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Portable Emissions 
Measurement System (PEMS)

Roadside remote sensing
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Review of >30 
in-use emission 
testing studies 
using PEMS, 
remote 
sensing, and 
other 
techniques

Emission factors 
combined with 
activity level 
information, such 
as number of 
vehicles and 
average 
distance driven

State-of-the 
science global 
atmospheric 
model 
accounting for 
meteorology and 
chemistry, 
combined with 
satellite 
observations

Established 
health, climate, 
and crop yield 
impact 
assessment 
models
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Source: Miller and Franco (2017). http://www.theicct.org/rde-passenger-car-nox-
impacts-eu
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Source: ICCT (2012). Urban Off-Cycle NOx Emissions from Euro IV/V trucks and buses.



20

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Eu
ro

 3

Eu
ro

 4

Eu
ro

 5

Ba
se

lin
e 

RD
E

St
ro

ng
 R

DE

Eu
ro

 3

Eu
ro

 4

Eu
ro

 5

Eu
ro

 6

Ba
se

lin
e 

RD
E

St
ro

ng
 R

DE

19
98

20
02

20
05

20
09

St
ro

ng
 R

DE

Ti
er

 1

Ti
er

 2

Ti
er

 3

China EU Japan US

NO
x 

(g
/k

m
)

Excess NOx
NOx limit

Passenger cars

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets



0
2
4
6
8

10
12
14
16

Eu
ro

 II
I

Eu
ro

 IV

Eu
ro

 V

Eu
ro

 V
I

Eu
ro

 II
I

Eu
ro

 IV

Eu
ro

 V

Eu
ro

 V
I

Ja
pa

n 
19

97

Ja
pa

n 
20

03

Ja
pa

n 
20

05

Ja
pa

n 
20

09

Ja
pa

n 
20

16

EP
A 

19
98

EP
A 

20
04

EP
A 

20
07

EP
A 

20
10

China EU Japan US

NO
x 

(g
/k

m
)

Excess NOx
NOx limit

21

Heavy HDT

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets
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Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle 
markets



LIMITS: 
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Solid = HDV; Dashed = LDV

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets
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LIMITS: COUNTERFACTUAL WHERE REAL-WORLD NOX
EMISSIONS ARE EQUIVALENT TO CERTIFICATION LIMITS.

BASELINE:
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Excess NOx in 2015:
4.6 million tons

LDV
HDV

Most “excess NOx” is from 
HDVs.

Five markets—China, India, 
EU, Brazil, US—contribute 
~90% of HDV excess NOx.

Most LDV excess NOx is 
emitted in EU, China, India—
all have adopted Euro 6 
standards.

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets



LIMITS: COUNTERFACTUAL WHERE REAL-WORLD NOX
EMISSIONS ARE EQUIVALENT TO CERTIFICATION LIMITS.

BASELINE: BEST ESTIMATE OF HOW ADOPTED NOX
EMISSION STANDARDS PERFORM IN THE REAL WORLD.

EURO6/VI:
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Solid = HDV; Dashed = LDV

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets
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LIMITS: COUNTERFACTUAL WHERE REAL-WORLD NOX
EMISSIONS ARE EQUIVALENT TO CERTIFICATION LIMITS.

BASELINE: BEST ESTIMATE OF HOW ADOPTED NOX
EMISSION STANDARDS PERFORM IN THE REAL WORLD.

EURO6/VI: COUNTRIES THAT HAVEN’T YET DONE SO
ADOPT EURO 6/VI EQUIVALENT STANDARDS “AS IS”

STRONGRDE:
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Solid = HDV; Dashed = LDV

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets
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LIMITS: COUNTERFACTUAL WHERE REAL-WORLD NOX
EMISSIONS ARE EQUIVALENT TO CERTIFICATION LIMITS.

BASELINE: BEST ESTIMATE OF HOW ADOPTED NOX
EMISSION STANDARDS PERFORM IN THE REAL WORLD.

EURO6/VI: COUNTRIES THAT HAVEN’T YET DONE SO
ADOPT EURO 6/VI EQUIVALENT STANDARDS “AS IS”

STRONGRDE: EURO 6/VI SCENARIO + IDEALIZED LDV 
RDE PROGRAMS THAT TEST IN-SERVICE VEHICLES, 
MONITOR IN-USE EMISSIONS, COVER A BROAD SET OF
DRIVING CONDITIONS, AND ALLOW FOR INDEPENDENT
VERIFICATION.

NEXTGEN:
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Solid = HDV; Dashed = LDV

Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets
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Source: Impacts and mitigation of excess diesel NOx emissions in 11 major vehicle markets





Transport, chemistry
aerosol thermodynamics,
convection, deposition, 

turbulent mixing

High-performance computing simulations

GLOBAL MODELING METHODS FOR AIR QUALITY 
EXPOSURE AND SOURCE APPORTIONMENT

Chemical Transport Model (CTM)

Emissions (diesel 
NOx, + other 
anthropogenic, 
natural emissions) 
& Meteorology
(wind, T, RH,…)

Input: Output: O3 and PM2.5



GLOBAL MODELING CHALLENGES FOR PM2.5
EXPOSURE ESTIMATION

However, these models have trouble estimating PM2.5 exposure
at typical global resolutions:

(a)$popula)on$ (b)$2°$x$2.5°$model$PM2.5$ (c)$satellite:downscaled$PM2.5$

0$ 108$104$10$ [people]$ 0$ 18$12$6$ [µg/m3]$ 0$ 18$12$6$ [µg/m3]$

Population 2° ×	2.5° modeled PM2.5

Many previous global modeling studies of PM2.5 health impacts, e.g.:
- global reductions to fossil and biofuel (Jacobson, 2010)
- global BC (Anenberg et al., 2011; 2012)
- widespread adoption of vehicle standards (Shindell, 2011) 

PM2.5 exposure underestimated by 5-40% in 2°x2.5° simulation over the US (Punger
& West, 2012; Li et al., 2015). Resolution error not globally heterogeneous.



USING SATELLITE-DERIVED PM2.5 FOR MODEL BIAS 
CORRECTION AND DOWNSCALING

2°x2.5° grid cell

(a)$popula)on$ (b)$2°$x$2.5°$model$PM2.5$ (c)$satellite:downscaled$PM2.5$

0$ 108$104$10$ [people]$ 0$ 18$12$6$ [µg/m3]$ 0$ 18$12$6$ [µg/m3]$

Population 2° ×	2.5° modeled PM2.5 xf = Mc

✓
Sc

Mc

◆✓
sf

Sc

◆

- MODIS, MISR, SeaWiFS, CALIOP, geo info., 0.1°x0.1°
(van Donkelaar et al., ES&T, 2016)

0.1° ×	0.1° downscaled PM2.5

Satellite data used for:
- downscaling (present & future simulations)
- bias correction (present simulations)



PM2.5 annual average, µg/m3 Ozone max 6-mo avg MDA1, ppb
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Emissions:
• other anthropogenic 

emissions from ECLIPSE v5 
baseline

• 2015 natural emissions 
(burning, lightning, soil, 
biogenic, etc.)

Modeling:
• GEOS-Chem
• GEOS-5 meteorology for 

2015
• Precomputed radiative 

forcing efficiencies for O3
(Henze & Bowman, 2012; 
Naik et al., 2005) and 
aerosols (Henze et al., 2012)

Satellite-based downscaling:
PM2.5 downscaled to 0.1°x0.1°
using sat-based PM2.5 (van 
Donkelaar et al., 2016)

Impacts on surface concentrations 
of PM2.5 and Ozone

O3 (tropospheric lifetime ~month) is affected far beyond 
regions where emissions are changing in these scenarios.



Change due to 
excess NOx

Change due to future policies relative to baseline in 2040 
(scenario - baseline)

Species
Baseline – Limit 

2015 Euro6 RDE NextGen
Aerosol -7.94 14.53 17.11 20.59

(-15.64 to -2.34) (4.28 to 28.59) (5.05 to 33.67) (6.07 to 40.51)
Ozone 2.68 -6.03 -6.89 -8.28

(±0.62) (±1.35) (±1.53) (±1.83)
Methane -3.43 7.24 8.32 10.05

(±0.62) (±1.35) (±1.53) (±1.83)
Total -8.69 15.74 18.54 22.46

(-16.39 to -3.07) (5.18 to 30.03) (6.03 to 35.42) (7.09 to 42.84)

• Small net negative radiative forcing (climate benefit) from current excess diesel NOx

• Small net positive radiative forcing (climate disbenefit) from these NOx (only) policy 
scenarios

• Policy disbenefits countered by benefits of reduced co-emitted black carbon

• Complete lifecycle analysis evaluating aerosol and GHG climate impacts, including 
CO2, of attaining diesel NOx standards a subject for further research.

Radiative forcing from the change in each pollutant (mW m-2) using forcing 
efficiencies (Henze et al., 2012; Henze & Bowman, 2012; Naik et al., 2005)

Climate impacts of diesel NOx





Why Consider Crop Impacts ?
NOx is a precursor to ozone and aerosol (PM) pollution

Ozone is a phytotoxic pollutant; aerosol affects quality 
and quantity of solar radiation

Ozone effects include visible injury, biomass losses, crop 
yield losses, forest productivity and changes in grassland 
species composition

Aerosols will alter photosynthesis, C assimilation and 
hence biomass

Pollutants affect ecosystems services (e.g. hydrology,  C 
sequestration, atmosphere-biosphere exchange and 
energy budgets)

We wanted to get some idea of the role of excess diesel 
NOx - focussed on ozone effect on crop yields for 3 
staple crops  



GEOS-Chem O3 hourly
Surface
Concentration	(1x1o)

Methodology

RYL

CPL

Van Dingenen et al(2009)
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GEOS-Chem O3 hourly
Surface
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Methodology

RYL
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Baseline 2015
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Van Dingenen et al(2009)



Damage (Concentration-Response) functions
Methodology

M7 AOT40

Chronic O3 pollution Acute, peak O3 pollution 
episodes



Damage (Concentration-Response) functions
Methodology

M7 AOT40

Chronic O3 pollution Acute, peak O3 pollution 
episodes

Provide uncertainty of RLY estimates



Results



Results
With no interventions how would CPL change ?
Comparison of CPL Baseline 2040 vs Baseline 2015

Globally, generally see improvements in crop production.
Soy has the biggest improvement with reduced CPL losses of ~2%; then Maize 
with ~0.8% and wheat with ~0.4%.

At the regional level there is variation dependant upon region and crop
Brazil soy sees in increase in CPL of ~1.2% and Indian wheat sees an increase of 
~2.8%

The largest improvements are in US soy and US maize of ~ 4% and 1.2% 
respectively. EU wheat sees a ~1% reduction in CPL.



Results
How much better could things be ?
Comparison of CPL 2040 Scenarios vs Baseline 2040

Globally, would see small improvements in crop production of around 0.1 to 
0.2% for soy, wheat and maize which increment with the increased stringency 
of each intervention…Euro 6/VI; Strong RDE; NextGen

There are some ‘stand out’ results dependent on region and crop type.

Brazil Soy sees a ~1.6% reduction in CPL from Baseline 2040 to Euro 6/VI

China maize and wheat also see 1% and 1.6% reduction in CPL from Baseline 
2040 to Euro 6/VI

For US Maize and US Soy only with NextGen will there be any reduction in CPL.



Conclusions
• Effects of changes in ‘excess diesel NOx’ on CPL depend on crop distribution in 

relation to current 2015 and projected 2040 ozone concentration levels.

• This effect sees some substantial differences in ‘Limit 2015’ to ‘Baseline 2040’ CPLs
with some crops & regions seeing large improvements in crop production (e.g. US 
Soy ~3.6% reduction in CPL) and others seeing worsening crop production (e.g. 
Indian Wheat ~2% increase in CPL).

• However, in all cases more stringent NOx emission controls will see improvements in 
crop production. Most notably Soy in Brazil, and Wheat and Maize in China.  

• There is uncertainty in the CPLs estimated which we attempt to quantify through 
use of two different damage (C-R) functions (M7 & AOT40). This sees %CPL 
estimates vary by ±0.2% to ±10% for the regions and crops selected.

• The study only looks at the effects of excess diesel NOx on yields of 3 staple crops 
due to ozone. This misses other crops; quality of crops (e.g. visible damage); effects 
on productive grasslands (e.g. forage quality); effects on forest productivity and 
other ecosystem services. It also misses effects of aerosol (PM) on plant 
productivity.   



48



49

Change in air 
pollution-related 
deaths for each 
scenario (gridded)

Concentration-
response 
functions for 
ozone and PM2.5

Global population 
in 2015 and 2040 
(gridded)

Disease-specific 
incidence rates 
in 2015 and 2040 
(national)

Ozone and PM2.5
concentrations for 
each scenario 
(gridded)
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EU-28
~ 28,000 deaths from diesel NOx
~ 11,500 from all excess diesel NOx
~ 6,900 from excess LD diesel NOx

United States
~ 3,000 deaths from diesel NOx
~ 1,100 from all excess diesel NOx
~ 100 from excess LD diesel NOx

China
~ 31,000 deaths from diesel NOx
~ 10,600 from all excess diesel NOx
~ 1,300 from excess LD diesel NOx
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Approximately 174,000 PM2.5- and 
ozone-related premature deaths 
avoidable in 2040 with NOX
regulations in 11 markets.

Translates to 2% of PM2.5 and 7% of 
ozone deaths globally, and 3 
million years of life lost.
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Next generation standards 
reduce regional PM2.5 and 
ozone mortality burdens in 
2040:

• By 26% in Mexico (22% for 
Euro 6/VI standards alone).

• By 11% in Brazil (10% for Euro 
6/VI).

• By 7% in EU-28 (4% for 
StrongRDE).
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Nature article available online at https://t.co/9qHbcv7JEV
Supplementary info & data files at 
http://www.nature.com/nature/journal/v545/n7655/full/nature22086.html
Video recording of this webinar at 
https://www.youtube.com/user/CleanTransport
These slides available online at http://www.theicct.org/events/impacts-and-
mitigation-excess-diesel-nox-emissions-webinar






