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Abstract. Emission inventories of sixty-seven speciated toluene, ethylbenzene, o-xylene, and m,p-xylene (BTEX)
non-methane volatile organic compounds (NMVOC) from and 1,2,4-trimethylbenzene from aromatics and formalde-
on-road vehicles in China were estimated for the period ofhyde, acetaldehyde, benzaldehyde and acetone from car-
1980-2005, using seven NMVOC emission profiles, whichbonyls.
were summarized based on local and international measure-
ments from published literatures dealing with specific vehi-
cle categories running under particular modes. 1
Results show an exponential growth trend of China’s his-
torical emissions of alkanes, alkenes, alkines, aromatics anGoncerns about non-methane volatile organic compounds
carbonyls during the period of 1980-2005, increasing from(NMVOC) have increased due to their crucial role in tropo-
63.9, 39.3, 6.9, 36.8 and 24.1 thousand tons, respectivelyspheric chemistry. Through photochemical reaction with ni-
in 1980 to 2778.2, 1244.5, 178.7, 1351.7 and 406.0 thoutrogen oxides in the atmosphere, NMVOC contribute to the
sand tons, respectively, in 2005, which coincided well with production of secondary pollutants such as ozone, peroxy-
China’s economic growth. Emission inventories of alkenes,acetyl nitrate (PAN) and secondary organic aerosols (Odum
aromatics and carbonyls were gridded at a high resolutioret al., 1997; Atkinson, 2000). Different groups of NMVOC
of 40kmx40km for air quality simulation and health risk compounds differ significantly in how rapidly they react and
evaluation, using the geographic information system (GIS)the extent to which their reactions contribute to ozone forma-
methodology. Spatial distribution of speciated NMVOC tion. These differences in the effects on ozone formation are
emissions shows a clear difference in emission densities bereferred to as the ozone reactivities of NMVOC (Duffy et al.,
tween developed eastern and relatively underdeveloped west-999). Besides, NMVOC are the main inputs to atmospheric
ern and inland China. Besides, the appearance and expansiehemistry models that study the formation and fate of photo-
of high-emission areas was another notable characteristic afhemical oxidants in the atmosphere (Klimont et al., 2002).
spatial distribution of speciated NMVOC emissions during Therefore, compilation of speciated NMVOC emission in-
the period. ventories is necessary for photochemical modeling calcula-
Emission contributions of vehicle categories to speciatedions and for the design of abatement strategies for ozone
NMVOC groups showed annual variation, due to the vari- and secondary organic aerosols.
ance in the provincial emissions and in the relative frac- Speciated NMVOC profiles of major anthropogenic
tions of the seven emission profiles adopted at the provinsources, especially the mobile source, were extensively mea-
cial level. Highly reactive and toxic compounds accountedsured (Conner et al., 1995; Duffy et al., 1999; Kourtidis et
for high proportions of emissions of speciated NMVOC al., 1999; Hwa et al., 2002; Batterman et al., 2005; Lough
groups. The most abundant compounds were isopentanet al., 2005). Recently, major source profiles of NMVOC
pentane and butane from alkanes; ethene, propene, 2-methyikh China were measured by Liu et al. (2008). These studies
2-butene and ethyne from alkenes and alkines; benzenebtained fruitful results about the compositional and concen-
tration characteristics of speciated NMVOC groups, together
with the important information on the reactivities of specific
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anthropogenic sources of NMVOC emissions, the automo2 Methodology
bile has been recognized in many countries as a primary con-
tributor: highway vehicle emissions dominated in the USA 2.1 Emissions of speciated NMVOC groups
for the period of 1970-2006, although the contribution of
this sector showed a decreasing trend from 48.8% in 1970 t&missions of speciated vehicular NMVOC groups included
14.4% in 2007 (USEPA, 2008). Similar situation appearedspeed-dependent hot emissions under thermally stabilized
in UK during the period 1970-2000, with the road trans- engine and exhaust aftertreatment conditions, the warming-
port emissions accounting for 22.5-36.2% of the total emis-up phase of cold start emissions influenced by ambient tem-
sions. Analysis of the contribution of motor vehicles to ambi- perature and average trip length (Ltrip), and the fuel evapo-
ent hydrocarbon distributions in Switzerland concluded thatration emissions. Generally, roads are classified into subcat-
the proportion of VOC from motor traffic amounted to 48— egories during the compilation of the vehicular emission in-
67% (Staehelin et al., 2001). Traffic emission was recentlyventories, to simplify the complexity of the issue. Therefore,
recognized to determine the ambient NMVOC compositionthis study has classified roads in China into three types of ur-
in a German city (Niedojadlo et al., 2007). Source appor-ban, rural and freeway roads, on which the running speeds of
tionment of ambient VOC in Beijing revealed that gasoline- 20 km/h (for the period of 1990-2005) and 30 km/h (for pe-
related emissions contributed 52% to the total ambient VOCriod of 1980-1985) for urban, 40 km/h for rural and 80 km/h
(Song et al., 2007). Despite the likely dominant contribu- for freeway in China were adopted based on a wide review
tion of on-road vehicles to NMVOC emissions in China, only of domestic research on the characteristics of vehicle driving
limited research on providing China’s database of NMVOC cycles (Liu and Ding, 2000; Yao et al., 2004, 2006; Zhang
emissions was conducted: Composition ¢fC;o NMVOC  and Ruan, 2005; Xie et al., 2006; Lei, 2007; Wang et al.,
in the urban atmospheres of 43 Chinese cities were mea2007; Ye et al., 2007), to assure the representativeness of
sured (Barletta et al., 2005); emission inventories of totalthese speeds for the three typical driving cycles in China.
NMVOC in China for the years 1990, 1995, 2000, 2010, Besides, these speeds were assumed to stay stable during
and 2020 were compiled (Klimont et al., 2002); an Asian the past 25years because the running speeds were not de-
emission inventory of anthropogenic emission sources fopendent on time and locations, but instead were determined
the period 1980-2020 was developed, which presented Chimostly by the road grades, the vehicle conditions and traffic
nese NMVOC emissions in 2000 and for 1980—-2003, andconditions, which overall had little effect on the increase of
the projected NMVOC emissions for 2010 and 2020 (Oharaspeed during the past few decades. Then, based on specific
et al., 2007); the anthropogenic NMVOC emissions in Chinaconsiderations on the detailed local vehicle populations, fleet
were estimated in China for the period of 1980-2005 (Bocompositions, ambient temperatures, RVP of local fuels, as
et al., 2008), and for the years 1994-1995 (Tonooka ewell as the ratios of VMT under the three driving cycles, the
al.,, 2001). Recently, Wei et al. (2008) compiled a speci-NMVOC emission factors of various vehicle categories run-
ated NMVOC emission inventory from major anthropogenic ning on the said road types were calculated by the COPERT
sources in China for the year 2005. However, traffic-relatedmodel (EEA, 2000) for each province during the studied pe-
emission inventories of speciated NMVOC were rarely com-riod, to trace and reflect the temporal and spatial variation of
piled in China, especially for the recently historical emis- emission factors.
sions, leaving a large information gap. Therefore, for a better We used the COPERT default value of 12.4km to repre-
understanding of the formation of ozone and other secondargent the average trip lengths of various vehicle categories,
oxidants and for better practices in health risk managemensince it is proposed to use this value unless firm national
and design of control strategies for highly reactive and toxicestimates are available (Ntzaichristos and Samaras, 2000).
NMVOC, emission inventories of speciated NMVOC groups Recently some domestic studies on the Ltrip revealed that
from on-road vehicles in China are compiled at the provin-the Ltrips for buses, private cars and taxies in Beijing were
cial level in this study, covering the period of 1980-2005, 8.5, 24.0 and 10.0km, respectively (Shi et at., 2009), and
and are further allocated to the county level based on dif-the Ltrips for buses and private cars were 9.5 and 7.2 km, re-
ferences in local economic development levels and griddedpectively, in Hangzhou, the capital city of Zhejiang province
at a high resolution of 40 km40 km using the geographic (Liu and Wang, 2004). Moreover, Zhang (2005) reported that
information system (GIS) methodology. In particular, tem- the Ltrip was usually a little bit more than 10.0 km in several
poral variation and spatial distribution of the speciated in-cities of Guangdong province. These studies could justify
ventories were discussed, the compositional characteristiceur adoption of the 12.4km value, given the lack of more
of speciated NMVOC groups were identified, and the contri- credible information.
butions of various vehicle categories to speciated emissions Cold start emissions and the fuel evaporation emissions
were evaluated. were calculated based on the standard CORINAIR method-
ology incorporated by COPERT model (Ntzaichristos and
Samaras, 2000), and the tailpipe exhaust and evapora-
tion emissions of each vehicle category at the provincial
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level from 1980 to 2005 were from the results of Cai To determine eacR; and Peys the NMVOC emission pro-
and Xie (2007). Subsequently, the emissions of eackHiles for various vehicle categories under particular running
specific NMVOC species were calculated based on themodes were firstly surveyed from available published litera-
gross NMVOC emissions of specific vehicle category run-tures. Secondly, the relative weight proportions of a specific
ning under particular conditions and the correspondingmeasured species from all available emission profiles mea-
emission profiles, using Eq. (1), which covered thirty-one sured with the same vehicle category under similar measure-
provinces/autonomous regions/municipalities on the Chinesenent conditions were used to calculate a mean value using
mainland, with Hong Kong Special Administrative Region, Eq. (2), which represented the relative weight proportion of
Macau Special Administrative Region, and Taiwan provincethat species in the emission profile to be determined. Dif-

excluded. ferent profiles of the same type were not assigned different
6 weights, but instead were treated equal and simply averaged,
Es = Zi:l (Qexti X Pi) + Qeva X Peva (1) since there was no authoritative assessment of the reliabil-

WhereE, is the emission for each specific NMVOC species ity levels of various emission profiles and all the profiles
in a studied yearQex; are the tailpipe exhaust NMVOC were regarded credible due to reliable measurement meth-
emissions of that year including hot emissions and cold starPdS and detailed experiment procedures. Finally, the calcu-
emissions under a particular conditigrwhich includes six ~ lated mean values of all species for the particular emission
situations corresponding to each specific vehicle categorPfile were normalized to the total weight proportion of all
running under a normal (20 km/h and 40 km/h) mode or aSPeCies included in that profile, to be the identified relative
freeway (80 km/h) mode: (1) gasoline vehicles with TWC weight ratios of various species of that emission profile. As
(three-way catalysts) running under the normal mode; (2)2 result, the six profiles of tailpipe exhaust emissions includ-
gasoline vehicles without TWC running under the nor,mal ing sixty-seven constituents of alkanes, alkenes, alkines, car-
mode; (3) gasoline vehicles running under the freeway modeP©ny! compounds and aromatics and the gasoline evapora-
(4) diesel vehicles running under the normal mode; (5) diesefion emission profile including forty-one constituents were

vehicles running under the freeway mode; and (6) motorcy-determined.

cles; P; are tr_]e _six cqrresponding p_rofil_es of tailpipc_e exhaust RWE. — > RWP, @
NMVOC emissions in the above six situation@gy, is the s = n
gasoline evaporation emission aRgl, is the emission pro-

Where RWR is the averaged relative weight proportion of
a specific species; RWPis one relative weight proportion
of that specific species from surveyed published literatures;
andn is the number of surveyed published literatures that re-

profiles in Beijing and Guangzhou, and the fuel Composi_ported the relative weight proportion of that specific species.

. ; : ; Tables 1 and 2 show the identified profile of tailpipe
tions in South China’s Guangzhou and Zhuhai. Thus, these - . >a prot pIp
L . - L ~~'eéxhaust emissions for gasoline vehicles with TWC run-
deficient local profiles reporting the results of limited vehi- . . .
) - > ) ning under normal mode and the gasoline evaporation
cle categories under limited driving cycles were inadequate T . ) : X S
e ; : emission profile, respectively. Profiles of tailpipe ex-
to represent emission profiles all over China, and hence wer . . ; :
. . _ aust emissions for other vehicle categories running un-
likely to cause large inaccuracy. Unfortunately, it is costly,

time-consuming and meaningless to conduct measuremerﬂer particular modes are provided in the Supplemen-
9 Ngie : tary Material (sedttp://www.atmos-chem-phys.net/9/6983/

of every local NMVOC profile in order to obtain an ade- 2009/ 9-6983-2009 | ;

uate knowledge about the speciated NMVOC emissions il . 2 cP. >~ ~2009-supplementjzip

4 It is necessary to identify the TWC utilization rates before

_Chm_a, and itis also difficult to fulfill the purpose of reduct applying the corresponding emission profiles for gasoline ve-
Ing time and_bupiget _by sampllng .the exhaqst and evqporatloplicles with and without TWC on them, since the emission
NMVOC.emlssmns n certam cities of_Chma o optam rep- profiles for TWC gasoline vehicles and for non-TWC ones
;isrﬁ]nt?rt_:\éea'\l'\?;/Origtgr\(l);:f;’ezuﬁ)ézt?ﬁz :zgi{ﬁl:tyo?fsgz_diﬁered remarkably. According to a regulation formulated in
Inng pprop T . 9 China that required installing TWC on new gasoline vehicles
pling. Neve_rt_heless, to provide r_ellable evidence and sup-Coming into use from year 2000 (MEP, 1999), and to an-
port fqr decision-makers and .po.hcy-formulators under cur- other regulation prescribing that unleaded gasoline would be
rent circumstances, the compilation and use of the seven av-

! . provided for civil transportation from the beginning of year
eraged NMVOC profiles based on both local and interna- X . i
tional NMVOC profiles, in comparison with deficient local 2000 (GAQSIQ, 1999), which ensured the satisfaction of the

VOC profiles alone, is believed so far the best way of solv-fuel quality requirement of using TWC by gasoline vehicles,

: " . o gasoline vehicles coming into use before 2000 were consid-
ing the problem of compiling speciated NMVOC emissions . .

. . . . ered without TWC on them, and all newly-used gasoline ve-
in China with an acceptable level of inaccuracy.

hicles since 2000 were considered with TWC on them. For
the period of 2000—-2005 when both TWC gasoline vehicles

file for Qeva

Currently, there were few local NMVOC profiles avail-
able (Lu et al., 2003; Tsai et al., 2006; Liu et al., 2008;
Tang et al., 2008), which reported the NMVOC emission
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Table 1. The identified profile (weight %) of tailpipe exhaust emission for gasoline vehicles with TWC running under the normal mode
(55 species), based on a wide literature review.

Species Schaueretal. Duffyetal. Liuetal. Schmitzetal. Schmitzetal. Normalized
(2002) (1999) (2008) (2008) (2000}’ averages
isopentane 3.70 Nd 6.43 6.45 6.34 6.28
2,3-dimethylbutane 0.70 0.50 0.80 3.83 3.85 212
ethane 254 2.10 5.64 0.85 0.84 2.62
pentane 1.40 4.60 131 1.99 1.98 2.47
isooctane 2.68 0.40 0.85 1.99 2.04 1.74
2-methylpentane 2.07 3.40 3.34 1.65 1.67 2.66
butane 0.53 2.70 0.96 1.37 1.32 151
isobutane 0.04 Nd 0.64 0.92 0.88 0.68
3-methylpentane 1.23 2.50 2.34 0.97 0.99 1.76
hexane 0.95 2.20 1.08 0.89 0.91 1.32
2,2-dimethylbutane 0.26 Nd 0.10 0.78 0.76 0.52
3-methylhexane Nd Nd 0.93 0.70 0.73 0.86
2,4-dimethylpentane 0.96 0.30 0.33 0.56 0.57 0.60
2-methylhexane 0.94 Nd 1.60 0.62 0.65 1.04
heptane 0.60 0.80 0.76 0.59 0.58 0.73
3-methylheptane Nd Nd 0.93 0.51 0.57 0.74
2-methylheptane 0.44 Nd 0.66 0.35 0.37 0.50
2,3-dimethylpentane 1.75 Nd 0.48 0.38 0.38 0.82
octane 0.35 0.30 0.35 0.26 0.28 0.34
methylcyclohexane 0.61 0.20 0.42 0.21 0.23 0.36
propane 0.21 0.20 0.36 0.09 0.08 0.21
cyclohexane 0.47 0.10 0.07 0.17 0.18 0.22
nonane 0.14 0.10 0.22 0.09 0.10 0.14
decane 0.10 Nd 0.18 0.03 0.03 0.09
ethene 9.56 7.90 10.22 6.32 6.26 8.82
propene 4.88 4.00 4.84 3.81 3.72 4.65
1,3-butadiene Nd 0.80 0.96 0.57 0.41 0.75
trans-2-butene 0.72 0.40 0.48 0.45 0.38 0.53
cis-2-butene 0.29 0.30 0.43 0.32 0.27 0.36
trans-2-pentene 0.23 Nd 0.47 0.35 0.33 0.38
1-pentene 0.13 Nd 0.30 0.21 0.20 0.23
1-hexene 0.14 Nd Nd 0.19 0.19 0.19
cis-2-pentene 0.14 Nd 0.31 0.19 0.18 0.23
isoprene Nd Nd Nd 0.13 0.13 0.14
1-butene Nd 1.90 2.52 0.00 0.00 1.21
ethyne 4.19 5.40 3.31 4.50 5.52 5.02
propyne Nd 0.30 0.26 0.00 0.00 0.15
toluene 6.97 13.90 9.60 18.46 19.31 14.95
m,p-xylene 4.68 7.80 4.78 8.20 8.67 7.48
benzene 3.90 9.30 8.69 4.28 4.39 6.70
1,2,4-trimethylbenzene  1.87 0.90 3.60 4.59 4.68 3.43
ethylbenzene 1.37 2.00 1.42 3.79 3.96 2.75
o-xylene 1.77 2.60 2.34 3.28 3.46 2.95
propylbenzene 0.27 0.30 0.50 3.10 3.27 1.63
1,2,3-trimethylbenzene  Nd Nd 0.90 1.40 1.47 1.38
styrene Nd 0.20 0.41 0.83 0.77 0.61
formaldehyde 2.84 Nd Nd 3.17 2.04 2.94
benzaldehyde 0.42 Nd Nd 1.06 0.94 0.88
acetone 0.39 Nd Nd 0.12 0.12 0.23
butyraldehyde Nd Nd Nd 0.08 0.05 0.07
propionaldehyde Nd Nd Nd 0.07 0.05 0.07
methylethylketone Nd Nd Nd 0.18 0.14 0.18
valeraldehyde Nd Nd Nd 0.04 0.04 0.05
acrolein Nd Nd Nd 0.25 0.25 0.28
acetaldehyde Nd Nd Nd 0.44 0.38 0.45

2 referred to the warm phase measureméhtsferred to the cold start phase measurements; and Nd means not detected.
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Table 2. The identified profile (weight %) of gasoline evaporation emission (41 species), based on a wide literature review.

Species Na et Na et Na et Nelsonet McLarenet Waddenet Conneret Normalized
al. (2004% al. (20045’ al. (2004f al. (1983) al. (1996) al. (1986) al. (1995) averages
ethane 0.00 0.00 0.00 0.00 Nd 0.00 0.14 0.02
propane 2.33 1.53 1.40 1.50 Nd 1.80 0.97 1.56
butane 17.34 20.70 19.88 18.70 19.92 19.10 21.80 19.31
i-butane 13.03 10.32 9.73 11.10 5.68 15.20 5.13 9.86
pentane 8.21 8.27 8.42 10.70 12.30 13.10 7.40 9.61
i-pentane 24.38 25.32 25.32 25.40 25.65 35.80 27.90 26.66
2-methylpentane 3.48 4.20 4.45 3.50 3.83 6.30 3.53 4.12
3-methylpentane 2.05 2.58 2.74 2.20 2.20 3.10 1.93 2.36
2,2-dimethylbutane 0.69 0.84 0.87 0.60 0.33 Nd 0.68 0.66
2,3-dimethylbutane 0.82 0.98 1.02 1.10 1.22 Nd 1.49 1.09
hexane 1.56 1.99 2.15 1.90 2.27 3.20 1.20 2.01
2-methylhexane 0.65 1.17 1.31 0.70 Nd Nd 0.46 0.84
3-methylhexane 0.48 0.89 1.00 0.50 0.47 Nd 0.44 0.62
2,4-dimethylpentane 0.18 0.27 0.27 0.20 Nd Nd 0.52 0.28
heptane 0.23 0.49 0.46 0.30 0.21 Nd 0.21 0.31
2-methylheptane 0.03 0.07 0.08 Nd 0.05 Nd 0.06 0.06
3-methylheptane 0.04 0.08 0.09 Nd 0.05 Nd 0.01 0.05
octane 0.02 0.05 0.06 0.00 0.03 Nd 0.03 0.03
nonane 0.00 0.00 0.00 0.00 0.00 Nd 0.01 0.00
ethylene 0.00 0.00 0.00 0.00 Nd Nd 0.01 0.00
propylene 0.00 0.00 0.00 0.00 Nd Nd 0.13 0.03
1-butene 2.05 1.19 0.92 1.60 Nd Nd 0.98 1.33
trans-2-butene 5.80 3.06 4.12 3.70 Nd Nd 1.54 3.58
cis-2-butene 4.49 2.78 2.99 2.90 Nd Nd 1.38 2.86
1-pentene 1.37 1.39 1.32 0.70 Nd Nd 1.19 1.17
isoprene 0.00 0.00 0.00 1.50 Nd Nd 0.07 0.31
trans-2-pentene 2.76 2.83 2.73 Nd Nd Nd 2.29 2.61
cis-2-pentene 1.44 151 1.46 0.90 Nd Nd 1.25 1.29
2-methyl-2-butene 3.61 4.08 3.94 2.60 Nd Nd 2.88 3.37
ethyne 0.00 0.00 0.00 0.00 Nd Nd 0.01 0.00
cyclopentane 0.62 0.39 0.42 0.60 0.72 Nd 1.49 0.70
methylcyclopentane 0.85 0.94 0.95 0.90 Nd Nd 0.81 0.88
cyclohexane 0.10 0.08 0.09 0.30 Nd Nd 0.12 0.14
methylcyclohexane 0.10 0.15 0.15 0.20 0.13 Nd 0.12 0.14
benzene 0.57 0.59 0.51 0.90 0.93 0.90 0.86 0.74
toluene 0.62 0.96 0.93 1.00 1.27 1.00 1.26 0.99
ethylbenzene 0.02 0.04 0.04 0.10 0.07 0.10 0.11 0.07
m,p-xylene 0.06 0.13 0.12 0.20 0.27 0.30 0.32 0.20
o-xylene 0.02 0.05 0.05 0.10 0.08 0.10 0.12 0.07
styrene 0.00 0.00 0.00 0.00 Nd Nd 0.10 0.02
1,2,4-trimethylbenzene  0.01 0.05 0.06 0.00 Nd Nd 0.11 0.05

@ referred to measurements conducted in Spr’?r‘lngerred to measurements conducted in Sumfegferred to measurements conducted
in Winter; and Nd means not detected.

and non-TWC gasoline vehicles were running, the utiliza-2.2 Emission allocation

tion rate of TWC by gasoline vehicles in each province for

a specific year can be calculated based on the cumulativé) order to understand the spatial distribution of NMVOC
population of newly-used gasoline vehicles in each provincespecies, and to aid model simulation and evaluation of the
since 2000 and the total provincial gasoline vehicle popula-€ffects of reactive and toxic species on human health and
tion in that year by referring to the governmental statistical air quality, emissions of alkenes, aromatics and carbonyls in
data (NBS, 2006). Thus, the identified emission profile for China were gridded at a resolution of 40 k0 km using
gasoline vehicles with TWC was applied to provincial emis- Arcgis, a GIS software. Firstly, provincial emissions were al-
sions of all newly-used gasoline vehicles since 2000, and théocated to the county-level, emissions, following a top-down
emission profile for gasoline vehicles without TWC was ap- @pproach based on a proxy variable of GDP, using

plied to emissions of all gasoline vehicles for the period of

1980-1995.
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Eq. (3): the annual NMVOC emissions in China had increased ex-

G ponentially by 35times at an annual average rate of 15%,

Epp = G—” X Epy (3)  from 171.1thousand tons in 1980 to 5958.8 thousand tons in
m

2005. The direct cause for this emission increase must be
WhereE,, , is the emission in county of provincem; E,,  ascribed to the substantial growth of vehicle population, in-
is the emission in province:;, G, andG,, are the GDP in  crease of the vehicle miles travelled (VMT) (He, 1999; Hu et
countyn and provincen, respectively. al., 2002; Li et al., 2003; Zhang et al., 2004; Ye et al., 2007;
Secondly, the latitude and longitude projected map offy et al., 2008; Yu and Yu., 2008), and the late execution of
China was gridded at a resolution of 40k#0km using  more stringent fuel and emission standards in China over the
Arcgis, which further calculated the ratios of the areas ofpast few decades.
each county that fell over various grid cells to the area of Multi-year vehicular emissions of sixty-seven NMVOC
that county. Then, the emission of that county was allocatedspecies, including alkanes, alkenes, alkines, aromatics and
to each covering grid cell based on the calculated ratios. Ficarbonyls, are shown in Table 3, which reveals that emissions
nally, the emission within a grid cell was the sum of the emis- of all groups experienced exponential increase during the pe-
sions from the covered areas of various adjacent counties. riod of 1980-2005: emissions of alkanes, alkenes, alkines,
In comparison with the alternative option for spatial al- aromatics and carbonyls had increased by about 43, 32, 26,
location of emissions based on some geographical variableg7 and 17 times, respectively, during the period. Besides,
like road network or street density (Tuia etal., 2007;&8  emissions from tailpipe exhaust and emissions from fuel
al., 2008; Zheng et al., 2009), which could generate more acevaporation increased from 143.4 and 27.7 thousand tons, re-
curate emission inventory at the city-level application whenspectively, in 1980 to 4817.7 and 1141.1 thousand tons, re-
the geographical variable data were available, the major limspectively, in 2005. Despite the introduction of Euro | and
itation of the spatial allocation based on the factor of GDPEuro Il regulations in recent years, the decrease of emis-
as we did was that our GDP-based top-down allocation apsijon factors for individual vehicles has yet to change the ex-
proach assumes that the traffic emission is homogenouslgonentially increasing trend of emissions, due to the rapid
distributed over every entire city, neglecting spatial varia- growth of vehicle population throughout the country. Mean-
tion of emissions within cities. To assure the consistencywhile, proportion of evaporation emissions grew from 16.2%
and comparability of the time-series results and meantimen 2000 to 19.1% in 2005, showing an increasing trend in re-
keep the possible inaccuracy to an acceptable level, we gavgent years. The major cause for this increase was the rapid
up the road network-based method to avoid possibly largegrowth of motorcycle population for the period of 2000
uncertainty and inaccuracy due to serious lack of data, par2005, despite the emission standard updates of motorcycles:
ticularly in the earlier period, than the GDP-based method,emission factors of motorcycles in China were high and had
which we finally adopted based on the proved strong correlang control measures for fuel evaporation emission, resulting
tion between emissions and GDP. While our results can proin huge quantities of NMVOC emissions due to evaporation
vide an approximation to the real-world situation on a county (Chan, 2002; Tsai, 2006; MEP, 2007). This situation stayed
scale, higher spatial accuracy requires the application of theinimproved until stricter emission standards for motorcycles
bottom-up approach based on the availability of accurate locame into force in 2007, when the limit for evaporation had
cal data such as detailed road network, traffic volume on spea definite value of 2 g/km, and the limits for exhaust emis-
cific road segments or street densities. Therefore, prospegions were 0.8 and 0.3 g/km for motorcycles with cylinder ca-
tive users of the emission inventories, who need higher spapacities not exceeding 150 mL and those exceeding 150 mL,
tial resolution and accuracy at a county or provincial level, respectively (MEP and GAQSIQ, 2007a, b), in comparison
can further allocate our inventories based on the local geowith the previously prescribed limits for exhaust emissions
graphical variables (e.g. road networks) when these data argf as high as 4 g/km for two-stroke motorcycles and 3 g/km
available, in order to satisfy their practical needs. for four-stroke motorcycles, which came into force in 2000
(MEP and GAQSIQ, 2000), when there was no control stan-
dard for evaporation emissions. Therefore, the emission stan-
dard updates for motorcycles revealed that, for motorcycles,
the evaporation emission factor was always higher than the
exhaust emission factor, leading to more evaporation emis-
sions than exhaust emissions from motorcycles and thus the
3.1.1 Temporal variation of emissions increase of the proportion of evaporation emissions of mo-
torcycles. Finally, the increase of the proportion of evap-
Over the past two and half decades, China has experiencegration emissions of the whole vehicle fleet was driven by
fast economic growth, together with a rapid increase of mo-the ever growing population of motorcycles producing more
tor vehicle population by 60 times, from 1.8 million in 1980 evaporation emissions. Thus, even stricter control of evap-
to 107 million in 2005 (Cai and Xie, 2007). Meanwhile, orative NMVOC emissions from motorcycles is required to

3 Results and discussion

3.1 Temporal variation of emissions and emission
contributions of vehicle categories from 1980 to 2005
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Table 3. Emissions (thousand tons) of speciated NMVOC groups (alkanes, alkenes and alkines, aromatics and carbonyls) from 1980 to 2005.

NMVOC Species 1980 1985 1990 1995 2000 2001 2002 2003 2004 2005
propane 0.9 1.8 5.9 16.3 219 25.7 27.6 317 40.1 43.8
pentane 82 174 509 1461 2085 2433 2535 2925 3655 3904
octane 0.7 1.6 3.8 11.5 16.4 19.1 19.5 22.7 275 28.9
nonane 1.2 2.3 3.9 9.9 13.9 15.9 17.0 19.3 22.0 23.6
methylcyclopentane 0.2 0.5 1.7 45 5.8 6.7 7.6 8.6 11.2 12.8
methylcyclohexane 0.6 1.3 3.4 9.8 13.2 15.3 15.7 18.2 21.9 23.5
isopentane 109 230 597 175.1 2396 2758 2789 3220 383.1  407.0
isooctane 11 2.3 6.7 19.3 22.8 26.2 27.3 31.4 36.3 41.9
isobutane 0.3 0.8 2.1 6.5 11.7 145 15.3 18.6 23.7 255
hexane 2.3 48 139 40.5 57.4 67.1 69.8 80.9 1003  107.9
heptane 11 24 6.6 19.5 28.9 33.9 34.7 40.6 49.9 52.9
ethane 1.9 3.8 9.0 24.7 30.5 35.3 38.1 44.0 50.6 59.2
decane 1.8 35 5.3 12.4 17.8 20.0 21.9 24.3 27.1 29.3
cyclopentane 0.2 0.4 1.3 3.4 4.4 5.1 5.8 6.6 8.6 9.8
cyclohexane 0.5 1.0 2.8 8.1 10.8 125 12.7 14.6 17.5 18.6
butane 70 136 451 1207 160.6 1874 207.6 2350 303.1 3395
3-methylpentane 24 51 15.0 43.1 60.3 70.5 74.0 85.7 106.1 1155
3-methylhexane 14 3.0 8.2 23.8 33.0 38.3 39.4 45.5 55.3 59.3
3-methylheptane 0.7 1.6 4.3 13.2 20.8 24.8 255 30.3 375 39.8
2-methylpentane 4.2 8.7 24.6 70.3 98.6 115.3 1215 140.5 174.1 189.6
2-methylhexane 15 3.1 8.5 24.9 35.8 41.9 435 50.7 62.4 67.0
2-methylheptane 0.5 11 2.8 8.6 15.5 18.8 19.5 235 29.7 31.3
2,4-dimethylpentane 0.7 15 4.2 12.2 14.9 17.0 175 19.9 235 26.0
2,3-dimethylpentane 1.0 21 54 15.3 18.9 21.3 21.9 24.8 28.4 31.6
2,3-dimethylbutane 14 2.9 8.1 22.8 32.0 38.1 41.3 48.4 59.6 67.6
2,2-dimethylbutane 0.9 1.8 7.2 18.7 16.2 18.3 19.3 21.6 25.2 28.4
i-pentane 74 139 488 1266 1664 1946 2211 2484 327.6 370.6
i-butane 2.7 5.1 18.0 46.8 61.5 72.0 81.8 919 121.2 137.1
trans-2-pentene 14 3.0 8.9 24.9 36.0 42.3 45.2 52.1 66.3 71.9
trans-2-butene 16 3.1 9.3 249 33.9 39.7 44.0 50.1 64.1 71.7
propene 7.7 15.0 28.3 72.9 98.8 113.7 123.4 140.9 161.5 181.7
isoprene 0.2 0.3 0.9 2.4 3.4 4.1 4.7 5.4 6.9 7.8
ethene 175 341 619 1567 219.0 2524 2746 313.6 360.1 401.6
cyclopentene 0.0 0.0 0.02 0.1 0.1 0.1 0.1 0.1 0.1 0.1
cis-3-heptene 0.7 1.9 4.9 15.6 28.1 335 335 40.0 50.7 50.8
cis-2-pentene 0.8 1.6 4.6 13.0 18.9 222 23.7 27.4 34.8 37.7
cis-2-butene 12 2.4 7.3 19.4 26.7 31.3 34.6 394 50.6 56.5
3-methyl-I-butene 0.0 0.0 0.03 0.1 0.1 0.1 0.1 0.1 0.2 0.2
2-methyl-I-butene 0.6 1.6 4.4 13.9 24.7 29.4 29.4 35.1 44.4 44.6
2-methyl-2-butene 2.7 6.3 184 54.9 904 1075 11038 130.1 1665 1724
1-pentene 14 2.8 6.1 16.0 224 25.9 28.0 31.8 38.7 423
1-hexene 0.8 1.6 25 5.8 8.0 9.0 10.0 11.1 12.3 13.7
1-butene 18 3.7 9.1 24.9 35.0 41.0 44.1 50.8 62.1 68.7
1,3-butadiene 0.8 1.6 3.4 9.1 12.1 14.0 15.1 17.4 20.0 22.8
ethyne 6.6 13.0 276 73.7 948 1085 1158 132.1  151.3  170.7
propyne 0.3 0.5 1.2 34 4.6 5.2 5.4 6.2 7.3 7.9
toluene 103 212 586 1700 2208 2574 2701 3144 3732 4212
styrene 0.6 1.2 3.0 8.0 9.3 10.5 11.2 12.7 14.2 16.5
propylbenzene 1.2 2.3 5.9 16.8 20.2 23.2 24.6 28.3 32.6 37.7
o-xylene 2.3 4.8 12.8 37.0 48.5 56.4 58.8 68.4 81.0 90.5
o-ethyltoluene 0.4 0.7 1.2 2.8 3.8 4.2 4.7 5.2 5.7 6.2
m,p-xylene 6.1 127 347 100.8 1318 1529 158.6 1840 2178 2421
m,p-ethyltoluene 2.8 58 114 31.3 50.7 59.2 61.2 71.1 85.9 88.6
ethylbenzene 2.0 41 110 31.8 41.3 48.1 50.4 58.6 69.3 78.0
benzene 6.8 135 317 86.8 1105 1273 136.1 156.1 181.2  206.4
1,3,5-trimethylbenzene 0.4 1.0 29 9.3 17.6 22.0 23.7 29.1 37.2 40.9
1,2,4-trimethylbenzene 3.3 6.7 15.9 44.4 57.5 66.5 70.2 80.9 94.3 106.2
1,2,3-trimethylbenzene 0.6 1.2 2.3 6.2 9.8 114 11.8 13.7 16.4 17.0
valeraldehyde 0.6 11 15 35 5.1 5.7 6.4 7.1 7.9 8.6
propionaldehyde 0.9 1.7 24 5.6 11.7 13.2 14.6 16.3 18.0 19.6
methylethylketone 0.02 0.04 0.1 0.3 0.8 11 1.3 1.6 2.1 25
formaldehyde 141 269 485 1201 1448 160.1 1712 1885 204.6  226.7
butyraldehyde 0.5 0.9 1.3 3.0 4.3 4.9 5.5 6.2 6.9 7.6
benzaldehyde 1.2 24 5.7 15.4 17.3 19.2 19.9 222 24.4 27.8
acrolein 1.0 1.9 34 8.4 10.8 12.1 13.1 14.6 16.1 17.9
acetone 1.4 2.6 4.6 1.1 14.3 15.8 17.2 18.9 20.6 22.8
acetaldehyde 4.6 8.7 144 34.4 45.4 50.5 54.9 60.5 66.1 724
Sum of Alkanes 63.9 130.3 377.5 1054.3 1438.1 1674.7 1779.3 2042.0 2539.0 2778.2
Sum of Alkenes 39.3 78.9 170.1 454.5 657.4 766.2 821.3 9455 1139.3 12445
Sum of Alkines 69 135 288 77.0 99.3 1137 1213 1384 158.6  178.7
Sum of Aromatics 36.8 752 1915 5451 7219 839.3 8814 10224 1208.6 1351.4
Sum of Carbonyls 241 462 819 2019 2544 2827 3040 3358 366.7 406.0

Total NMVOC Emission 171.1 3441 849.8 23328 3171.2 3676.6 3907.3 4484.1 5412.1 5958.8

www.atmos-chem-phys.net/9/6983/2009/ Atmos. Chem. Phys., 9, 8083-2009



6990 H. Cai and S. D. Xie: Tempo-spatial variation of speciated NMVOC emissions from on-road vehicles

slow down the increasing trend of evaporative emissions and 7000 16
bring down the total emissions. 2 6000 4 Tolal NMVOC emission :
Statistical analysis of the relationship between NMVOC 2 oy :12::::;z:tm':'n"l:mn 2
emissions and economic growth showed that China’'s eco-g , e GDP s
nomic growth had a well positive correlation with the £ 8
tremendous increase of total, total tailpipe exhaust and totalg 3000 5
evaporation emissions of NMVOC over the period of 1980— ié 2000 4 %
2005, with a correlation coefficient of 0.99 at the significant & 1000
level of 0.01 between the GDP growth and total NMVOC 0 0
emission increase, as shown by Fig. 1. 1980 1985 1990 1995 2000 2005

Figure 1 depicts clearly that economic growth has been vear

a powerful dr_'V'ng force for' vehicular N_MVOC emlss'lons. Fig. 1. Exponential increase of vehicular emissions of total
With the persistent and rapid growth of income of residents,ymvoc, including tailpipe exhaust emissions and evaporation
Chinese people’s capabilities and desires of owning a privat@missions from 1980 to 2005, in comparison with China’s economic
car have been unprecedentedly strong, which guaranteed thgowth during the period.
continuous growth of vehicle population in China and thus
the enormous increase of vehicular NMVOC emissions.
tion were significant, mainly due to diverse compositions of
3.1.2 Annual emission contributions of various vehicle provincial vehicle fleet. For example, PC were the primary
categories contributors in Beijing, accounting for 67-82% of alkane
emissions during the period of 2000—2005, when motorcy-
Although it has been recognized that light duty vehiclescles, however, were the major contributors in Guangdong,
(LDV) and heavy duty vehicles (HDV) were the primary responsible for 74-78% of the emissions. Therefore, mea-
contributors to total NMVOC emissions in the 1980s, and sures to control and reduce provincial emissions should be
motorcycles dominated in the total emission contribution for established and taken individually according to the specific
the period of 1990-2005 (Cai and Xie, 2007), contributionsmajor contributors in each province.
of vehicle categories to the emissions of speciated NMVOC As shown in Fig. 2b, motorcycles and PC, due to their
groups varied, due to the variance in the gross NMVOC emis-massive population and high VMT, were the major contrib-
sion quantities and the accordingly adopted emission proutors to alkene and alkine emissions during the period of
files for different vehicle categories. Contributions of vehi- 1980—-2005. In the 1980s, motorcycles contributed 50-59%
cle categories to emissions of speciated NMVOC groups forto the total emissions, followed by PC and LDV, which ac-
the period of 1980-2005 are depicted in Fig. 2, to providecounted for 19-23% and 17—-20%, respectively. In the 1990s,
the policy-makers with evidences of primary contributors to contribution of HDV mainly burning diesel increased signif-
specific NMVOC groups when designing cost-effective mea-icantly and accounted for about 23—28%, while motorcycles
sures for the reduction and control of both total and speciatecind PC still dominated in the emission share in that period.
NMVOC emissions. Due to their huge population and high emission factors, mo-
Figure 2a shows that contributions of vehicle categoriestorcycles continued to dominate in the emission contribu-
to alkane emissions varied with time. Motorcycles, com- tions for the period of 2000-2005, followed by HDV and
monly used in cities in the 1980s and became popular latePC, which accounted for 17-20% and 15-17%, respectively.
in rural areas of China, were the primary contributors dur-Buses contributed more during this period, due to their grow-
ing the period of 1980-2005, due to their relatively higher ing population stimulated by the increase of demand for pub-
emission factors and their huge and ceaselessly growing pogic transportation in China’s urban areas. Therefore, stringent
ulation. Passenger cars (PC), due to their large and increasontrol on motorcycles and PC is required to reduce the emis-
ing population and poor levels of emission control, were an-sions of alkenes and alkines.
other major contributors. LDV, due to their wide utilization ~ Figure 2c illustrates that motorcycles and PC mainly burn-
in freight transportation in the 1980s, were also major con-ing gasoline were the dominant contributors to aromatic
tributors then. However, their contribution decreased lateremissions during the period of 1980-2005, due to their high
on, due to their slower increase of population in comparisonemission factors of aromatics and much larger populations.
with other vehicle categories. HDV and buses, due to theirThis characteristic agreed with the result that gasoline-power
relatively small population, contributed less than 1% in thevehicles were the main source of aromatic hydrocarbons
1980s, about 4-5% in the 1990s and about 3% for the periodMugica et al., 2003). Moreover, motorcycles were respon-
of 2000-2005. Therefore, motorcycles and PC were responsible for about 53-61%, 53-57% and 69-75% of aromatic
sible for most alkane emissions, altogether accounting foremissions in the 1980s, in the 1990s and during the period
79%, 90% and 93%, respectively, in 1985, 1995 and 20050f 2000—2005, respectively, showing an increasing trend in
Besides, provincial differences of vehicle category contribu-their contribution to aromatic emissions, while PC accounted
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Fig. 2. Annual contributions of vehicle categories to emissions of speciated NMVOC groups (alkanes, alkenes and alkines, aromatics and
carbonyls) during the period of 1980-2005. PC: passenger cars; LDV: light duty vehicles; HDV: heavy duty vehicles; MC: motorcycles.

for about 19-23%, 30-32% and 17-21%, respectively, dur- The terms of PC, LDV, HDV, Buses and Motorcycles men-

ing the same periods, when LDV contributed about 19-22%tioned in the above discussion were vehicle categories de-

5-6%% and 4-5%, respectively, showing a decreasing trenfined by COPERT (Ntzaichristos and Samaras, 2000), and

in their contribution to aromatic emissions. HDV and buses,we have converted the vehicle categories defined by Chinese

which mainly burned diesel and had relatively much smallerregulations to these COPERT categories when we used COP-

populations, accounted for only about 1-2% in the 1980sERT to calculate the emission factors of various categories

for about 7-10% in the 1990s and for about 5% during the(Cai and Xie, 2007). The details can be referred to the estab-

period of 2000—2005. lished methodology (Cai and Xie, 2007) to avoid any misun-
Contributions of vehicle categories to carbonyl emissionsderstanding with other definitions.

were significantly different from those to alkane or alkene

emissions, since various vehicle categories had remarkabl$.2 Emissions in 2005

different emission factors for carbonyl compounds and for

other speciated NMVOC groups. Figure 2d shows that HDV3.2.1 National and provincial emissions of speciated

with higher emission factors for carbonyls were the major NMVOC groups

contributors during the period of 1990-2005, responsible for

about 39%, 32% and 36% of carbonyl emissions in 1995,The emissions of alkanes, alkenes, alkines, aromatics and

2000 and 2005, respectively, when PC, despite their muclgarbonyls in 2005 were 2778.2, 1244.5, 178.7, 1351.4 and

larger population, accounted for only about 24%, 19% and406.0thousand tons, respectively. Alkanes, aromatics and

18%, respectively, for the same years. Motorcycles, due taalkenes were the dominant speciated groups, which ac-

their tremendous population, were another major contribu-counted for 46.6%, 22.7% and 20.9%, respectively.

tors, accounting for about 39-46%, 23-28% and 39-41% in It appears that China’s vehicular NMVOC emission in

the 1980s, in the 1990s and during the period of 2000-20052005 was very close to that in the United States for the years

respectively. of 1990-1994 (5507-5894 thousand tons, USEPA, 2008).
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There were significant differences, however, in emission denalkenes, alkines, aromatics and carbonyls decreased from
sities normalized to population and in emission intensities25.9% in Tibet, 4.6% in Tibet, 33.3% in Beijing and 16.7%
normalized to gross domestic production (GDP, in currentin Tibet, respectively, to 18.9% in Beijing, 2.0% in Guangxi,
price): emission densities in China and the Unites Stated7.5% in Hainan, and 3.3% in Guangxi, respectively.
in 2005 were about 4.5810~3 and about 1.2410 2ton
per capita, respectively; emission intensities in China and3.2.2 Compositional characteristics of national and
the Unites States in 2005 were about %862 and about provincial emissions of speciated NMVOC groups
3.34x10*ton/1® US dollars, respectively. Differences in
emission densities revealed that the emission per capita iknowledge of compositional characteristics of speciated
China in 2005 was only about 37% of that in the USA in NMVOC groups is necessary for photochemical modeling
the same year, due to the much larger population of Chinacalculations and for the design of ozone abatement strate-
Emission intensity in China in 2005, however, was aboutgies, as well as for the control of the concentrations of toxic
eight times higher than that of the USA in 2005, which re- air contaminants. Therefore, the compositions of speciated
vealed that the NMVOC emission per unit of output was NMVOC groups were decoded, and typical compositional
much higher in China, mostly due to higher emission factorscharacteristics of the national emissions of speciated groups
of vehicles in China. Therefore, one key measure to main-are presented in Fig. 4, which depicts the proportions of spe-
tain the economic growth and meantime slow down the in-cific constituents among the corresponding groups at the na-
crease of NMVOC emissions in China should be promotingtional level in 2005.
faster implementation of stricter emission regulations that al- Emission fractions of twenty-eight alkanes were esti-
low lower emission factors, so that the NMVOC emission permated, as shown by Fig. 4a. The dominant constituents
unit of output in China would decrease. of alkanes in 2005 were isopentane, pentane, i-pentane and
Emissions of speciated NMVOC groups varied notably butane, the emissions of which accounted for about 407.0,
among provinces in China, due to remarkable differences390.4, 370.6 and 339.5thousand tons, respectively, followed
in provincial vehicle population and composition. Figure 3, by 2-methylpentane, i-butane, 3-methylpentane, hexane, 2,3-
which illustrates the provincial emissions and relative pro-dimethylbutane, 2-methylhexane, 3-methylhexane, ethane,
portions of speciated NMVOC groups in 2005, showed thatheptane, propane and isooctane. The emission of these fif-
Guangdong emitted about 821.0 thousand tons of NMVOCteen abundant constituents was about 2449.3 thousand tons
and ranked No. 1 among all provinces in 2005, with the emis-n 2005, accounting for 88.2% of the total alkane emission,
sions of alkanes, alkenes, alkines, aromatics and carbonyldnd the remaining constituents of 2,2-dimethylbutane, 2-
accounting for 448.9, 164.5, 18.1, 152.7 and 36.7 thousandnethylheptane, 2,3-dimethylpentane, octane, decane, isobu-
tons, respectively. Guangdong, Shandong, Jiangsu, Henaane, 2,4-dimethylpentane, nonane, methylcyclohexane, cy-
and Zhejiang, the developed regions constituting 41.0% ofclohexane, methylcyclopentane and cyclopentane were re-
the total GDP but covering only 6.9% of the territory, con- sponsible for only 11.8% of the total.
tributed 47.2%, 45.5%, 44.4%, 46.9% and 40.0% of the Alkenes, due to their high photochemical reactivities (Ve-
emissions of alkanes, alkenes, alkines, aromatics and cafasco et al., 2007), were crucial for ozone production. Emis-
bonyls, respectively, in 2005. On the contrary, Tibet pro- sion fractions of sixteen alkenes and two alkines were es-
duced least emissions, with about 2.9, 2.4, 0.4, 2.0 andimated, as shown by Fig. 4b. Ethene, propene, 2-methyl-
1.6 thousand tons of alkanes, alkenes, alkines, aromatics arfibutene and ethyne were the most abundant constituents,
carbonyls, respectively, in 2005. Only 3.4%, 4.0%, 4.1%,the emissions of which were about 401.6, 181.7, 172.4
4.0% and 4.6% of the speciated emissions, respectivelyand 170.7 thousand tons, respectively, accounting for 65.1%
were ascribed to Tibet, Qinghai, Ningxia, Gansu and Xin-of the total. The constituents of trans-2-pentene, trans-
jiang, five northwestern provinces covering 42.5% of the ter-2-butene, 1-butene, cis-2-butene, cis-3-heptene, 2-methyl-
ritory. Annual provincial emissions of speciated NMVOC 1-butene, 1-pentene, cis-2-pentene, 1,3-butadiene and 1-
groups from 1980 to 2005 are provided in the Supplemen-hexene were responsible for 32.8% of the total, with 1-
tary Material (sedttp://www.atmos-chem-phys.net/9/6983/ hexene, propyne, isoprene, 3-methyl-l-butene and cyclopen-
2009/acp-9-6983-2009-supplement)zip tene giving a minor contribution of 2.1% to the total emis-
Relative emission proportions of speciated NMVOC sions. High level of highly reactive compounds with large
groups at the provincial level also varied, as shown by Fig. 3,0zone-forming potentials was a distinguishable feature of
due to diverse provincial vehicle compositions which re- China’s alkene and alkine emissions, since ethene, propene,
sulted in different quantities of gross NMVOC emissions 1,3-butadiene, trans-2-butene, trans-2-pentene and 1-butene,
and different proportions of the seven emission profilessix highly reactive compounds known to have high abso-
adopted at the provincial level. In 2005, provincial ratios of lute and incremental reactivities of ozone production in the
alkane emissions decreased from 56.9% in Hainan, a coast@blluted atmosphere (Hurley et al., 1998), accounted for as
province in southern China, to 30.9% in Tibet located in high as 57.6% of the total alkene and alkine emission in
northwestern China, and the provincial emission ratios 0f2005. Therefore, it is necessary to promote smarter, more
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Fig. 3. Provincial emissions (figures in the data table are in thousand tons) and relative proportions of alkanes, alkenes, alkines, aromatics anc
carbonyls in 2005. The acronyms for the province names are: GD (Guangdong), SD (Shandong), HeN (Henan), JS (Jiangsu), ZJ (Zhejiang),
HeB (Hebei), GX (Guangxi), SC (Sichuan), FJ (Fujian), AH (Anhui), HuN (Hunan), BJ (Beijing), SH (Shanghai), LN (Liaoning), YN (Yun-
nan), JX (Jiangxi), HuB (Hubei), SXv (Shaanxi), GS (Gansu), JL (Jilin), SX (Shanxi), NMG (Neimenggu), TJ (Tianjin), HLJ (Heilongjiang),

HN (Hainan), XJ (Xinjiang), CQ (Chongging), GZ (Guizhou), NX (Ningxia), QH (Qinghai), XZ (Tibet).

cost-effective NMVOC control measures focusing on the stituents of formaldehyde, acetaldehyde and acetone, which
control of compounds with high ozone-forming potentials, have been identified as key photochemical species readily to
rather than merely on the reduction of the mass of NMVOC form photochemical oxidants particularly in rural and remote

emitted, to reduce the contributions of NMVOC to tropo- environments (Martin et al., 1999), contributed as high as
sphere ozone formation. 79.3% to the total carbonyl emission.

Aromatic hydrocarbons and their degradation products In sum, high proportion of light molecular weight com-
play an important role in urban air pollution (Jeffries et al., pounds with high reactivities and toxicity is a remark-
1995) and they are important precursors for tropospheriable characteristic of China’'s speciated NMVOC emis-
ozone formation due to their high reactivities (Hoekman, sions, mainly due to the high emission fractions of the
1992). Emission fractions of twelve aromatics were es-highly reactive ethene, propene and 2-methyl-2-butene from
timated. Figure 4c shows that toluene, m,p-xylene, ben-alkenes, toxic formaldehyde, acetaldehyde, benzaldehyde
zene, 1,2 4-trimethylbenzene, o-xylene, m,p-ethyltolueneand acrolein from carbonyls, and toxic and highly reactive
and ethylbenzene were the dominant constituents, accounBTEX, 1,2,4-trimethylbenzene and m,p-ethyltoluene from
ing for 91.2% of the total aromatic emissions. The remainingaromatics.

8.8% of aromatic emissions were ascribed to propylbenzene, Emission compositions of speciated NMVOC groups at
1,3,5-trimethylbenzene, 1,2,3-trimethylbenzene, styrene anthe provincial level varied to some extent, due to different
o-ethyltoluene. Particularly, benzene, toluene, ethylbenzengyrovincial vehicle compositions. Detailed compositions and
o-xylene, and m,p-xylene (collectively, BTEX), known as the dominant constituents of the provincial emissions of alka-
hazardous air pollutants, contributed as high as 76.8% to thees, alkenes and alkines, aromatics and carbonyls in 2005
total emission, which revealed that vehicular aromatic emis-were discussed, as illustrated by Fig. 5, to provide evidences
sions in China were both highly reactive and highly toxic.  for the effective control of local emissions and the reduction

Carbonyls, which include aldehydes and ketones, are oxyef the most abundant and hazardous constituents.
genated hydrocarbons with high reactivities, and many alde- The composition of provincial alkane emissions shown
hydes and ketones are themselves toxic and are known hiy Fig. 5a revealed that i-pentane, pentane, butane, isopen-
man carcinogens. Emission fractions of nine carbonylstane and 2-methylpentane were the dominant constituents in
were estimated. Figure 4d showed that the most abundargach province. Particularly, i-pentane was the most abun-
constituents were formaldehyde, acetaldehyde, benzaldedant species in almost all provinces except in Beijing, Hubei,
hyde, acetone, propionaldehyde and acrolein, responsible faliangsu Shandong and Xinjiang, where provincial propor-
95.4% of the total carbonyl emission in 2005, while the re-tions of i-pentane were only 1.2-5.9%, much less than the
maining 4.6% of emissions were ascribed to valeraldehyde9.9-18.7% in other provinces.
butyraldehyde and methylethylketone. High level of highly Ethene, 2-methyl-2-butene, propene, ethyne, trans-2-
reactive compounds was a notable characteristic of China’butene and trans-2-pentene were the dominant constituents
carbonyl emissions, since the low molecular weight con-of provincial emissions of alkenes and alkines, as shown by

www.atmos-chem-phys.net/9/6983/2009/ Atmos. Chem. Phys., 9, 8083-2009



6994 H. Cai and S. D. Xie: Tempo-spatial variation of speciated NMVOC emissions from on-road vehicles

2-methylpentane (a)

6.8% . 3-methylpentane (b)
i-butane 4.2%
4.9% h ethene
exane 2,3- 28.2% T T
’ Others - -
M 3.9% __dimethylb u
LAY . ylbutane 2.1% I
butane A / Y / 2.4% ) = prop%ne
1,3-butad 12.8%
12.2% \/‘/ HB ,3-butadiene ~ ¢
: 1 L 2-methylhexane 1.6% / —\
e 2:4% cis-2-pentene - ) 2-methyl-2-
i-pentane ethaone 2.%% 77 = i butene
13.3% / T 2.1% 1-pentene % 12.1%
- 3-methylhexane 3.0% ¥
2.1% 2-methyl-1- oo | A - ethyne
butene X -~ . RS 12.0%
. ARNAD -
pentane propane 3.1%  cis-3-heptene j-=-
14.1% : 1.6% hipéﬁ/”e 3.6% (]|y=
I 9% _ U= :
isopentane Others|  lisooctane cis-2-butene 1-butene s Duene trans-2-pentene
14.6% 11.8% 1.5% 4.0% 4.8% 5 0% 51%
C
o (c) @
ethyltoluene  toluene hvlethvlk
styrene  0.5% 31.2% methylethylket
1.2% - one
m,p-xylene butyraldehyde
17.9% 1.9%
1,2,3- formaldehyde
trimethylben valeraldehyde 55.9%
ene 1.3% 2.1%
. acrolein
SaamalE PR N I e I N B B B | 9
1,3,5- 7 '|:|:|:|:|:|:|:|:| benzene 4.4%
trimethylbenz T, " Y : \ : \ : .: | : . : ! 15.3% propionaldehy
ene 2.6% B Y - it deo
propylbenzen W gty o) ! : ' ' 4.8%
€ —— ) acetone
- 1,2,4-
2.9% Saliatal N 5.6%
ethylbenzene _/"P- . trimethylbenz —
y5'8% ethyltoluene o-xylene ene benzaldehyde acemdihyde
6.6% 6.7% 7.9% 6.8% 17.8%

Fig. 4. Emission fractions of specific species within speciated NMVOC gro(gsalkanesib) alkenes and alkineg¢) aromatics; andd)
carbonyls for the year 2005, based on the national emissions.

Fig. 5b. However, the proportions of specific species var-3.3 Spatial distribution of reactive and toxic species
ied: provincial proportions of ethene increased from 20.5%

in Guangxi to 49.6% in Tibet, while fractions of 2-methyl- Emjssions of aromatics, alkenes and carbonyls that have an
2-butene in Beijing and Tibet were both only 2.6%, much jmportant impact on air quality and human health due to their
less than the average 7.2% in other provinces. The majopigh atmospheric reactivities and high toxicity, were gridded
cause for this discrepancy of emission compositions among; 3 resolution of 40 k40 km by means of the GIS method-
provinces was the diverse compositions of provincial vehicleo|Ogy for the years 1985, 1995 and 2005, as illustrated by
categories that had distinct NMVOC emission profiles. Fig. 6, to provide necessary data for air quality simulation
Toluene, m,p-xylene, benzene, m,p-ethyltoluene andand human health risk assessment by atmospheric chemistry
1,2,4-trimethylbenzene were the dominant species of aromatand transportation models and exposure models. A signifi-
ics in all provinces, as shown by Fig. 5¢. Relative proportionscant contrast between the high-emission eastern areas and the
of specific aromatic species among provinces showed littlgow-emission western regions is revealed by Fig. 6, which
variance, and the provincial fractions of BTEX had a mi- was one notable characteristic of the spatial distribution of
nor difference ranging from 72.7% in Chonggqing to 82.6% China’s speciated NMVOC emissions of alkenes, aromatics
in Henan. and carbonyls. Besides, regions with high emissions mainly
Figure 5d shows that formaldehyde was the most abundantoncentrated in cities, which was in agreement with the fact
species of carbonyls, and accounted for about 54.5-60.7%hat vehicles in China concentrated in urban areas. Partic-
in all provinces, followed by acetaldehyde, the provincial ularly, the Beijing-Tianjin-Hebei region, the Yangtze River
fractions of which ranged from 14.2% in Henan to 19.9% Delta and the Pearl River Delta were the most polluted ar-
in Chongging. eas located in the prosperous eastern and southern coastal
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Fig. 5. Provincial emissions (figures in the data tables are in thousand tons) and the composi@)rdkaines(b) alkenes and alkinegg)
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Fig. 5. Continued.

China with most of China’s mega cities, which coincided Figure 6 illustrates that the emissions of alkenes, aromat-
well with the finding that China has faced tremendous in-ics and carbonyls mainly peaked over the large urban areas,
crease in air pollutant emissions in mega cities and their im-and annual variation of the spatial distribution of emissions
mediate vicinities, due to rapidly expanding economic devel-revealed that the regions of high emission density had been
opment (Chan and Yao, 2008). In contrast, the northwesterexpanding during the period of 1985—-2005, resulting in more
region, which covers 31.8% of China’s territory, generatedareas with especially high emission densities, as shown by
only about 5-7% of the total emissions during the period ofFig. 6, which was another typical and important characteris-
1980-2005. This characteristic of spatial distribution wastic of spatial distribution of speciated NMVOC emissions in
fundamentally caused by the unbalanced economic developchina. From 1985 to 2005, the proportion of gridded areas
ment across China. with alkene emission density higher than 2000 kgZKkilo-
grams per square kilometer) increased from 0.21% to 6.4%,
and the proportions of gridded areas with emission densities
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Fig. 6. Spatial distribution of emissions ¢&) alkenes(b) aromatics andc) carbonyls at a resolution of 40 ke#0 km for the years 1985,
1995 and 2005, based on GIS methodology.

of aromatics and carbonyls higher than 1000kgfkamd 2005, revealed that the emission proportion of each region
500 kg/kn?t, respectively, increased from 0.85% and 0.77%, dovetailed well with the corresponding GDP proportion:
respectively, to 10.1% and 7.6%, respectively. Thereforeemission proportion in the southeastern region increased sig-
emission control and reduction in the developed regions ofificantly with the rapid economic growth during the period
China must be emphasized while marvelous economic prosef 1985-2005, when emission proportions in the northeast-
perity was achieved there. ern and northwestern regions decreased with their relatively
Different parts of China are significantly unbalanced in slow economic growth.
economic development levels and area coverage, based on Figure 6 also depicts that the speciated NMVOC emissions
which China’s thirty-one provinces can be grouped into sixin six regions were notably different: the southeastern, north-
distinct regions: the Southeastern Region, including theern, and central regions, which altogether cover 35.2% of
provinces of Guangdong, Guangxi, Hainan, Fujian, Zhe-China’s territory, generated 71.3%, 71.5% and 66.5% of the
jlang, Jiangsu, and Shanghai; the Northeastern Region inemissions of alkenes, aromatics and carbonyls, respectively,
cluding the provinces of Heilongjiang, Jilin, and Liaoning; in 1985. Twenty years later, contributions of these regions to
the Northwestern Region including the provinces of Xin- the emissions of alkenes, aromatics and carbonyls increased
jlang, Shaanxi, Gansu, Qinghai, and Ningxia; the South-to 79.4%, 80.7% and 73.7%, respectively. On the contrary,
western Region including the provinces of Sichuan, Yun-the western provinces of Tibet, Shaanxi, Gansu, Qinghai,
nan, Guizhou, Chongging and Tibet; the Northern RegionNingxia, and Xinjiang, which altogether cover 44.6% of the
including the provinces of Beijing, Tianjin, Hebei, Shanxi, territory, contributed only 7.7%, 8.7% and 9.5% to the emis-
Neimenggu, Anhui, and Shandong; and the Central Resions of the three speciated NMVOC groups, respectively,
gion including the provinces of Henan, Hubei, Hunan, andin 1985, and their contributions decreased to 5.9%, 5.8% and
Jiangxi. Table 4, which summarizes the emission percent6.9%, respectively, in 2005. Consequently, high-emission re-
ages of alkenes, aromatics and carbonyls, as well as the arghons became more seriously polluted, with their emission
and GDP percentages of the six regions in 1985, 1995 anddensities and relative emission proportions increasing over
the period.
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Table 4. Summary of area coverage percentage (%), GDP percentages (%), emission percentages (%) of alkenes, aromatics and carbonyl
of the six regions for years 1985, 1995 and 2005.

Rea A 1985 1995 2005
egion '@ GDP sSG1 SG2 SG3 GDP SG1 SG2 SG3 GDP SG1 SG2 SG3
Southeastern 8.2 30.1 284 28 229 36.7 353 31.6 27.4 369 394 355 323
Northeastern 8.4 12.7 121 11.7 14.3 10.3 8.7 8.7 10.8 9.3 5.8 5.6 8.4
Northwestern  31.8 57 74 83 90 48 61 70 85 46 57 57 65
Southwestern ~ 24.6 86 93 85 102 93 62 57 7.9 86 91 80 113
Northern 19.3 263 287 296 295 243 299 334 315 258 258 29.1 26.9
Central 7.7 166 142 139 141 146 138 135 14.0 148 142 161 145

SG1: Alkenes; SG2: Aromatics; SG3: Carbonyls.

3.4 Comparison of speciated NMVOC emission files alone was in accordance with the fuel content difference
inventories with previous estimates and uncertainty ~ that gasoline used in China has higher benzene, alkenes and
analysis aromatics and lower alkanes than American gasoline. Wei

et al. (2008) reported the emissions of 40 species from ma-

Inventories of NMVOC emissions from major sources in- jor sources including transportation for the year 2005, us-
cluding motor vehicles in China were compiled previously ing literature-based emission profiles. The major difference
(Klimont et al., 2002; Streets et al., 2003; Ohara et al., 2007 was that we treated the emissions from distinct vehicle cate-
Wei et al., 2008; Bo et al., 2008). The differences in the gories under different driving modes seperately, and accord-
gross NMVOC emissions from transportation and the rea-ingly compiled seven specific emission profiles including
sons were summarized by Bo et al. (2008). Thus, we fo-more specific species based on a broader literature review.
cused on the discrepancy of the determination or selectiorParticularly, Wei et al. (2008) neglected the identification
of vehicular emission profiles, which resulted in some differ- of the emission profile for motorcycles, whose population
ences in the speciated NMVOC emissions between our estiin China was the largest and contributed tremendous emis-
mates and other major work (Klimont et al., 2002; Streets etsions. Therefore, we believe that our compiled emission pro-
al., 2003; Wei et al., 2008): the speciation profiles used byfiles are better representative of vehicular NMVOC emission
Klimont et al. (2002) and Streets et al. (2003) were drawncharacteristics in China and thus assure a better estimation of
from the USEPA's SPECIATE database (USEPA, 2000), andthe real-world emission inventories of speciated NMVOC in-
we appreciate this method as there were no reliable domesticluding as many as 67 species. Besides, the major improve-
profiles as alternative options. It is true that the SPECIATEment of these previous studies was that the emissions from
database was information-intensive and widely used in VOCmajor anthropogenic sources were compiled in China, with
and particulate matter speciation studies. Actually, some proparticular focuses on the atmospheric photochemical reactiv-
files (Schauer et al., 2002; Sagebiel et al., 1996) based oity and toxicity of certain specific species. However, for these
which we compiled our emission profiles were included in previous work, they neglected the specific emission factors of
SPECIATE. However, SPECIATE has not included profiles various vehicles under different driving cycles as considered
of motorcycles and on-road gasoline exhaust under differenin this study, and there was little information on the tem-
driving cycles. Moreover, SPECIATE profiles were mainly poral variation of vehicular speciated NMVOC emissions in
measurements of vehicles filled with American fuel, which China for the past few decades, with the emissions of specific
has been distinct from domestic fuel in China in terms of thespecies from different vehicle categories not given in details,
contents of aromatics and alkenes. In contrast, our profileseaving the important information of the contributions of var-
were compiled based on research conducted in China, Eueus vehicle categories to speciated NMVOC emissions un-
rope and the USA, based on which we believe our results ar&nown.

better representative for Chinese emissions than estimates of Generally, the uncertainty of the estimated emission in-
specific species selected on the basis of photochemical resentories of speciated NMVOC groups resulted from the un-
activity and only relying on SPECIATE profiles. As a re- certainties in the gross NMVOC emissions produced by var-
sult, the emissions of ethane, propane, butanes and benzermis vehicle categories and the corresponding emission pro-
reported by Klimont et al. (2002) were 85, 263, 543, andfiles compiled in this study. Therefore, we calculated the
73 thousand tons, respectively, in 2000, compared with outotal uncertainties of speciated NMVOC emissions, includ-
estimates of 31, 22, 222 and 111 thousand tons, respectivelyng the uncertainty in gross NMVOC emissions caused by
This difference that more emissions of alkanes and less emisspeed-dependent emission factors and VMT of various vehi-
sions of benzene were estimated using the SPECIATE proele categories, and the uncertainty of NMVOC profiles with
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400 Emission inventories of alkanes, alkenes, alkines, aromatics
and carbonyls, five major speciated NMVOC groups, from
on-road vehicles were estimated for the period of 1980-
Mh;:ta?zsaesnas 2005, using literature-based NMVOC emission profiles for
0 specific vehicle categories running under particular modes.
The emission inventories at the provincial level were further
40000 500000 80000 700000 4o allocated to the county level and gridded at a high resolution
Thousand Tons of 40 kmx 40 km by means of the GIS methodology, to inves-
tigate the characteristics of spatial distribution of emissions,
Fig. 7. Probability and frequency_ distriputions of gross emission in g4 to provide information for air quality simulation and
2005, based on a Monte Carlo simulation. health risk evaluation by atmospheric chemical and trans-
portation models and exposure models.

Results show that China has experienced an exponential
growth of emissions of alkanes, alkenes, alkines, aromatics
and carbonyls, which coincided well with China’s economic
growth. With the persistent and rapid economic growth, the

particular consideration of some recent studies which mea‘exponentially increasing trend of vehicular emissions con-

sured the domestic gasoline vapor profiles in China (Lu ety ,e5 with the increasing vehicular population stimulated by
al., 2003; Tsai et al., 2006), to better assess the quality of,¢ expanding demand of owning private cars. Emission con-
our estimation of speciated NMVOC emissions. The Monte i ions of vehicle categories to speciated NMVOC groups
Carlo method, of which the principles and procedures weregp,yyeq annual variation, due to the variance in the provin-
described elsewhere (Bo ?t al., 2008), was adopte_d t.o COMgjal emissions and in the relative fractions of the seven emis-
ductthe uncertainty analysis. Speed-dependent emission fagjon profiles adopted at the provincial level. However, the
tors and the VMT of various vehicle categories in China yominant contributors showed little variance: the primary ve-
from literature reports (He et al., 1998; He, 1999; Hu et al., icje categories that contributed most emissions of alkanes,
2002; Wang et al., 2002; Zhang et al., 2004; He and Wangg kenes;, alkines and aromatics were motorcycles, due to their
2006; Bo et al., 2008) and our estimates (Cai and Xie, 2007}, 46 and ceaselessly growing population and the loose regu-
were gsed to calculate the unc_ertamty of the tote}I.NMVO.C lations for controlling their evaporation emissions, followed
emissions, and the relative weight ratios of specific speC|e%y passenger cars, while the major contributors to carbonyl
from available published literatures were used to calculatgmissions were heavy duty vehicles mainly burning diesel,
the un_certainty caused by the emissipn_ profiles._ F_“rtherToIIowed by motorcycles and passenger cars. Therefore,
more, it was assumed that the uncertainties of emission facese primary contributors, especially motorcycles, should be
tors, VMT, as well as each specific species contained in theyshasized in priority when designing control and reduction
emission profiles had lognormal distributions, and the mear,yjicies for vehicular speciated NMVOC emissions in China.
values and the standard deviations for the lognormal distri- - mgositional characteristics of emissions are essential
butions of emission factor_s, VMT and every studied SPECI®Sor understanding the environmental and health impact of
were calculated. Our main finding was that the 95% COnf"pollutants, as well as for formulating effective control mea-

dence interval for the gross NMVOC emission in 2005 was g - Results show that a high emission proportion of light

about [-48%, 24%], as shown by Fig. 7. Besides, the uncery, 00y jar weight compounds with high reactivities and tox-

tainties of alka'ne.s, alken_es, alkines, aromatics and carbonyli%ity is a typical characteristic of China’s speciated NMVOC
caused by emission profiles were found to be [-29%, +80/"]'emissions, mainly due to the high emission fractions of

[-39%, +2%], [__53%_’ +54%)], [-34%, —3%)], z_and [-28%, {he highly reactive ethene, propene and 2-methyl-2-butene
+17%], respectively, in 2005 at the 95% confidence level.qo gikenes, toxic formaldehyde, acetaldehyde, benzalde-
Thus, the total uncertainties of speciated NMVOC emis-pyqe and acetone from carbonyls, and toxic and highly re-
sions caused by the gross NMVOC emission inventories and, e BTEX, 1,2,4-trimethylbenzene and m,p-ethyltoluene

the adopted emission profiles were [-43%, +10%], [—58%,fr0m aromatics.

+29%], [-78%, +67%], .[_50%’ _4%1' and [-41%, +21%] for Spatial distribution of speciated NMVOC emissions shows

alkanes, alkenes, alkines, aromatics and carbonyls, TeSPeG- clear difference in emission densities between developed

tively, in 2005 at the 95% confidence level, which reveale‘jeastern and relatively underdeveloped western and inland
that the uncertainties of speciated NMVOC emissions Werehina Remarkably high-emission areas mainly concen-

quite achptable, with an underestlmatg tgndency dug t0. thf?ated in the southeastern and northern regions, especially,
uncertainties of both gross NMVOC emissions and emissiony, Beijing-Tianjin-Hebei region, the Yangtze River Delta

profiles. and the Pearl River Delta, where most of China’s mega cities
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