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Table S1: Introduction year for diesel HDV emission standards used in the model

Region Uncontrolled | Engine | Eurol | Euro2 | Euro3 | Euro4 | Euro5 | Euro6
Models

U.S. 1960 1990 1992 1996 2001 2004 2007

Canada 1960 1990 1992 1996 2001 2004 2007

Mexico 1960 1990 1995 1998 2003 2008

Brazil 1960 1993 1996 2000 2006 2012

Latin America-31 1960 2000 2010 2015 2020

EU-27 1960 1992 1997 2001 2006 2009 2013

Russia 1960 1999 2006 2008 2010 2014

Non-EU Europe 1960 2000 2010 2015 2020

China 1960 2001 2004 2008 2013 2017 2020

Japan 1960 1988 1994 1997 2003 2005 2009

India 1960 1992 2000 2003 2005 2010 2020

South Korea 1960 1990 1995 1998 2008 2010 2014

Australia 1960 1976 1995 2003 2008 2011

Asia-Pacific-40 1960 2005 2010 2015 2020

Middle East 1960 2000 2015 2020 2025

Africa 1960 2000 2005 2015 2020 2025

S1. Computation of LDV emission factors

In computing the light-duty vehicle (LDV) emission factors in Tables 1 and 2, we equate emissions for
vehicles certified to Euro 1, 2, 3, 4, 5, and 6 standards to those for 1990, 1990-1994, 1995-2003, 2004-
2007, 2006-2009, and 2008-2020 model years in the U.S., respectively, using MOVES data from Tables
A2-A5 in Cai et al. (2013). The Euro-equivalent years are based on the ICCT Roadmap Model’s values
(ICCT 2012) for the emission standards introduction year in the U.S. (Table 3). Similarly for diesel
heavy-duty vehicle (HDV) emission factors (Table 4), we use the ICCT Model equivalence years (Table



S1) to equate the Euro I-VI vehicle emissions to the 1992-1995, 1996-2000, 2001-2003, 2002-2005,
2004-2006, and 2007-2020, respectively, U.S. MOVES emission factors (Table A22, Cai et al. 2013).
We retain our MOVES-calculated Euro 5 HDV diesel emission factors for Euro 6 because the original
MOVES emission factors in Cai et al (2013) increase by a factor of 100 from 2006 to 2007 without
explanation. We retain the ICCT default values for uncontrolled LDVs and HDVs and vehicles with
engine modifications (but no emission control system) in Tables 1, 2 and 4, with a few exceptions. The
NOy and CO data for uncontrolled and engine modified gasoline LDVs in Table S1 are those reported for
1957-1962 and 1969-1971 model year vehicles (Fegraus et al. 1973, Wallington et al. 2008). The HDV
engine modification factors in Table 4 are from 1990 MOVES data (Table A22, Cai et al. 2013).

In contrast to gasoline vehicles, less progress was achieved in reducing NOy emissions from diesel LDVs.
This can be seen by comparing the Euro 5 and Euro 6 data in Tables 1 and 2. It has been widely
recognized that the decrease in NOy emissions from diesel vehicles in the real world has been less than
expected based on emission standards as tested under laboratory conditions (Carslaw et al. 2011, Carslaw
and Rhys-Tyler 2013, Weiss et al. 2011, Chen and Borken-Kleefeld 2014, Velders et al. 2011). As a
consequence, real driving emission (RDE) limits in Europe have been implemented in two steps with step
1 in September 2017 and step 2 in January 2020. These RDE steps are expected to lead to a substantial
reduction in NOy emissions from diesel LDVs. In the present work, we assume a NOy emission factor of
0.15 g (km)" for 2020 model year diesel LDV based on the scenarios considered in Figure 4 of Toenges-
Schuller et al. (2016).

S2. Engine emission profiles

The vast majority of road vehicles are powered by four-stroke internal combustion engines using either
gasoline or diesel fuel. Diesel and gasoline engines have fundamentally different modes of operation. In
gasoline engines the homogeneous air-fuel mixture is ignited by a spark. The flame travels smoothly
across the combustion chamber, heating the gases and driving down the piston. In diesel engines, the fuel
autoignites as it is sprayed at high pressure into compressed hot air in the combustion chamber. A spark
is not required to ignite the diesel fuel, which is a heavier, less volatile mixture of hydrocarbons than

gasoline and chemically more susceptible to autoignition.

Relative to gasoline engines, diesel engines have higher compression ratios, more rapid combustion,
lower throttling losses, and operate leaner (i.e., at a greater air-fuel ratio). As a result, diesel engines
generally exhibit higher efficiency than gasoline engines. Diesel fuel also has approximately 12% greater

volumetric energy content than gasoline, and diesel engines in conventional (i.e. non-hybrid) vehicles



generally operate with roughly 30-40% higher volumetric fuel economy (lower fuel consumption) than
similar gasoline vehicles (Sullivan et al. 2004, Elgowainy et al. 2016). Diesel engines must be
mechanically robust to higher pressures, have more complex fuel systems, and are more expensive to
manufacture than gasoline engines. This disadvantage is offset by their relatively low fuel consumption
and generally higher durability. In high-mileage and heavy-load commercial vehicle applications, the

fuel cost savings typically outweigh the increased engine cost.

Exhaust from internal combustion engines contains CO,, CO, hydrocarbons and volatile organic
compounds (VOC:s), nitrogen oxides (NOy), nitrous oxide (N,O), methane (CHy), and particulate matter
(PM). Hydrocarbon and VOC emissions are unburnt or partially burnt fuel. CO is partially burnt fuel.
NOx is formed by the Zeldovich mechanism. This mechanism is initiated by thermal dissociation of
oxygen molecules to give oxygen atoms, which react with molecular nitrogen to produce NO (Zeldovich
1946). Particulate matter emissions stem from oxygen-deficient combustion and from pyrolysis of fuel
droplets. Black carbon, also known as soot, is a component of PM that is operationally defined based on
measurement of light absorption and chemical reactivity and/or thermal stability (IPCC 2013). In contrast
to gasoline vehicles which operate at, or close to, stoichiometry, diesel engines operate lean (i.e., with an
excess of air to fuel) and at lower temperatures than gasoline engines. Hence the VOC, CO, and NOx
emissions from diesel engines are generally lower than for gasoline engines. Diesel fuel is less volatile
than gasoline, and pyrolysis of fuel droplets is generally more important in diesel engines. As a result,

emissions of PM are generally higher for diesel engines than for gasoline engines.

Diesel exhaust consists mainly of N, and O, (typically approximately 8-10%, but it can be as high as 20%
during idle or as low as 6% during filter regeneration), CO,, and H,O. Diesel oxidation catalysts,
typically Pd and Pt, are used to treat CO and VOCs. While diesel engines typically produce less NOy than
gasoline engines, significant amounts of O, in diesel exhaust make the treatment of NOy in the emissions
control system more challenging. The technology used to treat NOx in diesel exhaust is either lean NOy
traps (LNTs) or selective catalytic reduction (SCR). In LNTs, the NOy is trapped during lean operation
and reduced in rich transients. In SCR systems, ammonia is used to selectively reduce NOx over a

Cu/zeolite catalyst.

S3. Comparison of emissions and trends from Section 3.1 (main paper) with literature data

It is important to validate results from emission models by comparing them with experimental

measurements. Field measurements using remote sensing techniques have been used to measure emissions
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from the on road LDV fleet in Chicago. Non-dispersive IR spectroscopic monitoring techniques were used
for CO, CO,, and HC, and dispersive UV spectroscopic monitoring techniques were used for NO and NO,,
SO, and NH;. Measurements were conducted in 1997, 1998, 1999, 2000, 2002, 2004, 2006, and 2014 with
approximately 20,000 vehicles measured in each study and pollutants measured relative to CO, emissions
(Bishop and Stedman 2015). Over the period 2000 to 2014, the mean emission factors measured for CO
and NOj relative to CO, decreased from 1.04 x 10710 3.0 x 10° g (g CO,)" and 1.4 x 10° t0 4.8 x 10™* g (g
CO,)", respectively. As shown in Figure S1, the rates of change in CO and NO, emissions observed from
LDVs in Chicago in 2000-2014 are similar to those estimated for the U.S. LDV fleet in the present work,

but the absolute magnitude of the emissions are approximately a factor of 2 lower.

The emissions from the MOVES model capture all phases of vehicle operation, including critically cold
starts. For modern vehicles, a large fraction of vehicle emissions occur during cold start, when the engine
and catalyst are warming up to their optimal operating temperatures (Wallington et al. 2006, Weilenmann
et al. 2014). It is therefore reasonable that emissions measured from vehicles already warmed up,
including on the freeway on-ramp in Chicago and other measurement date sources considered below, will

be lower than those from the MOVES model.

Vehicle emission measurements performed in 2013-2014 in Toronto, with plumes captured for 103,000
vehicles and traffic shares of 97% LDVs and 3% HDVs, were reported by Wang et al. (2015). Mean
emission factors for NO,, CO, and black carbon (BC) were 2.3 g (kg fuel)”, 10 g (kg fuel)”, and 35 mg
(kg fuel)”, respectively. A carbon weight fraction of 0.86 was assumed for fuel. Normalized to CO,, the
emission factors for NO,, CO, and BC were 7.3 x 10*,3.2 x 107, and 1.1 x 10° g (g CO,)™, respectively.
The vehicle fleet in Canada is similar to that in the U.S., and it is reasonable to compare the results from
Wang et al (2015) with our estimates for the U.S. The NO, and CO emissions measured in Toronto are
lower by factors of approximately 2 and 3, and the BC emissions are higher by approximately 20%,
compared to those we estimate for the LDV fleet in the U.S. The lower NOy and CO emissions observed
in the remote sensing measurements in Toronto probably reflect few, if any, cold starts and hence would
be expected to be lower than those derived from the MOVES model. BC emissions are less affected by

catalyst temperature and hence are close to those estimated from the MOVES data.

Zhou et al. (2007) used remote sensing to measure CO and NOy emissions from gasoline LDVs in Beijing
in 2004. Emissions of CO were approximately 17 and 10 g/km, and emissions of NO, were
approximately 1.25 and 0.5 g/km for vehicles meeting Euro 1 and Euro 2 standards, respectively. These
results are consistent, within a factor of 2, with those used in the present study as given in Table S1.

Vehicle emission studies conducted in urban traffic tunnels in China have shown a decrease of CO and



NOy per vehicle per km emissions of approximately 90% over the past 20 years. In the most recent
published study, emissions of CO and NOy from the mixed traffic flow (more than 90% gasoline LDVs)
in tunnels in Changsha and Shanghai in 2012 and 2013 (with grades ranging from -6% to +6%) were
reported as 0.754-6.050 g (vehicle km)" and 0.12-0.82 g (vehicle km), respectively (Deng et al. 2015).
The midpoints of these ranges are approximately a factor of 2 lower than our estimates for the on-road
fleet in 2010-2015. Again, the difference probably reflects the fact that vehicles in the tunnel have warm

engines and catalyst systems.

Carslaw and Rhys-Tyler (2013) have reported estimates for NOy emissions from Euro 1 to Euro 5
gasoline and diesel passenger cars based on remote sensing measurements of 33,000 vehicles in four
locations in London. Carslaw and Rhys-Tyler (2013) measured NOy emissions relative to CO, emissions
and reported the volume ratio NO,/CO,. Taking emissions of 230 g CO,/km and 190 g CO,/km for
gasoline and diesel LDVs from the ICCT model we can place the volume ratios from Carslaw and Rhys-
Tyler (2013) on an absolute mass basis as shown in Table S2. The right hand two columns give the ratio
of the values derived from the MOVES model used in the present work to those reported by Carslaw and
Rhys-Tyler (2013). As seen from Table S2 the MOVES-derived data are generally larger than those
measured by Carslaw and Rhys-Tyler (2013). The 95% confidence interval uncertainty in the
measurements by Carslaw and Rhys-Tyler (2013) is typically approximately 10%. The generally higher
MOVES data again probably reflects the fact that these are lifetime average vehicle emissions, which
include cold starts, while the data from Carslaw and Rhys-Tyler (2013) are from vehicles which are

warmed up and operating on major roads in London.

Table S2: NOy emissions reported by Carslaw and Rhys-Tyler for Euro 1-5 gasoline and diesel
LDVs compared to values derived from the EPA MOVES model used in the present work.

Carslaw and ICCT CO,° Carslaw and MOVES NO, ¢ MOVES/
Rhys-Tyler (2013) Rhys-Tyler Carslaw and
NO,/CO, * (2013) NO, Rhys-Tyler
10000 (v/v) ghkm | gkm | g/km | g/km g/km g/km (2013) ¢
Euro | Gasoline | Diesel Gasoline | Diesel | Gasoline | Diesel | Gasoline Diesel Gasoline | Diesel
1 54.1+6.5 | 55.7£7.4 230 190 1.30 1.11 2.07 2.53 1.6 2.29
2 390.3+2.4 | 65.5+4.1 230 190 0.94 1.30 2.07 2.33 2.2 1.79
3 15.3+1 62.9+1.5 230 190 0.37 1.25 0.94 2.01 2.6 1.61
4 10.3+0.7 | 47.7+0.9 230 190 0.25 0.95 0.29 1.72 1.2 1.82
5 4.8+0.7 49.9+1 230 190 0.12 0.99 0.19 0.89 1.7 0.90

a. Data from Table 2 in Carslaw and Rhys-Tyler (2013); b. Calculated from energy efficiencies of 3.15 MJ/km and
2.58 MJ/km for gasoline and diesel LDVs and 72.44 gCO,/MJ for gasoline and 74.06 g CO,/M] for diesel in the
ICCT Model; c. Used in this work; d. Ratio of lifecycle emission value used in this work to that derived from on-
road measurements by Carslaw and Rhys-Tyler (2013).




Exceedances of ambient air quality NO, standards are a significant issue in many European cities. It is
well established that the ratio of NO, to NO, in exhaust from some diesel vehicles increased in the 2000s,
reflecting the increased use of technology that used NO; to oxidize soot in DPFs in HDVs. The latest real
world emission studies (Carslaw et al. 2016) indicate that primary NO, emissions peaked in
approximately 2010 and have since been falling, reflecting improvements in the emission control
technology. Among air quality monitoring sites in Germany that are influenced by road traffic, the
fraction that exceed the air quality limit for annual mean NO, is expected to fall from 50% in 2015 to 1-

4% in 2030 (Toenges-Schuller et al. 2016).

The International Energy Agency (IEA) developed the Sustainable Mobility Project (SMP) model in 2002
to 2004, which provides estimates of emissions of NOy, CO, and CO, from the global LDV and HDV
fleet over the period 2000- 2050 (WBCSD 2004). The SMP model provides estimates of global tank-to-
wheel (TTW) emissions in 2000 and 2030 for: NOy from LDVs, 9.0 and 1.6 Mt; NO, from HDVs, 10.6
and 3.7 Mt; CO from LDVs, 197.6 and 20.1 Mt; and CO from HDVs, 5.5 and 1.1 Mt. The 2000 data in
Figure S5 are consistent with those in the SMP model, but the rates of emission decreases estimated in the
present work are less than those projected in the SMP model. These differences reflect an improved

understanding of real-world emission performance.

The EDGAR database maintained by the European Commission (EC 2014) contains estimates of global
emissions by sector for CO,, CO, CHy4, NO,, and N,O for 2000-2008. Figure S3 shows the excellent
agreement for global CO,, CO, and NOy emissions (both absolute magnitudes and trends) between

EDGAR for the road transport sector and the sum of LDV and HDV emissions estimated in our analysis.

The EDGAR database has approximately a factor of 4 lower, and significantly smaller downward trend
in, CH4 emissions over the period 2000-2008 than our results. Our emission factor of 2.0 x 10* g CH, (g
CO,)" for the US LDV fleet in 2000 shown in Figure S2 is slightly higher than the estimate of (1.5£0.4) x
10* g CH, (g CO,)" based on vehicle dynamometer data for 1995-1999 model year vehicles reported by
Nam et al. (2004). We are not able to offer a rationalization of the discrepancy between our estimate of
TTW CH4 emissions and the approximately factor of 4 lower value in the EDGAR database. Further

work is warranted to understand this discrepancy.

The EDGAR database has approximately a factor of 2 lower N,O emissions over the period 2000-2008
than our results. The emission estimates for the global LDV and HDV fleets in 2010 of 112 x 10 g N,O
(g CO,)" and 20 x 10° g N,O (g CO,)" from the present work shown in Figure S1 can be compared with
the ranges of 31-57 x 10 g N,O (g CO,)" and 7-56 x 10 g N,O (g CO,)" respectively, by Wallington



and Wiesen (2014). Our estimate for the LDV fleet in Figure S1 is approximately a factor of 2 greater
than the upper limit of the range estimated by Wallington and Wiesen (2014). Our estimate for the HDV
fleet in Figure S1 lies close to the middle of the range estimated by Wallington and Wiesen (2014). As
with the current work, the estimate of N,O emissions from LDVs by Wallington and Wiesen (2014)
includes cold-start emissions. While further investigations are needed to better clarify vehicle N,O
emissions, it is clear that absolute N,O emissions from road vehicles are approximately 4 orders of

magnitude lower than CO, emissions (see Figure S3).

Popa et al. (2014) reported the results of measurements of vehicle exhaust in the Islisberg tunnel in
Switzerland in 2011. The traffic through the tunnel was 85% personal vehicles and 5% heavy goods
vehicles with the remaining 10% non-specified but presumably vans, motorcycles, buses, etc. Popa et al.
reported volume ratios of: CO/CO,, (4.15+£0.34) x 10'3; N,O/CO,, (1.8+0.2) x 10°; and CH,/CO,,
(4.6+0.2) x 10~ which correspond to emission ratios of (2.64+0.22) x 10” g CO (g CO,)™, (1.8+0.2) x 10"
> g N,O (g CO,)", and (1.7+0.1) x 107 g CHy (g CO,)". The values obtained assuming an LDV:HDV
ratio in the tunnel of 85:5 from the g (g CO,)" emission data in Figure S3 from the present work are 0.018
g CO (g COy™", 5.6 x 10° g N,0 (g CO,)", and 1.7 x 10* g CH, (g CO,)". The emission rates measured
in the tunnel for CO, N,O, and CH, are factors of 6, 3, and 10 lower than estimated for the on-road fleet
in Europe in the present work. The difference presumably reflects the fact that all vehicles in the tunnel

have warmed engines and catalytic exhaust treatment systems.

In summary, where comparison is possible our estimates of the magnitude and trends of non-CO,
emissions of the global LDV and HDV fleets are generally consistent, within a factor of 2, with field

measurements and with existing databases.
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Figure S1: Light-duty tank-to-wheel emission factors of CO, (purple), CO (red), NOj (dark blue), CH4 (orange),

N,O (green), and black carbon (BC, light blue) emissions from the global, U.S., EU, and China fleets, expressed in
g per g CO,. The data indicated by open circles in the U.S. plot are measurements of CO (red) and NOy (blue)
emissions by Bishop and Stedman (2015).
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Figure S2: Heavy-duty tank-to-wheel emission factors of CO, (purple), CO (red), NOy (dark blue), CH4 (orange),
N,O (green), and black carbon (BC, light blue) emissions from the global, U.S., EU, and China fleets, expressed in
g per g CO,.
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Figure S3: Global tank-to-wheel (tailpipe) emissions of CO, (purple), CO (red), NOy (dark blue), CHy4 (orange), and
N,O (green) emissions, expressed in Mt. The dot symbols spaced every 5 years are for the combined LDV and HDV
fleet estimated in the present work. Annual data from 2000 to 2008 connected by lines are from the EDGAR
database for on-road transportation.
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Figure S4: Vehicle emissions of HFC-134a: global (brown), U.S. (orange), EU (blue), and China (green) from
Velders et al. (2015).

S4. Well-to-wheel emission intensity trends

This paper presents historical and projected future trends in TTW emission intensities of LDVs and
HDVs (Figures 1 and 2). We choose this system boundary to highlight the impact of tailpipe emission
standards, the main driver of the substantial reductions in non-CO, emissions intensities over the past

decade. Emission intensities of CO, and many non-CO, climate pollutants are dominated by the vehicle
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use phase, meaning that changes in TTW and well-to-wheel (WTW) emission intensities are similar (with
WTW intensities being higher in absolute terms due to the larger system boundary). However, in the case
of CHy, upstream emissions from fuel production are a dominant share of total emissions, and TTW and
WTW intensities differ. For example, CH, intensities of HDVs are much flatter when viewed from a
WTW, rather than TTW, perspective. These results underscore the importance of considering broader
system boundaries that take into account the non-combustion impacts of vehicle use. Figures S5 and S6
show WTW emission intensity trends for LDVs and HDVs, respectively, corresponding to the TTW

emission plots in Figures 1 and 2 in the main paper.
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Figure S5: Light-duty vehicle well-to-wheel CO, (purple), NO, (dark blue), CO (red), black carbon (BC, light blue),
CH,4 (orange) and N,O (green) emission intensities from the global, U.S., EU and China fleets.
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Figure S6: Heavy-duty vehicle well-to-wheel CO, (purple), NO; (dark blue), CO (red), black carbon (BC, light
blue), CH,4 (orange) and N,O (green) emission intensities from the global, U.S., EU and China fleets.

S5. Emissions from vehicle manufacturing

Figure S7 below shows vehicle emissions, including both the fuel and the vehicle cycle, compared against
intensity targets derived from U.S. climate policy goals. Emission estimates are taken from GREET and,
in addition to WTW emissions, include emissions from vehicle manufacturing, maintenance (including
tire replacement), recycling, and disposal. Emissions from battery manufacturing can be significant for
electric vehicles (EVs) because this process is energy intensive (Hawkins et al 2013, Kim et al 2016). We
use GREET’s vehicle cycle emission estimates in the plots below, which for EVs is at the lower end of

vehicle cycle emissions estimates.

12



‘= 400
% 100 years
R "8
@)
O 200 u ®CH,
g EN,O
2 100 "o
C 2
2
< 0
s @ K K O .H A
s SIS EoE @
= @ \$ Q\ C)(b'
i P & <§;\

o) N
€
<
3
'~ ERC
O
= M CH,
> EN,0
2 ECO,
[0}
€
C
k]
?
e
L0
€
<
8
CI)N ERC
O W CH,
2 =N,0
o ECO,
[0]
S
C
kel
®
=
L

Figure S7: Life cycle emission intensities, including well-to-wheel fuel cycle emissions and vehicle cycle emissions,
of eight vehicle/fuel pairs using time horizons of 100 years (top panel), 35 years (middle panel), and 20 years
(bottom panel) to compare the integrated climate impact of different forcing agents to that of CO,. Error bars
capture ranges in black carbon (BC) emissions of diesel vehicles without filters, CH, leakage and venting in the
natural gas supply chain for compressed natural gas (CNG) and hydrogen fuel cell vehicles (HFCVs), and
greenhouse gas emission intensity of the electric grid for electric vehicles (EVs) and plug-in hybrid electric vehicles
(PHEVs). The low end for the electricity mix corresponds to Brazil’s mix, as an example of a low-carbon mix, and
the high end corresponds to China’s mix.

S6. Greenhouse gas equivalency metrics

Figure S8 shows the cumulative radiative forcing due to a pulse emission of CH, or BC, relative to CO,,

as a function of the time horizon. The impact value placed on these short-lived climate pollutants (SLCPs)
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increases as the time horizon shrinks. Even after an impact measure (e.g., cumulative radiative forcing)
and time horizon are chosen, there are additional uncertainties in the equivalency value assigned to
SLCPs relative to CO,. These include uncertainties in the direct radiative efficiencies and lifetimes of the
climate forcing agents as well as the treatment of various indirect effects. We use parameter estimates
from the Intergovernmental Panel on Climate Change in our metric calculations (IPCC 2013). The
resulting metric values are given in Table S3. The lifetimes and radiative efficiencies for BC (as well as
CH,4 and N,0) used by the IPCC are also provided in Shine et al. (2015). These estimates include the
indirect effects of CH4 emissions on ozone and stratospheric water vapor, of N,O emissions on CHy4

thorough various processes, and of BC on aerosol radiation interaction and snow and ice albedo.
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Figure S8: Cumulative radiative forcing of CH,4 (orange) and black carbon (BC, light blue), relative to CO,, over a
range of time horizons. Equivalency values may be assigned to greenhouse gases based on their cumulative radiative
forcing over a fixed time horizon, as with the global warming potential (GWP), or a time horizon that depends on
when a climate policy target is expected to be reached. The relative emphasis placed on short-lived climate
pollutants (SLCPs, e.g. CH4 and BC) increases as the time horizon decreases.

Table S3: Metric values in g CO,-equivalent per g¢ CHy, N,O, or black carbon (BC) for 20-year, 35-

year, and 100-year time horizons.

Time horizon CH,4 N,O BC
20-year 84 265 2410
35-year 62 265 1515
100-year 28 265 655
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Metric values for BC and other very-short-lived, not-well-mixed forcing contributions are particularly
uncertain, given the number of processes involved and the fact that the impacts depend on the location
and time of year. The lifetimes and radiative efficiencies we use in calculating equivalency metrics for
BC are meant to represent a global average. While these values capture some but not all indirect effects,
they also fall within the large range of uncertainties for metrics that capture these effects more fully.
Bond et al. (2013) report an uncertainty range for the GWP(100) for BC of 140-1100 when considering
only direct effects and 100-1700 when considering a full set of indirect effects (in units of g CO,-
equivalent per g BC). The uncertainty ranges for the GWP(20) are 420-3700 and 270-6200 when
considering direct only and indirect effects, respectively (again in units of g CO;-equivalent per g BC).
These uncertainties highlight the need for further research to understand the climate impacts of BC to

inform the evaluation of BC-heavy vehicles technologies and other emissions sources.

Vehicle use results in a number of other emissions of near-term forcing agents that contribute directly and
indirectly to climate change. The magnitude and even direction of these radiative forcing contributions is
highly uncertain. Examples include organic carbon (OC), NOy, and CO. OC is co-emitted with BC in
differing proportions depending on the emissions source and has a net cooling effect. Emissions from
diesel (without a particulate filter) are overwhelmingly BC. Emissions in the sugar cane E85 fuel cycle
have a slightly higher OC:BC ratio, but the net forcing effect of the combined OC and BC emissions is
still strongly positive (Cai ef al. 2014).

NOy does not have a direct contribution to radiative forcing of climate, but it has indirect impacts by
virtue of its participation in chemistry leading to the formation of tropospheric ozone and organic nitrate
aerosol (IPCC 2013). Increased formation of tropospheric ozone leads to increased OH radical flux and
decreased CH,4 atmospheric lifetime (a third indirect effect). Assessing the combined effect of the three
competing indirect contributions to radiative forcing is complex. GWP estimates for NOy vary widely
and lie in the range -159 to -11 on a 100-year horizon (g COx-eq (g NOy)™" IPCC 2013). While we note
that it is likely that NOy emissions offset to a small degree the radiative forcing from other vehicle
emissions in the present study, we confine our interest to vehicle emissions with direct impacts on

radiative forcing (CO,, BC, CHy4, HFCs, and N,0).

CO also does not have a direct contribution to radiative forcing of climate, but it has an indirect effect on
radiative forcing through effects on O; and CH4. The IPCC estimates a GWP(100) for CO of 1.9 g CO,-
eq (g CO)'. While these values are uncertain, they suggest that the climate impacts of vehicle CO and
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NOy emissions are likely low relative to the contributions we examine (e.g., CO,, CH4, N,O, BC) in our

technology comparisons (IPCC 2013).
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