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Overview
1. What's the scope and nature of the relevant air quality issue?

• ozone attainment is core issue
• area-specific issues dominate (albeit covering densely populated 

areas)
• SoCAB is the key nonattainment area
• non-linear air quality relationships complicate the matter
• targeted solutions will be necessary
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Overview
2. What’s the actual real-world impact of HDOH NOx emissions?

• near-zero standards already
• aggregate in-use performance is robust
• need for new in-use data to assess potential for further HDOH NOx

reductions
• significant research efforts are underway
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Overview
3. What’s the best path forward?

• 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
• establish actual relevant in-use baseline emissions from which to assess 

potential targeted in-use emissions improvements
• consider role for NOx 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 NOx-emissions baseline for “non-
credit” HDOH engines/vehicles

• develop data-driven real-world in-use targeted NOx reductions
• develop appropriate in-use metric for compliance
• develop targeted in-use standards assessed against aggregated in-use 

emissions data
• streamline outmoded regulatory requirements and procedures 
• implement 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?

• ozone attainment is core issue
• area-specific issues dominate (albeit covering densely populated 

areas)
• SoCAB is the key nonattainment area
• non-linear air quality relationships complicate the matter
• targeted solutions will be necessary

6



1. Scope and Nature of the Issue
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14 Non-CA Counties Projected >70ppb in 2025* (EPA Data)
*Nonattainment Areas Could Be Smaller

• Is this truly a 
nationwide 
attainment issue?



1. Scope and Nature of the Issue
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CA Counties Projected >70ppb in 2025 (EPA Data)

• Or is this an area or county-specific 
attainment issue (albeit covering 
densely populated areas)?



1. Scope and Nature of the Issue
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Measured 8-hour Ozone Design Values in 2016 (AQMP Data)

• 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



1. Scope and Nature of the Issue

• Progress toward attainment 
has resulted from significant 
reductions in precursor 
emissions (excludes 
biogenics and wildfires)

• Consistent significant NOx
(blue line) reductions in 
SoCAB since 2000 with 
increasing VOC/NOx ratios
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CARB South Coast Air Basin Anthropogenic Emissions (2012 Base Year)



1. Scope and Nature of the Issue

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

• Ozone-reduction dynamics 
may be changing
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Projected Ozone Reductions Have Become Flatter (Crestline) (SCAQMD Data)



1. Scope and Nature of the Issue
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Recent Upticks in Ozone Levels (SCAQMD Data)
• Even more recently, ozone 

levels have moved in the 
opposite direction of 
precursor emissions

• Uptick is not consistent with 
modeled projections

• Have we hit ozone-formation 
“ridgeline” where incremental 
NOx reductions (and other 
factors) can increase ozone 
concentrations?



1. Scope and Nature of the Issue
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• Fujita, et al. (2016), JAWMA Article

• Ridgeline “VOC-limited” conditions 
pertain in the SoCAB

• Planned NOx reductions may cause 
ozone levels to increase (10-20%) 
and move Westward in the SoCAB

• “NOx disbenefit” issues warrant careful 
consideration when assessing next-
tier NOx standards

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



1. Scope and Nature of the Issue
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Projected Future “Baseline” Ozone Design Values in 2023 (AQMP Data)
• Projected ozone levels under 

current “base” scenario 
(without additional NOx
controls)

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

• Growing area across the 
SoCAB will achieve 
attainment under 
“baseline” scenario



1. Scope and Nature of the Issue
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Projected Future “Baseline” Ozone Design Values in 2031 (AQMP Data)
• By 2031, there will be 

continuing progress across 
the majority of the SoCAB 
toward attainment under 
“baseline” scenario

• A relatively 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



1. Scope and Nature of the Issue

16

• “Ridgeline” ozone isopleth conditions 
illustrate the potential NOx disbenefit
phenomenon at the key nonattainment 
sites across the SoCAB

• Incremental NOx-focused reductions 
can increase ozone levels

• “NOx-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.)



1. Scope and Nature of the Issue
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The NOx Disbenefit Issue (SCAQMD Isopleth)

• The ridgeline/disbenefit issue is applicable at the San Bernadino, Azusa and 
Glendora sites



1. Scope and Nature of the Issue
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The NOx Disbenefit Issue (SCAQMD Isopleth)
• 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)



1. Scope and Nature of the Issue
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• 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



1. Scope and Nature of the Issue
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• Almanaz, et al (2018), Science Advances 
Article

• Agricultural soils may be dominant 
sources of NOx

• Agricultural NOx emissions may be different 
in the SoCAB, but lawn, garden and other 
horticultural-related NOx emissions (fertilizer) 
may be a factor

• Again, these region/county-specific issues 
support the potential consideration of 
“geofencing” and other targeted strategies

• Differing needs for and utility of HDOH NOx
controls in different regions



1. Scope and Nature of the Issue
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• McDonald, et al. (2018), Science Article

• Consumer-product sources of VOCs may be 
equivalent to (or greater than) vehicular 
sources

• VOC inventories may be understated and not 
fully understood

• Potential ozone modeling impacts?

• Potential impacts on the efficacy of NOx-only 
regulatory strategies?

• Do we have the right air quality projections for 
assessing the optimal targeted attainment 
strategies and control measures?



1. Scope and Nature of the Issue
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• 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:NOx ratios 
underlying ozone modeling

• Key question: Are we assessing 
potential targeted NOx-control 
measures based on the right ozone-
modeling assumptions and 
projections?



2. Impact of HDOH NOx Emissions
2. What’s the actual real-world impact of HDOH NOx emissions?

• near-zero standards already
• aggregate in-use performance is robust
• need for new in-use data to assess potential for further HDOH NOx

reductions
• significant research efforts are underway
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2. Impact of HDOH NOx Emissions
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The Progress Towards Near-Zero HDOH Emission Levels (EPA Standards)

• Current HDOH NOx
standards are already near 
zero (0.20 g/bhp-hr)

• Another key operative 
question is: what real-world 
in-use HDOH NOx
emissions need additional 
targeted regulatory control 
to address area-specific 
ozone concerns?



2. Impact of HDOH NOx Emissions
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• HDOH NOx emissions 
have come down 
dramatically in the SoCAB

• But after 2023, the era of 
exponential reductions 
appears to be over

• Additional incremental 
HDOH NOx reductions will 
need to be more targeted 
and in-use focused to 
address region/county-
specific attainment issues

(CARB Presentation)



2. Impact of HDOH NOx Emissions
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• The actual remaining scope of 
the HDOH NOx issue (as of 
2031) needs to be assessed in 
context

• Even if all HDOH emissions 
were eliminated, the county-
specific ozone attainment 
issues in the SoCAB would 
persist

(AQMP Data)



2. Impact of HDOH NOx Emissions
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• Significantly, aggregate real-world 
in-use HDOH NOx 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 NOx 
(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

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

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

2007 2010 %change

Standard (g/bhp-hr) 1.3 0.20 -84.6%
Average NOx 2.14 0.365 -83.0%



3. The Best Path Forward?
3. What’s the best path forward?

• 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
• establish actual relevant in-use baseline emissions from which to assess 

potential targeted in-use emissions improvements
• consider role for NOx 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?

29 Note: typical FTP work is 27 HP-hr

Low-NOx Technology Issues (SwRI Presentation) 

• Additional FTP-based standards 
and optimization may not be the 
best strategies for achieving 
targeted real-world in-use HDOH 
NOx reductions

• “Cold-Start” NOx reduction is the 
focus of the FTP engine-calibration 
efforts that are a part of the low-NOx
research project pending at SwRI



3. The Best Path Forward?
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(Figs from SAE Paper 2017-01-0958) • Focusing on the first 500 
seconds of the FTP cycle may 
not translate into corollary 
effective real-world in-use NOx
reductions

• Cold-start emissions 
account for only 0.4% of 
aggregate in-use real-world 
HDOH NOx emissions (WVU 
analysis of HDIUT data)

• Cold-start-focused 
technologies (e.g., PNAs) do 
not yield significant real-world 
NOx reductions, but do add 
significant costs and 
complexity



3. The Best Path Forward?
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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

• Is it time to think outside the 
certification testing 
laboratory?



3. The Best Path Forward?

32

Final ARB Low-NOx Aftertreatment Configuration (SwRI Presentation)

• Is it time to move beyond 
these types of additional 
lab-based certification 
cycles, complexities and 
configurations?



4. Next Steps?
4. What’s next?

• develop data-driven real-world in-use NOx-emissions baseline for “non-
credit” HDOH engines/vehicles

• develop data-driven real-world in-use targeted NOx reductions
• develop appropriate in-use metric for compliance
• develop targeted in-use standards assessed against aggregated in-use 

emissions data
• streamline outmoded regulatory requirements and procedures 
• implement a new in-use-focused regulatory paradigm
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4. Next Steps?
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• Current and emerging 
NOx sensors may be 
reliable enough (with 
continued improvements) 
to enable robust in-use 
standards and metrics

• Development of the 
appropriate aggregate in-
use compliance standard 
and the necessary in-use 
compliance metric for 
assessing conformity 
with that standard are 
core research objectives

• EMA is pursuing that 
core research



4. Next Steps?
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• 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 NOx sensors and data-loggers (with telematic
capabilities)

• 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” NOx emissions, and to 
assess what level of targeted in-use NOx reductions (and what form 
of in-use compliance metric) might be warranted and feasible 
through better optimization of technologies



4. Next Steps?
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• 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



4. Next Steps?
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The WVU research potentially will inform an initiative to: 
i. assess in-use emissions performance over shift-days (or longer?) 

based on aggregated emissions data from similar vehicle 
applications/engine families

ii. assess what targeted percentage reduction of aggregate in-use 
emissions performance might be warranted and feasible (taking 
the area-specific scope of the non-attainment issue into account)

iii. develop an appropriate in-use sensor-based emissions-
compliance metric for assessing aggregate compliance (over shift-
days or longer) with the targeted in-use percentage emissions 
reduction



4. Next Steps?
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• 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 repeal

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



Conclusions
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• 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/soil-
derived NOx, and more extreme meteorology

• Current modeling and policies will need to account for those 
factors



Conclusions
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• HDOH NOx emissions have been reduced dramatically and the 
relevant in-use fleet (2013 and later MY vehicles) is performing at an 
aggregate NOx emissions rate of 0.37 g/bhp-hr (or even lower on a 
VMT-weighted basis)

• A new additional FTP-based HDOH NOx standard does not seem 
well-suited to achieving the type of cost-effective reductions of real-
world in-use NOx emissions that may be warranted and feasible 
based on a thorough assessment of real-world in-use HDOH NOx
data

• Cold-start emissions account for only 0.4% of aggregate in-use real-
world HDOH NOx emissions, and a cold-start FTP focus can 
engender a 2.5% fuel penalty



Conclusions
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• Next-tier standards need to start with a clear and data-driven 
understanding of the nature and magnitude of actual real-world 
HDOH NOx emissions, and need to be premised on the utilization of 
real-world data to identify real-world opportunities for additional cost-
effective NOx reductions

• Additional HDOH NOx 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 

• NOx sensors can be used to measure, track and aggregate the in-
use NOx emissions of manufacturers’ HDOH engine/vehicle families 
and/or manufacturers’ specified HDOH vehicle applications 



Conclusions
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It may be feasible to develop national next-tier HDOH low-NOx regulations that: 

i. are premised on the aggregate in-use NOx performance of an engine/vehicle 
family over a shift-day (or work-week or longer)

ii. establish an aggregate in-use NOx performance standard that is a data-driven 
percentage lower than the current level of aggregate HDOH in-use NOxperformance (e.g., some percentage below 0.37 g/bhp-hr)

iii. establish a new in-use compliance metric to assess aggregate conformity with 
the new aggregate in-use NOx standard

iv. phase-in compliance with the new in-use aggregate NOx standard to allow for 
an appropriate transition to the new in-use regulatory paradigm

v. potentially incorporate geofencing where appropriate to maximize NOxreductions 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



Conclusions
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• 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 NOx reductions in key nonattainment 
areas
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