vehicle operations/applications
may be associated with potentially “excess” NO, emissions, and to
assess what level of targeted in-use NO, reductions (and what form
of In-use compliance metric) might be warranted and feasible
through better optimization of technologies
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4. Next Stegs?

e Currently, approximately 30 vehicles are being tested, and
preliminary data are being assessed

 The WVU research program should be complete within the next
several months
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4. Next Stegs?

The WVU research potentially will inform an initiative to:

assess in-use emissions performance over shift-days (or longer?)
based on aggregated emissions data from similar vehicle
applications/engine families

assess what targeted percentage reduction of aggregate in-use
emissions performance might be warranted and feasible (taking

t
C

ne area-specific scope of the non-attainment issue into account)
evelop an appropriate in-use sensor-based emissions-

compliance metric for assessing aggregate compliance (over shift-

C

ays or longer) with the targeted in-use percentage emissions

reduction
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4. Next Stegs?

 To the extent such an in-use focused sensor-based regulatory
paradigm can be developed, current regulations derived from
and oriented toward laboratory-based compliance programs
can be identified for eventual amendment, replacement, phase-

out and/or repea

* This would enable a cost-effective paradigm shift from
laboratory-based compliance programs to compliance programs
centered around real-world Iin-use emissions assessments
premised on an aggregate in-use compliance metric
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Conclusions

« Remaining ozone issues are county/area-specific

 Many factors are influencing the rate of progress for the
remaining non-attainment sites, including “ridgeline” conditions,
background ozone levels, underestimated VOCs, fertilizer/soill-
derived NO,, and more extreme meteorology

e Current modeling and policies will need to account for those
factors
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Conclusions

 HDOH NO, emissions have been reduced dramatically and the
relevant in-use fleet (2013 and later MY vehicles) is performing at an
aggregate NO, emissions rate of 0.37 g/bhp-hr (or even lower on a
VMT-welg hted basis)

» A new additional FTP-based HDOH NO, standard does not seem
well-suited to achieving the type of cost- ‘effective reductions of real-
world in-use NO, emissions that may be warranted and feasible
3ased on a thorough assessment of real-world in-use HDOH NO,,

ata

» Cold-start emissions account for only 0.4% of aggregate in-use real-
world HDOH NO, emissions, and a cold-start FTP focus can

engender a 2. 5% fuel penalty
cme
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Conclusions

* Next-tier standards need to start with a clear and data-driven
understanding of the nature and magnitude of actual real-world
HDOH NO, emissions, and need to be premised on the utilization of
real-world data to |dent|fy real-world opportunities for additional cost-
effective NO, reductions

» Additional HDOH NO, reductions will be incremental given the
already-low level of | in-use emissions, and should be targeted to yield
the greatest benefits for the few remaining (yet densely populated)
non-attainment counties

* NO, sensors can be used to measure, track and aggregate the in-
use NO emissions of manufacturers’ HDOH engine/vehicle families
and/or manufacturers’ specified HDOH vehicle applications
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Conclusions

It may be feasible to develop national next-tier HDOH low-NO, regulations that:

I.  are premised on the aggregate in-use NO, performance of an engine/vehicle
family over a shift-day (or work-week or lonhger)

li. establish an aggre%ate In-use NO, performance standard that is a data-driven
percentage lower than the current’level of a%gregate HDOH in-use NO,
performance (e.g., some percentage below 0.37 g/bhp-hr)

lii. establish a new in-use compliance metric to assess aggregate conformity with
the new aggregate in-use NO, standard

Iv. phase-in compliance with the new in-use aggregate NO, standard to allow for
an appropriate transition to the new in-use regulatory paradigm

v. potentially incorporate geofencing where appropriate to maximize NO,
reductions in the few remaining non-attainment counties

vi. Include a phase-out of outmoded regulations derived from and oriented toward
laboratory-based and cycle-based compliance programs
ema Truck & Engine

Manufacturers
Association®




Conclusions

* Research is underway to inform the potential development of
this type of regulatory paradigm shift

 All stakeholders are encouraged to join in assessing the
feasibility of this important initiative

» Collaboration can yield a national program that can achieve
meaningful and cost-effective nationwide benefits with potential
additional targeted in-use NO, reductions in key nonattainment
areas
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