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Abstract. In this study, global emissions of gases and par-and shipping. On-road vehicles and non-road engines con-
ticles from the transportation sector are projected from thetribute the most to global CO and THC emissions, while
year 2010 to 2050. The Speciated Pollutant Emission Wiz-on-road vehicles and shipping contribute the most toNO
ard (SPEW)-Trend model, a dynamic model that links theand PM emissions. At the regional level, Latin America and
emitter population to its emission characteristics, is used tdEast Asia are the two largest contributors to global CO and
project emissions from on-road vehicles and non-road enTHC emissions in the year 2010; this dominance shifts to
gines. Unlike previous models of global emission estimatesAfrica and South Asia in the future. By the year 2050, for CO
SPEW-Trend incorporates considerable detail on the techand THC emissions, non-road engines contribute the greatest
nology stock and builds explicit relationships between so-fraction in Asia and the former USSR, while on-road vehi-
cioeconomic drivers and technological changes, such thatles make the largest contribution in Latin America, Africa,
the vehicle fleet and the vehicle technology shares changand the Middle East; for NQand PM emissions, shipping
dynamically in response to economic development. Emis-controls the trend in most regions. These forecasts include a
sions from shipping, aviation, and rail are estimated basedormal treatment of the factors that drive technology choices
on other studies so that the final results encompass the entiia the global vehicle sector and therefore represent a robust
transportation sector. The emission projections are driven byand plausible projection of what future emissions may be.
four commonly-used IPCC (Intergovernmental Panel on Cli- These results have important implications for emissions of
mate Change) scenarios (A1B, A2, B1, and B2). With globalgases and aerosols that influence air quality, human health,
fossil-fuel use (oil and coal) in the transportation sector in theand climate change.

range of 128-171EJ across the four scenarios, global emis-

sions are projected to be 101-138 Tg of carbon monoxide

(CO), 44-54 Tg of nitrogen oxides (N@ 14-18 Tg of non-

methane total hydrocarbons (THC), and 3.6-4.4 Tg of par-1 Introduction

ticulate matter (PM) in the year 2030. At the global level, a

common feature of the emission scenarios is a projected del.1 Emission projections

cline in emissions during the first one or two decades (2010—

2030), because the effects of stringent emission standards!obal emission projections are critical elements in under-
offset the growth in fuel use. Emissions increase slightly inStanding future climate impacts at global and regional scales.
some scenarios after 2030, because of the fast growth of onthey provide support to forecasts of future climate change,
road vehicles with lax or no emission standards in Africa intercontinental transport of air pollutants, and the evolution

and increasing emissions from non-road gasoline engine§f the entire Earth system, and they are the basis for deter-
mining the benefits of possible mitigation strategies (Levy et

Published by Copernicus Publications on behalf of the European Geosciences Union.



5710 F. Yan et al.: Global emission projections for the transportation sector

al., 2008; Shindell et al., 2011; Streets et al., 2004, 2009)tion practice and emission control technology in the determi-
Such projections must cover emissions at a multinationahation of emissions and reflect the changes of technologies.
scale and be consistent across different regions of the worl@Vhile Yan et al. (2011) describes the modeling approach to
(Borken et al., 2007). The requirement of consistency acrosgroject future emissions in detail, this paper not only broad-
time and space makes the projection of emissions challengens the treatment of on-road vehicle emissions from PM to
ing, because it means applying the most current understandyases, but also includes emissions from non-road engines and
ing of the factors that drive emissions at local and nationaladds emissions from shipping, aviation, and rail to provide a
scales to the world’s regions. comprehensive treatment of transportation sector emissions.

Unlike emission projections of energy-related species such
as carbon dioxide (C8, which depend to a large extent only
on the amounts of fuel consumed and the carbon content
the fuel (Nakicenovic et al., 2000; Smith, 2005), emission
projections of other important anthropogenic species such as
nitrogen oxides (N¢), carbon monoxide (CO), non-methane As a key component of economic development and hu-
total hydrocarbons (THC), and particulate matter (PM) re-man welfare, transportation activity is increasing rapidly
quire consideration of technology choices, because differenaround the world (Uherek et al., 2010; Wang et al., 2006;
technologies can yield widely varying emission rates (Cookel CAO/FESG, 2008; Arora et al., 2011; Dargay et al., 2007;
and Wilson, 1996; Bond et al., 2004, 2007; Streets et al.Ribeiro etal., 2007). Robust growth in the transportation sec-
2004; Cofala et al., 2007; Klimont et al., 2002, 2009; van tor is expected to continue over the next several decades.
Aardenne et al., 1999; Ohara et al., 2007). “Technology” This steady growth in energy use makes the transporta-
here is defined as a piece of hardware or an operating praion sector a crucial driver of future global anthropogenic
cedure that influences the emission factor of an emitter. Themissions. On-road vehicles and non-road engines together
net change of emissions over time can then be characterizecbntribute as much as 41 % of anthropogenic,N@issions
by changes of technology shares. Emission factors depen@RC/PBL, 2011). While most sectors decreased their green-
on technology improvements, which in turn may be relatedhouse gas (GHG) emissions from 1990 to 2010, emissions
to economic growth, but a more important factor is environ- from transportation increased by nearly 21 % (EEA, 2012b).
mental legislation and the degree to which it is enforced. InHowever, emissions of pollutants closely related to the com-
developing regions, there is no certainty that emission stanbustion process, such as NOCO, THC, PM, and sulfur
dards will be enforced, and this adds to uncertainty in thedioxide (SQ), have increased at a slower rate than fuel con-
emission projections. Environmental legislation can be a keysumption or CQ emissions, because of improved emission
factor in determining the penetration of abatement measuresontrol technologies and fuel quality (Cofala et al., 2007;
and consequently the evolution of emission factors (DenteneRao et al., 2005; Fulton and Eads, 2004; Smith et al., 2005;
etal., 2010). Lu etal., 2011; Klimont et al., 2009; Zhang et al., 2009).

The deficiency of current emission projections is that Emissions from the transportation sector have important
they lack a clear or explicit relationship between socioeco-effects on air quality, climate, and public health. Several
nomic factors and projected technology change. Earlier studstudies have investigated this interaction by specifically iso-
ies (e.g., Streets et al., 2004; Rao et al., 2005; Ohara et allating the climate forcing from transportation (Fuglestvedt
2007) realized that emission factors would change with timeet al., 2008; Berntsen and Fuglestvedt, 2008; Unger et al.,
but they did not explicitly account for the contribution of 2010; Koffi et al., 2010; Shindell et al., 2011; Saikawa et al.,
technological changes in determining emissions. In previ-2011; Balkanski et al., 2010). For example, Fuglestvedt et
ous studies, emissions have often been estimated by combim. (2008) showed that the transportation sector contributes
ing fuel consumption with an averaged emission factor thatsignificantly to man-made radiative forcing (RF) and that
represents the whole emitter population. Expert judgment isurrent emissions from transportation are responsible for
often used to determine technology shares, and changes 46 % of the integrated net forcing from all current anthro-
emission factors over time are not always explicitly repre-pogenic emissions over the next 100 years. Berntsen and Fu-
sented. Such emission estimates cannot represent well ttglestvedt (2008) estimated that the global average temper-
continuous influence of economic development on consumeature will rise by 0.23K if the emissions from the trans-
choice or the introduction of emission control strategies.portation sector remain constant at year-2000 levels. Unger
Therefore, it is essential to differentiate emitters by their et al. (2010) concluded that on-road vehicles exert the largest
emission characteristics and demonstrate the evolution ofiet positive RF among all economic sectors in the near term
technology dynamically and consistently across model yearsind the second largest in the long term.
and the world’s regions. The results of this work will provide an improved founda-

This work presents a new set of global projections of tion to better understand future climate and air quality. More
gaseous and particle emissions from the whole transportaimportantly, this work should help identify the benefits of
tion sector. These projections emphasize the role of combusmaking alternative technology and policy choices, under a

O}.Z Importance of emissions from the transportation
sector
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variety of socioeconomic futures, to mitigate the adverse ef-
fects of anthropogenic emissions on the global environment.
This paper focuses on the exhaust emissions of gases an
particles from the combustion of fossil fuels (oil and coal)
in the transportation sector. It includes indirect GHG, such
as CO, NQ@Q, and THC, which are precursors of tropospheric
ozone (@) and affect the oxidation capacity of the atmo- -
sphere. It also includes emissions of primary PM, black car-!
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[ Projected future energy use

IEA energy statistics
(1970-2010)

Exogenous scenarios
(e.g.. IMAGE and GCAM)

v

Socioeconomic variables

Fuel consumption
(1970-2050)

Distribution of

bon (BC), and organic carbon (OC) (results for the two car- ! Rt‘f‘a];imfhipslthit affect vehicle (or engine) fuel
bonaceous species are shown in the Supplement). || Noaneiagen chmages consumption by
1 region/fuel/tech/age

The paper is organized as follows: in Sect. 2, we dis- -
cuss the general approach used to project emissions and de:
scribe the Speciated Pollutant Emission Wizard (SPEW)-+
Trend model. Section 3 describes information concerning thei_
fuel-use projections, technology shares, and emission factors
for each transportation mode: on-road vehicles, non-road enFigure 1. Schematic methodology for developing projections of ex-
gines, shipping, aviation, and rail. In Sect. 4, we present théhaust emissions from on-road vehicles and non-road engines. Parts
model results and compare them with other studies. Section 8 the dashed rectangular box are handled by the SPEW-Trend
summarizes the major findings and makes recommendation@odel. The exogenous scenarios are from an integrated assessment
for future research. model framework.

Emission factor by
species/fuel/tech/age

Global and regional
emission projections

2 Modeling approach tor of the vehicle at ager & p), and DR=1 for vehicle at

age zero; here, the degradation rate is defined as the relative
increase rate in emission factor with time or usage (Ubanwa

The basic modeling approach in this paper is similar to earlieretzl" 2h003).' Fin. 1. historical fuel ) )

work (Bond et al., 2004, 2007; Streets et al., 2004), in which o sz sg\éivnolr? fdg.I s’tatlisstt(i)c?s?ae ;e g‘;nigmgﬁ'gg i?t'miteli
emissions are determined by apportioning fuel use amon X [ ©dy as -
different emitting technology types. An emission factor is%Tsattjlr%r;)?iloﬁnaerrgyb:sgeegan(lgg)éeiitllgastin(:rigjst,utrﬁaftuﬁ;ve
assigned to each technology, and the net emissions in an

give?, year are determined %{/ the mix of technologies. Yangce)en simulated in integrated assessment models (van Vu-
et al. (2011) provide a full description of how the mix of gle?) elt 2'-’ 2006) S“CT I\(/:IIZ(tBhI(EE lnéﬁ%ﬁtegohgﬁga&opAzzgses the
technologies is determined dynamically by deriving explicit 3 ?\ gl\/lgorl]rgim ( A ) ( Vodel (GCAM (S ) ]
relationships among socioeconomic factors and technologif’md iN? I 02?)06 angeh ssk:essm(.ant. odel ( ) (d”_“t
cal changes. The schematic methodology is shown in Fig. 12" - igley, o ): S_Ott at”tfe temlssmn tehstlmates are I”IV%”
This process is handled by the SPEW-Trend model and is g2y the same “big plcl\:”i' actors as (I) ;‘roggergsy'r? ate
scribed in detail in Yan et al. (2011). In this paper, the SPEWﬁomrlr?if:I?/r;r'iS;;zz”f?gng tﬁeg::r:e?(\g;eito js”scenazi.os Oacrlgelfsoe-d
Trend model is applied to emission estimates from on-roa

vehicles and non_prgad engines. The general equation to reg® deriye th'e relationships that affect technological changes.
resent emissions for scenariospeciesj, and regiork is as Both historical and future fuel use are disaggregated by the

2.1 General methodology

follows: SPEW-Trend model (shown in the dashed rectangular box
in Fig. 1) into heterogeneous emitter groups based on fuel,

Em )= > 3> FCisimn OEF1mpo0 engine type, technology, and age. The details of fuel pro-
[ m n p jections and technology splits have been discussed in Yan

DR J i p (1) et al. (2011), and they are briefly summarized in Sects. 2.2

and 3.
where subscripts, j, k, [, m, n, and p represent sce- For shipping, aviation, and rail, many studies have de-
nario, species, region, fuel type (diesel or gasoline), enginescribed future emission scenarios (e.g., Eyring et al., 2005a,
type (light-duty or heavy-duty for on-road vehicles; small, b, 2010; Corbett et al., 2010; Endresen et al., 2007; Buhaug
medium, or large for non-road engines), technology (or emis-et al., 2009; Paxian et al., 2010; Lee et al., 2009, 2010; Owen
sion standards), and vehicle or engine model year (defined ast al., 2010; Sausen and Schumann, 2000; Eyers et al., 2004;
the year it is manufactured), respectively. Eyi§ emissions  Bek and Sorenson, 1998; Berghof et al., 2005; EEA, 2012a;
in calendar year. FC is fuel consumption. EFis the emis-  Uherek et al., 2010). We estimate emissions from these three
sion factor specific to each species/fuel/technology at vehicléransportation modes by combining information on fuel con-
age zero. DR, is the degradation rate of the emission fac- sumption and emission factors from a variety of published
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data sources. No explicit technological changes for thesdan-Weiss et al., 2009; Bluett et al., 2008; Wang et al., 2011).
three transportation modes are considered in this work. ToSuperemitters are also treated as technology variants in this
tal emissions are estimated by time-dependent, fleet-averageork.

emission factors obtained from other studies, which repre- Major features of the SPEW-Trend model are summarized
sent technological changes implicitly. Trends toward cleanethere, and equations that describe each of the governing rela-
technologies are represented as changes of average emissitonships are given in Table 1. In particular (1) future annual
factors with time. Emissions from shipping, aviation, and rail fuel consumption is set by exogenous scenarios; (2) new ve-

are estimated as hicle demand is set by growth in fuel consumption and the
need for vehicle replacement (secondary markets for used
Em;jx @)= Z FCik.iEFavg j.i (7). (2)  vehicles are not considered in this work); (3) retirement rates
1

depend on regional income rates and on-road vehicle age or

We assigh emission characteristics for 17 world regions:10n-road engine cumulative service hours (Table 1, “retire-

Canada, USA, Central America, South America, North ment rate/survival rate”, and F?g. S}a in the Sgpplement);
Africa, West Africa, East Africa, OECD (Organisation for (4) the technology for new vehicles introduced in any year

European Economic Co-operation) Europe, Eastern EuropdS Set by the emission standard in force in that year, so that
former USSR, Middle East, South Asia, East Asia, Southeasthe time at which vehicles with advanced emission standards
Asia, Oceania, and Japan. They are sometimes regrouped f'€" the population is region-dependent (Table 1, "Adoption
10 regions for ease of presentation or for comparison with®f emission standards”); (5) the fraction of normal emitters
other studies (Table S1 in the Supplement). Emissions aréhat become superemitters IS based on vehicle age (Table 1,
projected from 2010 to 2050 and presented annually. Avail- SUP€remitter transition rate”, and Fig. S1b in the Supple-

able data of historical fuel consumption ends in 2010. In or-M€Nt); and (6) the emission factors of individual vehicles
der to evaluate and compare with other studies, past emidexcept superemitters) change as the vehicle ages and experi-
sions from 1990 are also shown in some figures. ences three phases: first, no change (for on-road vehicles) or

increasing slowly to emission-standard level (for non-road
2.2 Dynamic technology model: SPEW-Trend engines), then increasing to maximal level, and finally flat-
tening out (Table 1, “degradation rate”, and Fig. S1c in the
As shown in Fig. 1 and introduced in Sect. 2.1, we esti- Supplement). In this paper, we assume that fleet dynamic
mate emissions from on-road vehicles and non-road engineshanges follow historical patterns, in the absence of evidence
within the framework of the SPEW-Trend model. As a hy- to the contrary. Any air-quality regulations other than the
bridization of a bottom-up engineering model and a top-implementation of emission standards are not considered in
down economic model, SPEW-Trend can be driven by anythis paper. The effectiveness of additional emission reduction
economic model, as long as it provides the required in-programs, such as inspection and maintenance regimes, will
puts. In this work, we apply four scenarios (A1B, A2, B1 be explored in future work.
and B2), developed for the Intergovernmental Panel on Cli-
mate Change (IPCC) Special Report on Emission Scenarios
(SRES) (Nakicenovic et al., 2000), as formulated by the IM-3  Fyel projections, technology divisions, and emission
AGE group (RIVM, 2001). These scenarios were used as factors
the basis of the IPCC Third Assessment Report (TAR) and
the fourth (AR4). We take fuel consumption, population, and3.1 On-road vehicles
GDP (gross domestic product) from the SRES scenarios.
Emissions decrease with the introduction of advanced3.1.1 Fuel consumption
technology and the implementation of more-stringent envi-
ronmental regulations (Cofala et al., 2007; Klimont et al., To estimate gaseous emissions from on-road vehicles, this
2002; Bond et al., 2004; Streets et al., 2004; Rao et al., 2005)work applies the same set of fuel use and socioeconomic
In SPEW-Trend, we group vehicles built to a single emissionvariables as was used in Yan et al. (2011) to estimate PM
standard as one “technology”. Although different control ap- emissions. Though fuel use for on-road vehicles is presently
proaches are sometimes used to meet the same emission stavailable to 2010 from the IEA, we apply IEA fuel data only
dard, they have the same effect on emission factor. Emissionsgntil 2005 in order to be consistent with Yan et al. (2011).
may also increase with aging (Ubanwa et al., 2003), or everOn-road vehicles are divided into three categories: light-
achieve extremely high values under malfunctioning condi-duty gasoline vehicles (LDGV), light-duty diesel vehicles
tions (“superemitters”). Superemitters refer to vehicles that(LDDV), and heavy-duty diesel (HDDV) vehicles. The fol-
are responsible for a relatively large fraction of air pollutant lowing assumptions are made for historical and future on-
emissions from the transportation sector, even though theyoad fuel consumption: (1) historical fuel use up to 2005 is
may only represent a small portion of the vehicle fleet (Law-from IEA and is consistent with Yan et al. (2011); (2) gaso-
son et al., 1993; Hansen and Rosen, 1990; Zhang et al., 199%ine is consumed by LDGVs, and the growth rate after 2005
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Table 1. Relationships and parameters used in the SPEW-Trend model for on-road vehicles and non-road engines.

Relationship Parameter  Description
s€ Age (or cumulative service hours)
“Fjet Intercept, shape factor related to the onset of significant retirement
Survival rate (StBP Lso ret Median age or median service hours at which 50 % of the vehicles are retired
pd Age coefficient
ﬂ%’ Income coefficierkt

First year when advanced emission standards (Euro | or US Tier 1) are applied

Adoption of emission standards Time intervals between emission standard introduction

Superemitter agup Shape factor; determines slope of the curve

transition rate (Trf) Lgo sup Vehicle life at which the rate becomes half of the maximum
gairf Maximum rate of superemitter transition
ERew Emission factor for new vehicles
EFes Emission factor, the same as emission standard

Degradation rate (DR) EFmax Maximum emission factor
Sdeg Age that emission factor starts to degrade
Sstab Age that emission factor starts to stabilize

aSus) = s aret/ Lgg ret is linearly related with rgdp (the ratio of local and global GDP per capita), and can be expressed as

I S
1+exp[0tret(s /Lso, ret*l)]

—aret/ Lsq ret = B1 + B2 x rgdp, then the survival rate function Bu(s) = 1

1+exf —(aret+ By x s+B x rgdpx )]’
b Syrvival rate can be converted to a retirement rate as)Rel — %
¢ s represents vehicle age of on-road vehicles or cumulative service hours of non-road engines.

d For LDVs, aret = 5.34,81 = —0.24, and8, = —0.029. For HDVsgret = 4.93,81 = —0.15, ands, = —0.078.
€ Income level is represented by the ratio of local and global GDP per capita, rgdp.

f The transition rate is defined as the fraction of normal vehicles that become superemitters in any givertsy

T gain
‘1+exp[ozsup(1*5/1‘50.sup)] ‘

9 asup=>5.5, Lsg,sup=5.0 , and gair=0.032.

P EFes—EFnew s [T
];, |Ed3 < Sdeg —Erew X Sdeg +1,if s < Sdeg
h _ ] EFmax—EFnew , ~~7deg , 4 ¢ _ ] EFmax—EFe $—Sdeg EFes ;
DRon-road(s) = Sstab—Sdeg EX EFnew T 1! Sdeg<5 <Sstab DRnon-road(s) = Eaxﬁws X Sstab-Sdeg + EFneiv’lf Sdeg<S$ <Sstab -
EFnaX'if $ = Sstab Efmax jf ¢ <
ew EFnew’ = Sstab

follows the growth rate of transportation light oil in IMAGE; Retirement rate

(3) diesel is consumed by both LDDVs and HDDVs, and

the growth rate after 2005 follows the growth rate of trans-Based on extensive investigations of the literature on vehicle
portation heavy oil in IMAGE; (4) a constant ratio of fuel retirement (e.g., Parks, 1979; Greenspan and Cohen, 1999),
use by LDDVs and LDGVs is used to estimate diesel usetwo main factors are chosen to determine retirement rate:
by LDDVs, and the regionally dependent ratios are from thevehicle age and the balance between vehicle cost and vehi-
IEA/SMP (Sustainable Mobility Project) transport model for cle repair. The latter factor is dependent on regional income
the year 2000; and (5) HDDVs consume the rest of the diesellevel and is represented by the ratio of regional and global
The composition of the light-duty fleet may in fact change, GDP per capita. The equations used to determine retirement
and this contributes some uncertainty to total emissions, esrate are shown in the footnote of Table 1, and the parameters
pecially for CO and THC, which are dominated by LDGVs. are derived from vehicle fleet information. Figure Sla in the
We summarize the above assumptions about historical an&upplement shows examples of survival rates corresponding
future fuel use in Table S2 in the Supplement. to different income levels.

3.1.2 Major relationships

Implementation of emission standards
While the assumptions about modeling on-road emission
projections within the framework of SPEW-Trend were dis- Two emission standards sequences — “Tier” in the US, and
cussed extensively in Yan et al. (2011), this section briefly“Euro” in Europe — capture most of the regulatory transi-
summarizes the essential details, including retirement ratetions observed around the world. The coefficients of GDP per
implementation of emission standards, degradation rate, andapita were found in Yan et al. (2011) to be not significant in
superemitter transition rate. the study of Cox proportional-hazard regression (Cox, 1972),

www.atmos-chem-phys.net/14/5709/2014/ Atmos. Chem. Phys., 14, 5B¥33 2014
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if only technology-following countries were included, and peremitter fraction are approximately the same as those used
were only significant if technology-forcing countries were in Bond et al. (2004), which assumed that the central value of
included. Therefore, an empirical method is applied to esti-equilibrium superemitter fraction is 5% for the US and sim-
mate the implementation dates of standards in different worldlar regions, 20 % for Asia, Latin America and Africa, and
regions for past and future years. Tables S6, S7, and S&0 % for Eastern Europe and the former USSR. We use these
in the Supplement show the detailed assumptions and proeentral values in this work and uncertainty ranges are pre-
jected adoption dates of emission standards. This work assented in Bond et al. (2004). Figure S2 in the Supplement
sumes that once standards are implemented the effectiveneskows equilibrium superemitter fractions of HDDVs in dif-
of those standards is the same across the whole region. Thierent regions between 2010 and 2050. Though previous ef-
might underestimate emissions in regions where regulatoryorts have been made to identify superemitters (Bishop and
enforcement and inspection are weak. Also, no further emisStedman, 2008; Ban-Weiss et al., 2009; Subramanian et al.,
sion controls beyond Tier 2 or Euro VI (or equivalent emis- 2009; Smit and Bluett, 2011; Borken-Kleefeld et al., 2012),
sion standards) are considered in this work. This assumptiothere is still a lack of agreement about the appropriate repre-
may slightly overestimate emissions after 2030 when all re-sentation and fraction values of superemitters. In this work,
gions except Africa have implemented Tier 2 or Euro VI.  we choose to apply a modified logistic function and one set
of parameters in superemitter transition rate for all regions,

) in order to make the model globally consistent. The choice of
Degradation rate parameters relies on the assumptions of Bond et al. (2004).
. . . For a more refined treatment of superemitters and their frac-
The general pattern of degradation rate is modified from o :

. onal contribution to the vehicle fleet, more measurements
Ubanwa et al. (2003). Figure S1c presents an example o? : . . . -
o : of different vehicle types with various emission standards
PM emission factor degradation for on-road LDDV under o : .
. ) . and model years are necessary. This will require additional
the Euro | standard, showing three phases: new engine (con-

stant), degradation (increasing linearly), and stabilized (stayy ehicle testing protocols and experiments with greater data

ing constant at the maximum level). The interplay amongsharmg among research institutions and laboratories and reg-

degradation rate, retirement rate, and timing of new emissionUIatOW agencies.

standards varies among regions and therefore leads to regio%— 13 Emission factors
ally differentiated average emission factors in any given year,” ™"

as shown in Fig. S1d in the Supplement, which presents th
average PM emission factors of all LDDVs following Euro |
in two regions.

Because of the complexity of ensuring representative vehi-
cle samples and driving conditions, obtaining appropriate
emission factors for vehicles with different technologies is
difficult, even with extensive measurement programs. Dy-
Superemitter transition rate namometer tests are widely used to measure vehicle emis-
sions, but their disadvantage is that they only measure a few
The number of superemitters is determined by a superemitvehicles over a small range of conditions which may not be
ter transition rate (shown in the footnote of Table 1 andrepresentative of the in-use fleet and actual driving cycles.
Fig. S1b in the Supplement), which represents the rate aTraffic tunnel and remote sensing measurements are valu-
which normal vehicles become superemitters. The numbeable, but they only catch a snapshot of many vehicles at lim-
of superemitters in the vehicle fleet at a given time, like anyited locations, where all of the tested vehicles are operated
component of the vehicle population, depends on the balancat similar speeds and acceleration profiles (Yanowitz et al.,
between introduction and retirement. Based on our assump@2000). There is no procedure that measures the full spec-
tions about transition rate, in each calendar year some fractrum of vehicles and conditions. In spite of the fact that dy-
tion of vehicles of all model years has the possibility to de- namometer tests can be biased toward lower emissions by ex-
velop into superemitters, depending on their ages. This deterluding high-emission conditions, driver behavior, and heav-
mines the rate of introduction of superemitters into the vehi-ily loaded vehicles (Bond et al., 2004; Subramanian et al.,
cle fleet. And, just like for normal vehicles, superemitters re-2009), this work mostly relies on emission factor measure-
tire from the fleet at a rate estimated by regional income leveiments from dynamometer tests. Measurements from tunnel
and vehicle age. Thus, the number of existing superemittersesting and remote sensing are not used directly due to their
in a given year is determined by the survived superemitterconstraints on locations and circumstances.
from the previous year, as well as the introduction and re- Our basic approach to resolving emission factors consists
tirement of superemitters in the study year. We use a ternmof the following four steps: (1) determining emission factors
called “equilibrium superemitter fraction” to represent the for new vehicles based on measurements from regions where
total contribution of superemitters of all model ages, no mat-the stringent US or European emission standards have al-
ter what emission standards they originally come from. Theready been implemented; (2) if measurements under the more
parameters are chosen so that the equilibrium values of stadvanced standards (e.g., Euro V and VI and US standards
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Table 2. Gaseous emission factors (unit: gk and degradation rates for LDGVs.

Emission SdedSetab co THC NOx

standards Efew DRmax EFmax | EFnew DRimx EFmax | EFnew DRimx  EFmax
Tier 1 111 19.8 3.15 61.9] 1.3% 319 427 1.97P 2.20 4.33
NLEV2 1/11  10.8 3.72 38.3| 113 3.7XP 421 | 119 2,04 2.41
Tier 2-2004 111 7.7 3.17 224 039 317 123| 05H 224 1.17
Tier 2-2006 111 6.43 3.17 20.4| 034 317 1.09| 034 224 0.77
Tier2-2007 111 6.3 3.17 20.3| 03¢ 317 113 | o02¢0 2.4 0.59
Euro | 111 394 3.15 123| 4.79 319 1491| 4.45 2.20 9.80
Euro Il 111 244 3.15 76.8| 2.4d 3.15 756 | 2.39 2.20 5.18
Euro Il 111 25.6 3.15 80.8| 1.41 3.15 445| 1.39 2.20 3.06
Euro IV 111 9.85% 3.17 31.2| 0.87 3.17 2.75| o0.8d 2.26° 1.81
Euro V 1/11  9.88 3.17 31.2| 087 3.1F 275| 0.6 226 1.36
Euro VI 1/11  9.8§ 3.17 31.2| 088 3.1F 275| 0.6 226 1.36
None 111 408 1.28 521| 39.0" 1.2¢ 49.8 | 254 2.2d 56.3
OPAC 111 158 2.59 413| 21.8 2.59 557 | 18.1 2.20 30.8
Super? - 521k - - | 63.9K - - | 56.3:K - -
Super?® - 123k - — | 290.1k - — | 9.8GK - -

2 National Low Emission Vehicle prograrﬁ;refers to superemitters that were originally vehicles without regulation (none) and with opacity standards
(OPAC);C refers to superemitters that were originally vehicles with US Tier 1 and 2, and Euro I-VI starﬁjMdch etal. (1999); US EPA (20115;,US

EPA (2011);f Ntziachristos and Samaras (2001); EEA (2018d)ased on emission standard reduction rate (Ntziachristos and Samaras, 2001; Yan et al.,
2011).h EEA (2012a); US EPA (20124&)Durbin et al. (1999); Cadle et al. (1999)Durbin et al. (1999)5 maximal of references and highest emission
factors for corresponding vehicle groub@Rmax = EFmaxEFnew; ™ ages that vehicles start to degrade and stabilize are the same as for PM (Yan et al.,
2011);" the same as THC Maricq et al. (1999); US EPA (2011, 20128)tJS EPA (2011, 2012aft US EPA (2011)! the same as Tier £;the same as

Tier 2;1 US EPA (2012a)! sdeg S the age at which vehicle emission factors start to incregggis the age at which vehicle emission factors start to be
stabilized.

after 2010) are not available, then estimation of emission facsion factors for superemitters is not the same for all vehicles.
tors is based on the assumption that the ratio between tw&ome studies (McClintock, 2007) showed that the fraction of
standards represents an achievable emission reduction (Ntzsuperemitters depends on pollutants. Third, the degradation
achristos and Samaras, 2001; Yan et al., 2011); (3) derivingates for THC and CO are the same for LDGVs because they
degradation rates from measurements that take into accoumire related products of incomplete combustion. FinallyyNO
vehicle age or model year; and (4) estimating emission facemission factors for diesel vehicles with standards between
tors for superemitters by averaging the emission factors obpacity and Euro VI (or equivalent) are constant over their
“smokers”, poorly maintained vehicles, or the emission fac-lifetime. With the introduction of aftertreatment systems to
tors of the highest 5-10 % of vehicles. meet regulatory requirements for Euro VI or other similar
Tables 2, 3, and 4 summarize gaseous emission factorstandards, tampering and poor maintenance are expected to
and degradation rates for on-road vehicles under US andignificantly increase emissions over the vehicle lifetime, as
European emission standards, based on measurement proempared with the emissions of a new vehicle (US EPA,
grams and compiled reports (Cadle et al., 1999; Durbin e2009). Because most measurements of emission factors have
al., 1999; EEA, 2012a; Maricq et al., 1999; McCormick et been carried out in the US or European countries, it is nec-
al., 2003; Ntziachristos and Samaras, 2001; US EPA, 2009%ssary to make expert judgments about emission factors and
2011, 2012a; Yan et al., 2011; Yanowitz et al., 2000). Emis-degradation rates in regions where direct measurements are
sion factors for PM were previously presented in Yan etnot available. As more measurements become available, we
al. (2011), and they are not repeated in this paper. Sincglan to update the emission factors, degradation rates, and
there is incomplete information about gaseous emissions, waging effects used in this study.
make several assumptions as shown below. First, the years in
which emission factors for CO, NQand THC start to in- 3.2 Non-road engines
crease or stabilize are the same as for PM (Ubanwa et al.,
2003), but the degradation rates are different (see Fig. S18.2.1 Fuel consumption
in the Supplement for the general patterns of degradation
rate). Second, CO, NQTHC, and PM share the same frac- Similar to our treatment of fuel consumption for on-road
tion of superemitters, but a particular vehicle is not neces-vehicles, we use historical fuel consumption for non-road

sarily a superemitter of all pollutants. The increase of emis-€ngines from IEA (2012a, b) and project future fuel con-
sumption based on IPCC scenarios. Non-road gasoline and
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Table 3.Gaseous emission factors (unit: gk and degradation rates for LDDVs.

Emission SdedSstab’ co THC NO

standards Efew DRHax EFmax | EFmew DRHax EFmax | EFnew Derhjax EFmax
Tier 1 2/11 118 1.1 13.4| 158 13K 200 109 1.00 10.5
NLEV@ 2/11 118 11K 134 | 158 13K 200 108  1.00 10.5
Tier 2-2004 2711 11% 1.1% 13.4| 1548 1.3k 2.00| 104 1.0 10.5
Tier 2-2006 211 3.7 11K 432 | 01@ 13K 0.22| 3.7@ 1.00 3.71
Tier2-2007 211 3.7 11K 432 | 01™ 13K 0.22| 3719 1.80" 6.65
Euro | 2/11 808 1.1% 9.37 | 168 13K 220 | 952 1.0 9.52
Euro Il 211 748 11K 8.65| 1.6  1.3K 222 97¢  1.00 9.70
Euro Il 2/11 5.4% 1.1 6.35| 098¢  1.3K 1.28| 8.9%  1.00 8.95
Euro IV 211 478 11K 553 | 05%#  1.3K 0.66 | 5.3# 1.0 5.34
Euro V 2/11 259 11K 302| 028 1.3K 0.32| 484 1.00 4.84
Euro VI 2711 256 1.1%K 3.02| 014 1.3k 0.18| 155  1.80" 2.78
None 2711 174 11%K 200 6.18 13K 8.07| 12  1.0& 13.9
OPAC 2/11 129 11K 125 | 2568  1.3K 336| 11.19  1.08 12.0
Super? - 200 - -| 807 - - 139 - -
Super? - 134 - —| 228 - - | 108 - -

2 National Low Emission Vehicle prograrﬁ;refers to superemitters that were originally vehicles without standards (none), and with opacity, Tier 1 and
Euro | standards; refers to superemitters that were originally vehicles with US Tier 2 and Euro I1-VI standauSEPA (2011);

€ Ntziachristos and Samaras (2001); EEA (201QEEA (2012a)8 EEA (2012a); US EPA (2011, 20125)maximal value of highest emission factors

for corresponding vehicle groudsDRmaX: EFmaxYERew; j ages that vehicles start to degrade and stabilize are the same as PM (Yan et al.k, PELL);
EPA (2012a)! no degradation™ the same as the emission factor for the HDDV Euro VI standasggg is the age at which vehicle emission factors start
to increaseysiapis the age at which vehicle emission factors start to be stabilized.

diesel engines used in agriculture, construction and mining2-stroke engines). These groups are consistent with the cat-
and industry are included in this category. Historical dieselegories used in US and European Union emission standards
consumption up to 2010 in the agriculture/forestry, industry, (Dieselnet, 2012; US EPA, 2012b).

and construction and mining (CM) sectors from IEA (2012a,

b) is used. Gasoline consumption, however, is not available

for most countries. We calculate the ratios between dieseRetirement rates

and gasoline fuel for each region from countries where both

diesel and gasoline fuels are available and use these ratios feP!lowing the approach used to model on-road vehicles, we
estimate gasoline consumption. use a logistic function to fit the scrappage curve provided by

For the industrial and CM sectors, future fuel use follows the US EPA (2005). As listed in Table 1, survival rate (Su) is
the growth rates from IMAGE after 2010. For the agricultural & function of cumulative servicefor non-road engines:

sector, where future fuel use is subsumed in other sectors in 1
IMAGE, fuel consumption is estimated by developing rela- Su(s) = , 3)
tionships between agricultural diesel fuel consumption per 1+ explaret(s /Lsoret— 1)]

crop area (diesel fuel intensity) and agriculture GDP per crop . . -
area (agricultural productivity). whereu et is acquired from curve fitting of the scrappage rate

in US EPA (2005), and.5q ret is the median service hours for
non-road engines.
3.2.2  Population model and emission factors Cumulative services) is the total engine operation time,

in hours, accumulated over the life of the engine (US EPA,
The principles used in the technology modeling approach for2010a). In SPEW-Trend, we specify the annual service and
non-road engines are the same as those described by Yanletep track of the cumulative service as the engine ages.
al. (2011) for on-road vehicles. The derivation of the pa- Annual service hours are determined based on engine size
rameters required for calculation of non-road emissions igsmall, medium, large, 2-stroke, low power 4-stroke, and
discussed in this section. Because emissions from non-roalligh power 4-stroke engines) and type (industrial, construc-
engines are closely related to their power (or engine size)tion and mining, agriculture). Annual service data are de-
non-road engines are grouped into three subgroups for botlieloped based on data in the NONROAD model (US EPA,
diesel engines (large, medium, and small engines) and gas@010a) and EEA (2012a). Median service hoursofet) are
line engines (high power 4-stroke, low power 4-stroke, andthe cumulative service at which 50% of the engines have
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Table 4.Gaseous emission factors (unit: gig and degradation rates for HDDVs.

Emission  sqedsstab co THC NOy

standards Efew DRMax EFmax | Efnew DRmax EFmax | EFnew DRMax  EFmax
1988 2/13 14% 334 485| 2.0  4.00 8.09| 361 1.007 36.1
1991 219 108  4.00¢ 404 | 2.4F 4.0 9.73| 34.& 1.00 34.8
1993 2/9 8.08  4.00 322 | 1286  4.00 512 | 29.¢  1.00¢ 29.9
1994 218 648  4.00¢ 25.7 | 1.2F  4.00 509 | 36 1.0 36.9
1996 218 7.89  4.00¢ 315 | 02F  4.00 093 | 27.¢ 1.0 27.9
1998 218 7.8%  4.00 315 | 028 400 093 | 223  1.00 223
2004 218 7.8¢% 250 19.7| 0238 250 058 | 13.4  1.00 13.4
2007 218 7.8¢% 250 19.7| 0.0 250 0.06| 6.6 1.0 6.69
2010 218 7.8%  1.3% 105| 004  1.3% 0.03| 1.1#  1.8¢ 2.00
Euro | 219 7.0%8 400 28.0| 246 4.0 9.85| 34.¢  1.00 34.9
Euro Il 218 6.1f  4.0d 244 | 1.6% 4.0d 6.59 | 36.F 1.0d 36.3
Euro Il 218 65F  4.00 26.3| 156  4.0d 6.24 | 28.F 1.00 28.3
Euro IV 2/8 048 250" 1.19| 0.07” 250" 0.18| 19.¢ 1.00" 19.9
Euro V 218 048 250" 1.19| 0.0” 250" 0.18| 9.9¢ 1.00" 9.96
Euro VI 218 048 1.3 0.63| 007 133 0.09| 1.92 180 3.45
None 2113 178% 294 51.5| 6.91° 1.84 127 457 1.04 47.7
OPAC 2/13 168  3.14 50.0 | 447  2.33 104 | 406  1.0A 41.3
Super® - 6279 - -| 127 - - | 558 - -
Super® - 31549 - -| 659 - - | 559 - -

a Refers to superemitters that were originally vehicles without standards, and with opacity, US HDDV 1988-1993 and Euro | Starésin
superemitters that were originally vehicles with US HDDV 1994-2010 and Euro 11-VI standardapwitz et al. (2004)‘,j based on emission standard
reduction rate (Ntziachristos and Samaras, 2001; Yan et al., 2EBA (2012a);f Yanowitz et al. (2000); McCormick et al. (2003)maximal of
references and highest emission factors for corresponding vehicle ngDEEﬁ;\ax: EFmaxEFnew; ' ages that vehicles start to degrade and stabilize
are the same as PM (Yan et al., 20419stimated by applying average of emission degradation (g kgar-1) for US HDDV standards from 1991 to
1998;k US EPA (2009)5 the same as the emission factor for the US HDDV 1991 stanfhtide same as the emission factor for the US HDDV 2004
standard® the same as the emission factor for the US HDDV 2010 stan8dE&A (2012a); Yanowitz et al. (2000);the same as the emission factor
for Super1;1 US EPA (2012a)} sgegis the age at which vehicle emission factors start to incregggyis the age at which vehicle emission factors start
to be stabilized.

retired. We use the median service hours of different en<for non-road diesel engines is projected to be implemented
gine sizes in the US (US EPA, 2010a). As for on-road ve-in 2015 in South America, Eastern Europe, and Oceania (as
hicles (Yan et al., 2011), we assume that the median serviceoon as possible considering that no implementation plans
hours depend on the ratio of regional and global GDP perexist in these regions in 2013). Emission standards for non-
capita. A linear relationship is derived between median serfoad gasoline engines have already been implemented for alll
vice hours and the ratio of GDP per capita based on availablengine sizes in the US (US EPA, 2012b) and for small en-
data in several countries (Japan, Korea, India, Brazil, Egyptgines in Europe, Canada, and Australia. The US standards
Argentina, and the US). This relationship is used to estimateare known as “Phase 1", “Phase 2", and “Phase 3". In re-
the survival rates in regions without observations. gions without emission standards for non-road gasoline en-
gines, we assume that the standards will be implemented in
the same year as that for non-road diesel engines. The excep-
Implementation of emission standards tion is that high power 4-stroke gasoline engines are assumed
to be regulated 7 years after the first gasoline standard, based
Few countries have regulated emission standards for nonen the standard schedule in the US.
road engines. Two well-known sets of emission standards
for diesel engines are used in the US (“Tiers”) and Eu-
rope (“Stages”). Other regions have elected to follow the Emission factors for new engines
US (Canada, Central America, and South Asia) or European
(other regions) progression, although with different imple- There are very limited emission testing data available for
mentation schedules. For regions without any plans for nonnon-road engines. Moreover, most available emission fac-
road emission standards, we assume that emission standartts measurements are for engines without emission standards
for diesel engines will be implemented 20years after the(EEA, 2012a; US EPA 2010b); those for future engines with
emission standards of HDDVs. The first emission standarcadvanced emission standards are mostly not available. For
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new diesel engines without standards, we average emissioB.3 Shipping
factors corresponding to engine sizes from the EEA (2012a) _
and US EPA (2010b), while emission factors for Tier 1 and 3.3.1 Fuel consumption

Stage | engines are from the US EPA (2010b). For new

gasoline engines, we estimate emission factors for new enI "€ IEA database contains records of regional demand for
r sale of) heavy fuel oil (HFO) and marine distillate oil

gines without standards and for Phase 1 standards based 69 ) ) ! - :
data sets in the US EPA (2012b). We use reduction factordMDO) in three categories: international marine bunkers,

(Ntziachristos and Samaras, 2001) to estimate the approprgomestic navigation, and fishing. However, recent studies

ate emission factors for new engines under tighter emissiofihat have focused on activity-based estimates of energy and

standards, using the same methodology that was developdefer demands from fundamental principles (Eyring et al.,
for on-road vehicles in Yan et al. (2011). 20054, 2010; Buhaug et al., 2009; Corbett and Koehler, 2003;

Endresen et al., 2007) questioned the validity of relying on

the statistics of marine and fuel sales. Buhaug et al. (2009)
Degradation rates compared the world’s fleet fuel consumption from differ-

ent activity-based estimates (Corbett and Koehler, 2003; En-
Similar to on-road vehicles, emission factors for non-road en-resen et al., 2007; Eyring et al., 2005a, b) and statistics
gines (except superemitters) are separated into three phasg@s|a, 2012; IEA, 2012a, b), and noted that IEA substan-
(EEA, 2012a; US EPA, 2010b; US EPA, 2010c) including tially underreports shipping fuel consumption. By compar-
durability, degradation, and stabilizing phases. Figure S1Gng country and regional levels over time, Smith et al. (2011)
in the Supplement shows an example of PM emission factoargued that the energy discrepancies among different esti-
degradation for agricultural medium diesel engines under thenates can be explained by the IEA “standard error” cate-
Stage | standard. The difference for non-road engines is thaéory_ There is no other Consumption Category in the IEA
the first phase (durability phase) includes periods when thejata that is large enough to include the difference between
emission factors increase from new-engine emission levelshe regional bunker fuel consumption estimate and the 1EA-
to the highest level without exceeding the standards, becaus@ported bunker fuel use. While we presume that the differ-
these engines are still under emission warranty (US EPAence is unreported consumption, no adjustment to the IEA
2012b) and non-road emission standards require emissiongonsumption data has been made for historical emission es-
of aged engines to be lower than standards during specifiimates. Despite of awareness of the underestimates, we still
periods (US EPA, 2010b, c). Emission factors for on-roadyse IEA data sets to make sure that the source of historical
vehicles, however, remain the same as those for new enginggel consumption is consistent with other transport modes;
in the first phase. In the degradation phase, non-road engingsr this reason, it is possible that shipping emissions in this
degrade at either the same or a higher rate. Finally, emissiofork may be underestimated.
factors stabilize until they reach the maximal values for nor- We increase the g|0ba| Sh|pp|ng fuel Consumption (inc|ud-
mal engines. ing international shipping, domestic shipping, and fishing,
but excluding military vessels) from current to future by ap-
plying information from Eyring et al. (2005b). Their work
determined future ship-traffic demand from the economic

The superemitter transition rate is represented by a logisti@@Wth forecasts according to the IPCC SRES storylines. In
function, as shown in the footnote of Table 1. The parame-EY"Ng €t al. (2005b), fuel consumption is projected through

ters are chosen by comparing the superemitter population e&Xtrapolation of historical trends in economic growth, total

timated by Bond et al. (2004). We assume that emission facSéaborne trade, and number of ships, as well as the aver-

tors for non-road superemitters have the same characteristi@J€ installed power per ship. We employ the annual-average
as those for on-road superemitters, since there has been [rOWth rates of global shipping fuel consumption in years
tle emissions testing of non-road engines. The basic assum@030 and 2050 from Eyring et al. (2005b) to construct trajec-

tion is that the emission factor ratio between superemitterdCres from current [EA fuel use that vary by region. We dis-

and normal non-road engines under the first level of emis-{fiPute the global fuel use to the 17 world regions by apply-

sion standards (e.g., Tier 1 and Stage ) is the same as thift9 2 simple linear relationship between growth of fuel and
for on-road vehicles. Emission factors for superemitters ard€9ional GDP (Fulton and Eads, 2004; MNP, 2006; RIVM,

assumed to be much higher than normal engines and constaP01): Data sources and the major equations used to project
throughout the study period. shipping fuel consumption are summarized in Table S3 in the

Supplement.

Superemitter emission rates
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3.3.2 Emission factors Table 5. Emission factors (unit: g kgt) for shipping, aviation, and
rail.
Emission estimates must take into account the variation in
operational and technical changes over the years (Eyring, Transportmodes | CO NG« THC  PM
2005a, b, 2010; Endresen et al., 2007). Ships need to meet 200¢*P 472 716 512 5.6
an increasing number of rules, regulations, and voluntary ap- Shipping (oil'  202¢°P 472 568 488 532
peals from international, national, and local regulatory bod- 2050° 4.72 497 466 504
ies, such as MARPOL (International Convention for the Pre- 2000 10.0 13.¢¢ 180 0.028
vention of Marine Pollution from Ships) Annex VI by the  Aviation (oil)? 2020 6.54 1.9 0of 0023
IMO (International Maritime Organization) (IMO, 2009). 2050 3.44 ; géﬁ’gl;ﬁ/ 035 0.028
Emission reduction technologies are mainly available : :
for exhaust pollutants. The highest N®eduction can be g‘t"ag‘e’r:"o' ﬁg gi-g g-gi g-g;
achieved with selective catalytic reduction (SCR). Signifi- S Stage Il 0.89 311 474 231
cant reduction of S@emissions can be achieved through ~ Rail @1 Stage A | 5.30 286 358  0.69
limitations on the sulfur content of fuels and an exhaust-gas Stage lliB | 4.24 203 358 014
scrubbing system. Emissions of PM can be reduced by scrub- StagelV | 4.24 134 340 028
bing with seawater and/or by optimizing combustion condi- ~ Rail (Coalf - | 4.20 84d 084 150

tions. Aftertreatment technologies that are used for on-road 2 Estimated by fuel consumption and emissions in Table 3, Eyring et al. (202@)ission
ctors before 2000 are the same as these in 2000 exceptédssion factors in 2000-2020

. .. . 7
and non-road engines to reduce PM emissions, such as dlesernd 2020-2050 are interpolated lineafyemission factors in 2020 and 2050 and estimated by
. . . . . emission factors in 2000 and technology reduction factors in scenario TS4 in Eyring et
particle filters, are not suitable for marine fuels due to their " ooss) noy emission factor before 1999 is the same s the one in 19%5 80y ky
1 I decreases linearly from 1995 to 20600 HC emissions from crude oil transpdremission
hlgh S_UIfur content (Buhaug etal, 2009) Engine exhaust factors in 1976, 1984, and 1992 from NASA emission inventories in Baughcum et al. (1999) are
emissions of hyd rocarbons are relatlvely |OW, and they Cal applied to fit an exponential curve k= expx + b)], wherex is calendar year andis emission
P . . factor, and then use the estimated parameters to model emission factors in other years. The
be reduced by Opt|m|2|ng the CombUStlon prOCGSS and USlng parameters for CO are= —0.0214, and = 45.082; those for THC are:= —0.0338, and
oxidation catalysts fOf |OW-SU|fo fuel (| MO 2009) TeCh- b =168.1989 estimated by emissions and fuel consumption in Owen et al. (2010); emission

factors in year 2050 are distinguished by scenarios due to different trends of techiilogy;

nOlOgieS that reduce these pO"UtantS can interact with other scenario /tlB.AZ, B.1,>and B2, respectivelyfable 1 in Lee et al. (2010);GAINS (Klimont et o
technologies, however. For example, when SCR technology {ing e ral energy uee, s assumpion wil not afect he ol raneporiaion emicaon
iS adopted to reduce N&bmissions, |0W'SU|fo fue|s are re- much.! Uherek et al. (2010)" Bond et al. (2004)" fleet average emission factors.

quired and PM emissions are reduced as well (Eyring et al.,

2005b).

In this work, we use fleet-average emission factors to eSAERO2k (Eyers et al., 2004), FAST (Lee et al., 2005), and
timate emissions. We do not distribute shipping engines bySAGE (Kim et al., 2007). Lee et al. (2010) summarized re-
vessel speed, engine power, duty cycle, or emission contratent results from these and older models for emissions of the
technologies, but rely on integrated fleet information from 1990s.
other studies. Eyring et al. (2005b) presented four technology Future emission scenarios were first constructed by Hen-
scenarios; we choose the business-as-usual scenario (TS4)erson et al. (1999) based on GDP projections under older
which represents a future in which the sulfur content of ma-IPCC scenarios. Following similar methods, Owen and Lee
rine fuels is still rather high, NQemission standards are (2006), as well as Berghof et al. (2005) for CONSAVE, pro-
adopted in all new engines according to current IMO regu-jected emissions with updated scenarios. Lee et al. (2009)
lations, but there is no shift to alternative fuels. In this work, showed that IEA fuel sales data consistently indicate larger
we assume that changes of fleet composition are the same &0, emissions than are implied by “bottom-up” inventories,
TS4, and the average reductions of emission factors due tahich include less or no information about military avia-
introduction of cleaner technologies are the same as well. Agion, aviation gasoline, non-scheduled traffic, holding pat-
shown in Table 5, emission factors in 2000 and before arderns, and the effect of winds (Lee et al., 2009; Owen et al.,
back-calculated with fuel consumption and total emissions2010). The most recent aviation emission scenarios were de-
from Table 3 of Eyring et al. (2010), which summarized in- veloped by Owen et al. (2010), which relied on air traffic pro-
formation from a variety of sources (Endresen et al., 2007;jections of ICAO/CAEP (ICAO/FESG, 2008) and a simple

Eyring, 2005a, b; Fearnleys, 2007). econometric model based on global GDP growth as the prin-
cipal driver (Olsthoorn, 2001; Vedantham and Oppenheimer,
3.4 Aviation 1998).

In this work, we apply historical regional and global fuel
Historical and current emissions from aviation have previ- consumption data from IEA (2012a, b) and future global fuel
ously been assessed in terms of the construction of threegrowth rates from Owen et al. (2010). The details are summa-
dimensional gridded inventories, such as those constructedzed in Table S4 in the Supplement. Similar to fuel consump-
for the early 1990s air traffic and reviewed by Henderson ettion for shipping, future global aviation fuel use is distributed
al. (1999). Other inventories have been developed, such asmong the world’s regions based on regional fuel fractions
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as well as a linear relationship between fuel growth and GDPThe GAINS (Greenhouse Gas and Air Pollution Interactions
(Baughcum et al., 1999; Fulton and Eads, 2004; MNP, 2006and Synergies) model provides diesel emission factors for
RIVM, 2001). Table 5 shows fleet-average emission factorsrail by different control levels, as shown in Table 5. Instead
for aviation in the years 2000, 2020, and 2050. Emission fac-of distributing rail engines by emission standards or control
tors for NG, are back-calculated using emissions and fueltechnologies, we use the fleet-average emission factors from
consumption in Owen et al. (2010) and they are assumed t&AINS to combine with fuel consumption to estimate total
be constant in the year 2000 and before, as there was no coemissions. As GAINS only provides emission estimates at
sideration of NQ control in this period. We take historical 5-year intervals to 2030, fleet-average emission factors are
emission factors for THC and CO from the emission inven-interpolated to get annual estimates. We assume that all rail
tory of Baughcum et al. (1999) and fit them with an expo- engines will achieve more stringent control levels in the year
nential curve to estimate emission factors in the other years2050 than 2030. Coal emission factors are taken from the
Emission factors of PM and SGre taken directly from Lee IPCC, Uherek et al. (2010), and Bond et al. (2004) and are
etal. (2010). summarized in Table 5.

3.5 Rall
4 Results and discussion

Ralil is likely to play a key role in future transportation poli-
cies. This is because rail has lower emissions and highet.1 Global emissions
energy efficiency per passenger and per quantity of freight
carried than other modes (Uherek et al., 2010; EEA, 2004)Estimated global fuel consumption and emissions of CO,
Studies in Europe have shown that rail emissions make ufNOy, THC, and PM from 2000 to 2050 for the entire trans-
only 1-3% of total emissions (EEA, 2004; European Com-portation sector under all scenarios are shown in the left
mission, 2007). Electricity contributes about 30 % of final en- panel of Fig. 2. The middle panel of Fig. 2 presents fuel con-
ergy for global rail transportation; and this share is 50 % in sumption and emissions by transport mode under scenario
the European Union. The remaining energy sources are fosA1B; these depictions for the other three scenarios are shown
sil fuels, such as coal, middle distillate oil, and residual fuel in Fig. S3 in the Supplement. Table 6 summarizes estimates
oil. With the transition from coal to oil, coal-driven trains are for the years 2010, 2030, and 2050. Global fuel consumption
only common in China these days, and their number is deis shown to be 3.0-4.0 Gt and 2.8—-4.7 Gt, or 128-171 EJ and
clining there as well. Global coal consumption by rail has 122—-203 EJ, across the four IPCC scenarios (A1B, A2, B1,
been reduced from 49 Mt in 1980 to 6 Mt in 2010 (Uherek et and B2) in the years 2030 and 2050, respectively. The corre-
al., 2010; IEA, 2012a, b). sponding 2030 and 2050 emissions for the four scenarios are

Rail fuel data are available for all the world’s regions at 101-138 Tg and 95-168 Tg for CO, 44-54 Tg and 46-65Tg
the country level from the IEA for the period 1971-2010. for NOy, 14-18 Tg and 14-23 Tg for THC, and 3.6-4.4Tg
For future fuel use, we exploit the growth of GDP to project and 3.5-4.9 Tg for PM, respectively.
diesel oil growth. Passenger and freight rail are considered Despite the increasing global fuel use, especially under
separately, due to their different elasticity to GDP and energyscenarios A1B and A2, emissions under all scenarios de-
intensity. Information about passenger and freight fuel sharecrease in the next one or two decades before starting to in-
fuel growth elasticity to GDP growth, annual energy intensity crease again. The major reason for the decrease in near-term
improvement, and electricity fraction comes from Fulton and emissions is the implementation of stringent emission stan-
Eads (2004). Because coal still contributes significantly indards, particularly for on-road vehicles (Yan et al., 2011),
China, we apply a transition curve between coal and oil towhich contribute more than 60 % of the total fuel use. The
split energy for rail by applying the same parameters as inincrease in emissions after about 2030 can be explained by
Bond et al. (2007). We assume that oil contributes 100 % tathe following reasons. First, there is a significant growth in
rail fuel demand in other regions after 2010. Table S5 in theon-road vehicle emissions in Africa, which is projected to
Supplement lists detailed information, assumptions, and dataxperience rapid growth in the number of vehicles having no
sources about fuel consumption from rail. or lax emission controls (Yan et al., 2011). Second, CO and

Rail diesel engines produced after 1990 emit substantiallyTHC emissions are constantly increasing from non-road en-
less NQ and PM compared to older engines, particularly in gines, because emission control of non-road gasoline engines
the US and European countries (Bergin et al., 2012; UIC,is not as stringent as for on-road and there is greater use of
2006). In the US, the first set of emission standards, hamedon-road gasoline engines. Tables S9 and S10 in the Supple-
Tier 0, applied to rail engines manufactured from 1973 toment provide regional emission intensities of CO and THC
2001, which was then followed by Tier 1 for engines man- for non-road engines. While regional emission intensity for
ufactured from 2002 to 2004, and Tier 2 for those aftergasoline and/or diesel engines decreases with time, overall
2005. Within Europe, emissions from rail engines are regu-emission intensity, which largely depends on the ratio be-
lated by the non-road mobile machinery (NRMM) directives. tween gasoline and diesel, may not decrease. The effects of
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Table 6.Fuel consumption (unit: Pg yeat) and emissions (unit: Tg yeat) from different transport modes in year 2010, 2030, and 2050.

Variable Mode 2010 2030 2050
AlB A2 B1 B2 AlB A2 Bl B2
FueP On-road 1.7 2.71 2.05 2.1 1.8 2.84 2.38 1.93 1.53
Non-road 0.25| 0.35 0.28 0.29 0.3 0.37 0.27 0.25 0.26
Shipping 0.25| 0.37 0.33 0.36 0.3§ 0.55 0.42 0.49 0.46
Aviation 0.24 0.44 0.38 0.36 0.3 0.77 0.47 0.43 0.44
Rail 0.03 0.09 0.06 0.08 0.0 0.17 0.09 0.14 0.13
Total 2.47 3.97 3.1 3.19 2 9 4.69 3.62 3.23 2.82
Total (EJyear!)® 107 | 171 134 138 203 157 139 122
CO On-road 97.4 72.8 53.8 58.8 93 63.2 65.1 45.3
Non-road 35.9] 59.9 43.2 49 48 8 69.1 45.4 46.4 44.9
Shipping 1.19| 1.77 157 1.69 259 196 231 217
Aviation 1.92 2.33 1.98 1.92 2.64 1.61 1.47 15
Rail 0.35 0.84 0.56 0.73 1.08 0.57 0.89 0.79
Total 137 138 101 112 104 168 113 116 95
NOx On-road 25.2 18.1 13.7 14.7 13. 21.9 14.9 15.3 11.1
Non-road 10.1] 6.58 5.7 5.87 5.8 3.84 2.9 2.86 2.91
Shipping 16.2| 20.4 18.1 19.4 18.9 27.3 20.7 24.3 22.8
Aviation 3.02 4.95 4.42 3.85 4.1 7.5 5.4 3.4 4.4
Rail 1.59 3.48 2.32 3.05 3.0 452 2.33 3.65 3.33
Total 56.1 53.5 44.2 46.9 45, 65.1 46.2 49,5 445
THC On-road 12.1 8.77 6.52 7.09 11.4 7.66 7.96 5.65
Non-road 4.87 6.7 4.85 5.57 8.11 5.19 5.48 5.36
Shipping 1.26 1.8 1.6 1.72 1 68 2.56 1.94 2.28 2.14
Aviation 0.3| 0.29 0.24 0.24 0.25 0.16 0.14 0.14
Rail 0.25| 0.64 0.43 0.56 0.73 0.39 0.6 0.54
Total 18.8 18.2 13.6 15.2 23.1 15.3 16.5 13.8
PM on-road 1.49 1.05 0.83 0.88 1.26 0.82 0.89 0.62
Non-road 1.28| 0.99 0.83 0.87 0.75 0.51 0.53 0.52
Shipping 1.38| 1.96 1.74 1.87 2.77 2.1 2.47 2.32
Aviation 0.006 | 0.011 0.009 0.009 0 00 0.019 0.012 0.011 o0.011
Rail 0.21| 0.35 0.23 0.3 0.15 0.08 0.13 0.1
Total 437 4.36 3.62 3.93 4.94 3.53 4.02 3.58

@ Fuel for on- and non-road, shipping, and aviation is oil; that for rail is oil and coal.

b For on-road vehicles, the historical fuel use from IEA is until 2005, in order to make the results consistent with Yan et al. (2011). The values
shown here are from the A1B scenario.

¢ The net calorific values of gasoline, diesel, and coal used in this paper are 44.0?:/1&296 MJ kgl, and 21.2MJ kgl, respectively.

increasing gasoline consumption could overcome the effectincreasingly advanced emission control technologies in or-
of emission reduction by implementation of emission stan-der to comply with more stringent emission standards. Nev-
dards. Finally, shipping makes a greater contribution to totalertheless, on-road vehicles and shipping govern the emission
NOy and PM emissions. trends of NQ and PM, and they contribute 66—83 % of the
CO and THC emissions are dominated by emissions frontotal. Though HDDVs consume less than half of the total on-
on-road vehicles at the beginning of the period (Fig. 2, mid-road fuel, they dominate emissions of Nénd PM from on-
dle panel). Of all the CO and THC emissions from on-roadroad vehicles and contribute 60—-80% and 80-90 % of the
vehicles, LDGVs contribute over 80 % (as shown in Fig. S4total, respectively (Fig. S4 in the Supplement). The constant
in the Supplement). However, emissions from non-road enincrease of NQ and PM emissions from shipping makes it
gines have the potential to become the leading contributor aplay a more significant role in future years; this can be ex-
time goes on. Though on-road vehicles consume about seveplained by the growth in the world economy, which necessi-
times as much fuel as non-road engines, their net CO andhates the movement of an increasing amount of goods by sea,
THC emissions become comparable, especially after 2030and the absence of further tightening of emission regulations
This is because on-road vehicles have been required to uder ships.
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Figure 2. Estimated global fuel consumption and emissions of COx NIHC, and PM from the transportation sector under all scenarios
(A1B, A2, B1, and B2) (left) by transport mode under scenario A1B (middle), and by transport mode fractional contribution in different
regions under scenario A1B in year 2050 (right). The gray bars in the right panel represent regional contributions to the global emissions.

4.2 Regional emissions to the global emissions. We show fractions of fuel consump-
tion and the emissions of the four species in the year 2050
The right-hand-side panel of Fig. 2 presents the fractions otinder the A1B scenario. Regional estimates in other years
each transportation mode in 10 regrouped world regions (Taand other scenarios are shown in Fig. S5 and Tables S11-S14

ble S1 in the Supplement), as well as regional contributions
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in the Supplement. Table S17 in the Supplement shows fuebecause they include both historical and future emissions,
consumption by region and transportation mode. provide emissions and corresponding fuel use, specify on-
As shown in Fig. 2, Table S11, and Fig. S5 in the Supple-road and non-road components of the transportation sector,
ment, there is a significant shift in the regional distribution and make consistent assumptions among regions. Addition-
of CO emissions, with an increasing proportion of emissionsally, historical emissions from EDGAR, UNFCCC (United
coming from Africa and South Asia. Up to 2010, emissions Nations Framework Convention on Climate Change; UN-
are dominated by Latin America and East Asia, which to- FCCC, 2006), and EMEP (European Monitoring and Eval-
gether account for 34 % of total CO emissions (Fig. S5 in theuation Programme; EMEP, 2013) data sets are compared to
Supplement). After 2010, emissions from Africa and Southprovide more insight.
Asia increase more rapidly than those from other regions and Because on-road vehicles represent a significant contribu-
contribute 31 and 17 %, respectively, of global CO emissiongtion to total emissions, especially for CO and THC, we first
by the year 2050 (Fig. S5 in the Supplement). THC emis-compare our global on-road emission estimates with previ-
sions show similar changes in regional contributions, but theous work in Fig. 3 (right panel). The other studies do not
NOy and PM emission contributions do not alter much. explicity model the influence of superemitters, which may
The regional composition of future emissions by trans- contribute over 50 % of total emissions (Yan et al., 2011), so
portation mode varies with species and year. Non-road enwe add two extra scenarios that do not include any consid-
gines are the dominant contributor to CO emissions in manyeration of superemitters (dashed lines) for comparison pur-
regions by the year 2050, particularly Asia (those in Southposes. Emissions of PM from on-road vehicles have already
Asia, East Asia, and Southeast Asia together account fobeen compared with other studies in Yan et al. (2011), so
70 %) and the former USSR (61 %). On-road vehicles andthey are not discussed here. The historical EDGAR emis-
non-road engines contribute approximately equally in Northsion estimates show a similar trend and magnitude fog NO
America (51 and 40 %), Europe (53 and 35 %), and the Paemissions up to the year 2010; however, EDGAR estimates
cific (47 and 43 %). In the Middle East (86 %), Africa (89 %), for CO and THC emissions are higher. Estimates from the
and Latin America (69 %), emissions from on-road vehiclesGAINS model are generally within the bounds of our es-
continue to contribute large shares of total emissions becausémates across multiple scenarios, though they are slightly
of the combined effects of a large fraction of fuel use and laxlarger before 2010. The IEA/SMP model shows much higher
emission standards. The sources of THC are somewhat sinemissions for CO and THC in the first 20 years of the fore-
ilar to CO, except that shipping has more influence in somecast, because their model assumes that LDGVs and LDDVs
regions, particularly Europe (35 %), Southeast Asia (25 %),have the same emission factors, while we use measured emis-
and the Pacific (21 %). Shipping drives N@nd PM emis-  sion factors and differentiate them by not only fuel type but
sions in most regions by the year 2050. In Africa there isalso emission standard and vehicle age. Since their model is
a large contribution (over 70 %) from on-road vehicles to all more optimistic with regard to emission standard implemen-
pollutants, due to the delayed introduction of advanced emistation, even in Africa, emission projections in the future are

sion standards. lower than our estimates even without consideration of su-
peremitters after around 2025.

4.3 Comparison with other studies For illustrative purposes, we compare our results with the
latest RCP scenarios, though the approach taken to gener-

4.3.1 Global emissions ate the RCPs is very different from the SRES process and

a detailed comparison is problematic. “Rather than starting
Other estimates of future emissions of CO, NNOHC, and  with detailed socioeconomic storylines to generate emissions
PM, for the purposes of studying future air quality and and then climate scenarios”, RCPs were developed by a par-
climate change, have used global emission projection apallel process that “begins with the identification of impor-
proaches such as GAINS (Klimont et al., 2009), IEA/SMP tant characteristics for scenarios of radiative forcings for cli-
(Fulton and Eads, 2004), QUANTIFY (DLR, 2009), and mate modelling” (Moss et al., 2010). RCPs are consistent
the new IPCC AR5 Representative Concentration Pathwaysets of projections of the components of radiative forcing
(RCP) database (Moss et al., 2010). Historical and presentthat are meant to serve as inputs for climate modeling, pat-
day global emissions, which are used as the baseline fotern scaling, and atmospheric chemistry modeling. A specific
future emissions, often rely on the EDGAR (Electronic emission scenario for each RCP is identified from the peer-
Data Gathering, Analysis and Retrieval) database (JRC/PBLreviewed literature as a plausible pathway towards reaching
2011), RETRO (Schultz et al., 2007), or a combination of the target radiative forcing trajectory (Moss et al., 2010).
several existing emission databases (Lamarque et al., 201®yote that while the four SRES scenarios used in this work
Zhang et al., 2012). In this section, we compare our re-are all reference scenarios, three of the four RCPs are climate
sults with emissions in the GAINS, IEA/SMP, and QUAN- policy scenarios, which have the structure of transportation
TIFY models, none of which represent changes of multiplechanged from reference case conditions to lower pollutant
technology classes explicitly. These three models are choseemissions (van Vuuren et al., 2011).
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Figure 3. Comparison of global (left) and regional (North America, middle; East Asia, right) fuel and emission estimates for on-road
vehicles in this work with previous studies: GAINS (scenario: BL_WEO_2010) (Klimont et al., 2009), EDGAR (version 4.2) (JRC/PBL,
2011), IEA/SMP (Fulton and Eads, 2004), and QUANTIFY (DLR, 2009).

Atmos. Chem. Phys., 14, 570%733 2014 www.atmos-chem-phys.net/14/5709/2014/



F. Yan et al.: Global emission projections for the transportation sector 5725

Figure 5 shows a comparison of global emission estimateso use of the same IEA fuel data. The GAINS model tends
for the transportation sector as a whole, including on-road veto have higher emission estimates for CO, THC, and PM be-
hicles, non-road engines, shipping, aviation, and rail. The anfore the year 2000 due to greater shares of vehicles without
nual global emissions estimated in this work have trends thaemission standards. Emission projections between the years
are similar to other work up to 2010 but of somewhat differ- 2010 and 2030 in this work show a continuous decrease in
ent magnitude. In part due to the high growth of the shippingEast Asia, unlike in the GAINS model where emissions in-
contribution, our estimates of N@missions under scenario crease after 2020. Such an increase is caused by their higher
A1B tend to exceed RCP8.5 after 2040, and PM emissiongstimates of the growth rate of vehicle activity and slower
show comparable or even higher emissions than the RCP&doption of Euro VI emission standards. Emission projec-
Between 2010 and 2030, emission projections of COxNO tions after 2020 from the IEA/SMP model and QUANTIFY
and THC in this work are consistently lower than RCPs, es-lie within the range of the scenarios from this work, and their
pecially for THC, but higher than QUANTIFY. If emissions emissions are approaching or lower than those from the sce-
from shipping are excluded from the total, our projections of narios without superemitters in 2050. This highlights the im-
PM emissions are also lower than the ranges of RCPs. Spgeortance of separating superemitters from other emitters so
cific details about the RCP emission calculation process ar¢hat future emissions are not underestimated. It also indicates
not revealed in published documentation, and we do not havéhat the potential environmental issues caused by superemit-
adequate information to make further exploration. The emis-ters must be addressed specifically by policy makers, because
sion discrepancies between the RCP scenarios and this wouch vehicles make a highly significant contribution to total
may depend on how emission factors are assumed to changsmissions.

over time. Total emissions from on-road vehicles for OECD Europe
are compared in the left panel of Fig. 4. All the invento-
4.3.2 Regional emissions ries show emissions decreasing continuously in OECD Eu-

rope, despite increasing fuel consumption until the 2020s.

This section presents a comparison of emission estimates @dmall differences from EDGAR, GAINS, QUANTIFY, UN-
on-road vehicles from this work and various other studies forFCCC, and EMEP are observed in N@nd PM emission
five key regions: North America, OECD Europe, Eastern Eu-estimates, within a range from14 to +18 %. For CO and
rope, East Asia, and South Asia, as shown in Figs. 3 and 4THC, this work shows generally lower emission estimates
These five regions are selected for the purpose because thélyan the other studies. Though the IEA/SMP model has simi-
play important roles in the determination of current and fu- lar fuel estimates to the IEA database before 2010, emissions
ture emissions. Due to the fact that aviation and shipping arare 0.5-5 times higher than ours (except forNfnissions).
more international activities, they are not compared at theThe IEA/SMP model, which projects fuel use to be similar to
regional level. Regional comparisons of PM emissions fromthe A2 scenario, has better agreement with this work on the
on-road vehicles were compared in Yan et al. (2011) and themission projections for four pollutants after 2020.
will be not repeated in this paper. The middle and right-hand-side panels of Fig. 4 show

In general, emission estimates for North America in this emission comparisons in Eastern Europe and South Asia.
work are consistent with other studies in terms of emissionEmissions for these two regions have larger differences from
trends, yet our estimates have lower magnitudes and a fastéhe other studies, especially South Asia. For Eastern Europe,
decline especially for CO and THC between 2000 and 2020while UNFCCC presents generally lower emission estimates
Emissions from the IEA/SMP model are overestimated, parthan this work, the IEA/SMP model provides higher emis-
ticularly before 2010, because of its emission factor choicesions except for NQ emissions for CO, N@ and THC from
(as explained in Sect. 4.3.1). Emissions from GAINS areGAINS, QUANTIFY, and EMEP are relatively closer to this
higher than our estimates. Though fuel use in GAINS iswork, but 80 % maximal differences are observed. Emission
closer to or even lower than our work, their net emission fac-estimates for South Asia from different studies are most di-
tor or emission intensity is significantly higher because of thevergent among the regions that are compared in this paper.
slower phase-in of advanced emission standards and the uSée GAINS model even shows increasing emissions after
of emission factors for European emission standards. For ex2015, while the other studies show emissions decreasing un-
ample, while the GAINS model shows that LDGVs under the til at least 2030. This diversity of forecasts implies a large un-
Euro Il standard still contribute over 50 % of fuel consump- certainty of emission factors and the composition of the ve-
tion in 2010, the dominant LDGVs in our model are vehicles hicle fleet in South Asia. Further investigations are required
under the Tier 2-2007 standard. The GAINS results reflectin order to have a better understanding of current and future
slower retirement rates and more old vehicles in the fleet. emissions in regions with inadequate information.

Emission estimates for East Asia show wide variation.
EDGAR represents a good match with our study for past
emissions of CO and NQ while their emissions are higher
for THC and lower for PM. This close match is partly due
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Figure 4. Comparison of regional (OECD Europe, left; Eastern Europe, middle; South Asia, right) fuel and emission estimates for on-road

vehicles in this work with previous studies: GAINS (scenario: BL_WEO_2010) (Klimont et al., 2009), EDGAR (version 4.2) (JRC/PBL,
2011), IEA/SMP (Fulton and Eads, 2004), QUANTIFY (DLR, 2009), UNFCCC (UNFCCC, 2006), and EMEP (EMEP, 2013).
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Figure 5. Comparison of global emission estimates for the whole transportation sector. The solid lines are total emissions estimated in
this work under scenarios A1B, A2, B1, and B2, including on-road vehicles, non-road engines, total shipping (domestic and international),
total aviation (domestic and international), and rail. The RCP scenarios (Moss et al., 2010) include emissions from surface transportation,
aviation, and international shipping. EDGAR (JRC/PBL, 2011) includes emissions from road transport, inland navigation, international
shipping, domestic and international aviation, and rail. QUANTIFY (DLR, 2009) includes emissions from road, maritime shipping, inland
navigation, aviation, and rail. For PM, this work shows emissions of total PM, EDGAR shows emissiong §f@WANTIFY and RCP

show the sum of the emissions of BC and OC.

5 Conclusions and recommendations At the global level, on-road vehicles and non-road engines
dominate global CO and THC emissions, while on-road vehi-
cles and shipping contribute most to Nénd PM emissions.

In general, the effects of tighter emission standards for on-

This paper presents projections of exhaust emissions of CQyq vehicles in many parts of the world offset the growth
NOy, THC, and PM from the transportation sector, consist-j, fye| consumption during the first one or two decades of

ing of on-road vehicles, non-road engines, shipping, avia|ygjections, and therefore the emissions of all pollutants de-

tion, and rail. It presents emi_ssions from 2010 to 2050 annU¢rease. As time goes on and particularly after 2030, how-
ally under four IPCC scenarios. Future emissions from ON-aver, emissions from on-road vehicles in Africa and emis-
road vehicles and non-road engines are estimatgd withirj thions from non-road engines and shipping comprise an ever-
framework of the SPEW-Trend model, incorporating explicit jcreasing share of total emissions and lead to an increase
representation of the dependence of technology choice on s amissions in some scenarios. The growing importance of

c?oeconomics _anpl other_ vgriables. For completeness, eMiion-road engines and shipping may result in larger uncer-
sions from shipping, aviation, and rail are compiled from y4inties for total future emissions. The regulation of non-road

other relateq studies. Ouremi;sion trends and magnitudes a%gines and shipping is relatively recent, as compared to on-
somewhat different from previous work, the most important 1o, g vehicles, and there is less historical precedent available

reason for which is that we account for the explicit dynamic guide projections. Further, activity levels and emission fac-
relationship between socioeconomic factors and technologiz, s for these source types are more uncertain.

cal change, and other studies do not.

5.1 Conclusions
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At the regional level, emissions from Latin America and lence of vehicles with very high emission factors. Because
East Asia contribute most to global CO and THC emissionsof the importance of superemitters in determining emission
in the year 2010; this dominance shifts to Africa and Southtrends, a better understanding of such vehicles is urgently
Asia in the future. By the year 2050, of the CO emissions,needed.
non-road engines contribute the greatest fraction in Asia and
the former USSR, while on-road vehicles make the greates6.2 Recommendations for future research
contribution in Latin America, Africa, and the Middle East.

For NO, and PM emissions, shipping controls the trend in5.2.1 Updates of scenarios
most regions.

One of the major goals of this work is to build a new It is important that the socioeconomic drivers and fuel use
data set of potential future emissions to support climate modare periodically updated when new scenarios are developed.
eling. In previous studies (Berntsen and Fuglestvedt, 2008This work is based on four IPCC scenarios, which were de-
Unger et al., 2010), present-day or historical emissions havereloped for the SRES (Nakicenovic et al., 2000). These four
often been used to drive climate models, because regionacenarios were used in the third (TAR) and fourth (AR4)
and global projections of the emissions of appropriate specietPCC assessments of climate change and have been widely
were not available. Some studies simply extrapolated currenapplied by other groups for global projections of greenhouse
emissions into the future with linear assumptions about thegases, but they are now outdated. Although we have updated
relationship between emissions and economic growth. Thesthe SRES scenarios with actual data from IEA for fuel use
methods are not satisfactory because they neglect the fact thahd the World Bank for GDP and population, these vari-
emission factors are strongly dependent on in-use technolables after the year 2010 (or 2005 for on-road vehicles) still
ogy and applicable regulatory standards, both of which varyfollow the trends that were originally formulated in the IM-
dramatically around the world today and will undergo transi- AGE model. These trends therefore do not reflect factors that
tions at different rates in the future. These factors that goverrwill have influenced socioeconomic development within the
technology change will dramatically influence the trajectory past decade or two. There is already an effort underway to
of future emissions. Our dynamic technology model can alsoproduce updated socioeconomic pathways, called shared so-
help to identify the major emission contributors by technol- cioeconomic pathways (SSPs) (Kriegler et al., 2012; van Vu-
ogy type, transport mode, and world region, and thereby al-uren et al., 2012). When the SSPs are completed and avail-
low policymakers to design more efficient and effective emis-able, it will be possible to compare the emission results with
sion control policies. those driven by SRES scenarios. In principle, SPEW-Trend

Overall, this paper presents robust and plausible futurecan be driven by the forecasts of any macroeconomic model,
emissions with the application of a dynamic technology but those forecasts need to provide the basic socioeconomic
model following a specific set of assumptions for vehi- parameters that govern emissions. In order to generate cli-
cle retirement, implementation of emission standards, emismate and air pollution projections that are both consistent
sion degradation, and superemitter development. For the firsind widely used, greater integration among technology-rich
time, quantitative relationships are used to project how themodels such as SPEW-Trend, scenario-defining macroeco-
technology mix in the transportation sector will change undernomic models, and climate pathway models needs to be de-
different socioeconomic conditions. Some caveats are neces€loped.
sary, however. Vehicle retirement and emission degradation
are constrained by a limited set of observations and measurés.2.2 Dynamic technological changes in shipping,
ments. These loose constraints introduce uncertainties in the aviation, and rail
emission projections, which may be improved by the acqui-
sition of more observational and test data, especially for deUnlike emissions from on-road vehicles and non-road en-
veloping countries. Timing of the introduction of emission gines, the emissions from shipping, aviation, and rail in this
standards in different regions is based on assumptions thatork are based on fuel consumption and emission factors
consider effects such as trends in neighboring countries ogathered from other studies. These studies have considered
emerging air quality problems, in addition to income; how- technology development and fleet turnover to some extent,
ever, circumstances controlling the implementation of emis-yet these changes are not dynamic. In some cases, they are
sion standards could alter and result in a change in futuresimply based on expert judgment. The methodology used
emissions. We also assume that the effectiveness of emissidmere for on-road vehicles and non-road engines is readily
standards is the same across regions and that no further emigansferable to other source types having the necessary sup-
sion standards emerge beyond the cleanest ones presentlyporting information, and it is recommended that our ap-
place. The former assumption may underestimate emissiongroach be adapted in future work to shipping, aviation, and
and the latter one may slightly overestimate emissions in theail. In order to represent dynamic changes in these three
future. Finally, our representation of superemitters is derivedmodes, and make them consistent with on-road vehicles and
from very limited information about the causes and preva-non-road engines, we need to begin to gather information
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