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Abstract. An inventory of anthropogenic primary aerosol brought the peaks of BC (1.51Tg) and OC (3.19 Tg) emis-
emissions in China was developed for 1990-2005 using aions in 2005. Although significant improvements in the es-
technology-based approach. Taking into account changeSmation of primary aerosols are presented here, there still
in the technology penetration within industry sectors andexist large uncertainties. More accurate and detailed activity
improvements in emission controls driven by stricter emis-information and emission factors based on local tests are es-
sion standards, a dynamic methodology was derived and imsential to further improve emission estimates, this especially
plemented to estimate inter-annual emission factors. Emisbeing so for the brick and coke industries, as well as for coal-
sion factors of PM5 decreased by 7%—69% from 1990 to burning stoves and biofuel usage in the residential sector.
2005 in different industry sectors of China, and emission fac-
tors of TSP decreased by 18%—-80% as well, with the mea-

sures of controlling PM emissions implemented. As a re-

sult, emissions of Pis and TSP in 2005 were 11.0 Tgand 1 Introduction

29.7 Tg, respectively, less than what they would have been

without the adoption of these measures. Emissions of §M Understanding China’s anthropogenic aerosol emission
PMyo and TSP presented similar trends: they increased ifrends has considerable scientific importance due to the broad
the first six years of 1990s and decreased until 2000, thedmpact of aerosols on climate and air quality. Human-made
increased again in the following years. Emissions of TSpaerosols impact the climate system directly by enhancing
peaked (35.5Tg) in 1996, while the peak of RM18.8 Tg)  the scattering and absorption of solar radiation and indi-
and PM s (12.7 Tg) emissions occurred in 2005. Although rectly by providing the condensation nuclei for cloud drops
various emission trends were identified across sectors, the cé&nd ice crystals (Ramanathan et al., 2001; Ramanathan and
ment industry and biofuel combustion in the residential sec-Carmichael, 2008). Atmospheric aerosol trends in China
tor were consistently the largest sources of/2Mmissions, have been suggested as possible causes for many of the fun-
accounting for 53%—62% of emissions over the study perioddamental changes in regional climate that have been ob-
The non-metallic mineral product industry, including the ce- served. These include the decrease of surface temperature
ment, lime and brick industries, accounted for 54%—63% of(Qian and Giorgi, 2000; Giorgi et al., 2002, 2003; Menon et
national TSP emissions. There were no significant trends oftl., 2002; Qian et al., 2003; Huang et al., 2006), changes

BC and OC emissions until 2000, but the increase after 20000 surface solar radiation trends (Kaiser and Qian, 2002;
Che et al., 2005; Qian et al., 2006; Streets et al., 2006a,

2008, 2009; Xia et al., 2007), changes in cloud properties
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al., 2007; Rosenfeld et al., 2007), increased summer floodst al., 2004, 2007) inventories, and emission trends have also
in South China and drought in North China (Menon, et been reported by some of these studies (i.e., Streets et al.,
al.,, 2002), and even intensification of Pacific storm events2008; Ohara et al., 2007). A few studies on emissions of
(Zhang et al., 2007c). base cations indicated that China’s anthropogenic emissions
Aerosols downgrade air quality and visibility, and damage of Ca and Mg might be larger than natural sources (Zhu et al.,
human health (Pope et al., 1995). Heavy aerosol loading2004), although significant emissions of mineral dusts come
have been reported throughout China, from the coast to thevith sand storms. In our previous study, using a technology-
interior (e.g., He et al., 2001; Ho et al., 2003; Wang et al.,based approach, we presented the first comprehensive esti-
2006b; Cao et al., 2007; Li et al., 2007; Zhang et al., 2008a)mates of primary aerosol emissions in China for the year
Satellite observations have also indicated the possibility 0f2001 based on three particulate size fractions, e.g., TSP,
significant health hazards due to aerosol pollution throughPM;g and fine particulate matter less than 2.5um in diam-
out the country (Carmichael et al., 2009). In recent Atmo- eter (PM 5), and four major components, e.g., black carbon
spheric Brown Cloud (ABC) observations, a number of Chi- (BC), organic carbon (OC), Ca and Mg. (Zhang et al., 2006,
nese mega-cities were identified as “aerosol hot spots” from2007b). Using the same methodology, and as part of INTEX-
satellite observations (Ramanathan et al., 2007). To dateB Asian emission inventory, we then updated the estimates
particulate matter less than 10 um in diameter {§Mhas  and reported for the year 2006 (Zhang et al., 2009). However,
been the main atmospheric pollutant exceeding the Nationathe temporal coverage of the above work has been limited
Ambient Air Quality Standard (NAAQS) in major Chinese and as yet bottom-up inventory studies have not been used
cities, and has been the focus of local and national governto gain insights into China’s anthropogenic aerosol emission
ment control efforts (He et al., 2002; Hao and Wang, 2005;trends.
Chan and Yao, 2008). Aerosols can also impact regional air The purpose of this paper is to rectify this situation by
quality through their long-range transport. Modeling studiesdeveloping a comprehensive view of China’s anthropogenic
have indicated that Beijing’s PM concentrations have beeraerosol emission trends using bottom-up methodology. In
significantly enhanced by anthropogenic emissions from surthis work, we apply model frameworks similar to those de-
rounding provinces (Chen et al., 2007; Streets et al., 2007)scribed in Zhang et al. (2006, 2007b) and we use a dynamic
It is even argued that aerosol concentrations found withinmethodology similar to that of Zhang et al. (2007a) to re-
the United States are enhanced by Asia’s emissions througfiect the dramatic change in China’s aerosol emissions driven
trans-Pacific transport (Heald et al., 2006; Dunlea et al.by energy growth and technology renewal. The dynamic
2009). In addition to effects on atmosphere, Calcium andmethodology used in this study is detailed in Sect. 2. The
Magnesium in aerosols also play important roles in soil acid-inter-annual variations of net aerosol emission factors (EFs)
ification process in China (Zhao et al., 2007). derived from the dynamic methodology are then given in
A primary aerosol emission inventory for China with inter- Sect. 3. The results, including inter-annual emissions of TSP,
annual trends is essential for both the atmospheric sciencBM; o, PM, 5, BC, OC, Ca and Mg, and gridded emissions
community and China’s stakeholders. Primary aerosol emisare reported in Sect. 4. We compare our estimates with other
sion inventories that include data on particulate size rangegottom-up and top-down studies in Sect. 5, and also discuss
and inter-annual trends are available for certain developedhe uncertainties associated with our analysis in that section.
countries through their national emission inventory systems;
e.g., USA (USEPA, 2004), Canada (EC, 2007), and most Eu-
rope countries (UNECE, 2003; Vestreng, 2006). But this is2 Methodology
not the case for developing countries like China. China’s
Ministry of Environmental Protection (MEP) reports annu- To date, estimating primary aerosol emissions for China re-
ally the national total suspended particulate (TSP) emis-imains a challenge and is much more difficult than for other
sions in the two categories of “smoke” (generated fromgaseous pollutants. Firstly, in addition to emissions from en-
combustion) and “dust” (generated from mechanical impactergy consumption, primary aerosols are widely emitted from
and grinding during industrial processes), but these statisticsarious industrial processes and construction activities, some
only include emissions from large industries (ECCEY, 1992—of which are fugitive and therefore make accurate quantifica-
2006). Furthermore, sectoral information and the spatial distion of emissions from these sources very difficult. Secondly,
tribution of emissions are not provided, and therefore thesehe net aerosol emission rate from a specific sector is closely
reported statistics are insufficient for comprehensive scienrelated to the degree of penetration of control technologies
tific study. within that sector. Therefore an understanding of the uti-
China’s carbonaceous aerosol emissions have previouslization of various control technologies is necessary to allow
been estimated within a national inventory (Streets et al.meaningful EF estimates. Finally, but most importantly for
2001, 2008; Streets and Aunan, 2005; Cao et al., 2006) oemission trends, net EFs can change dramatically in only a
as part of regional (Streets et al., 2003; Ohara et al., 2007few years in China because new technologies are continually
Klimont et al., 2009) and global (Cooke et al., 1999; Bond coming into the market. For example, the building of new,
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large coal-fired power plants to replace or augment older, In addition to total aerosol emissions, we also estimated
smaller plants has dramatically altered the balance of powethe emissions of several chemical components in aerosols:
plant technologies in use, and has reduced the average NGBC, OC, Ca and Mg. EFs for BC and OC were calculated
EF of the whole power sector by 16% in just 10 years (Zhangas the mass ratio of BC and OC to PMEFs, with the as-
et al., 2007a). This situation could also be true for aerosolsumption that control technologies have the same removal ef-
emissions. ficiency for PMy s, BC and OC. This assumption is more or
Here we develop a dynamic, technology-based methodiess unrealistic because the removal efficiency forBlsind
ology to estimate the primary aerosol emissions in China.carbonaceous particles are usually different. For example,
A spreadsheet model was established to calculate the emisome recent tests (Roden et al., 2006, 2009) showed that the
sions. The geographical extent covers 31 provinces of mainBC/TC ratio of flue gas from traditional wood stoves is 0.2,
land China (emissions from Hong Kong and Macao are notwhereas that from improved stoves with a chimney is 0.5.
included in this study because the detailed technology infor-The different removal efficiency is mainly attributed to the
mation of these cities is inadequate to support our analysis)}gombustion condition, which impacts the formation process
and the temporal scope is 1990-2005. The key innovatiorof BC and OC in different ways. However, to date we lack
of this method is the estimation of EFs on a year-by-year ba-adequate local tests to quantify the mass ratio of BC or OC
sis using careful examination of the utilization of new control to PM, 5 before and after control technologies. Therefore we
technologies during the period, instead of using fixed EFs forhave no choice but to assume the same removal efficiency

all years. for PMy2 5, BC and OC, despite the possibility to introduce
. additional uncertainty. Similarly, EFs for Ca and Mg were
2.1 Model structure and calculation method determined by their fraction in TSP emissions.

Emission sources are classified into three groups: station-
ary combustion, industrial process, and mobile sources. The
stationary combustion sources involve three sectors (power

lants, industry, and residential) and seven types of fuel
coal, diesel, kerosene, fuel oil, gas, wood and crop residues).
The industrial process sources cover 22 products/processes
in metallurgical industries, non-metallic mineral production
industries and chemical industries, where cement produc-
tion, coke production and iron and steel production were
the most important. The mobile emission sources include
seven types of on-road mobile sources: light-duty gasoline
Eiy:=Y > Aijk: [in, j,k,m,sz,k,m,y,zi| (1) vehicles (LDGV), light-duty gasoline trucks (LDGT1), mid-
Jok " duty gasoline trucks (LDGT?2), light-duty diesel vehicles
For a given combustion/production technologyn sectorj,  (LDDV), heavy-duty gasoline trucks (HDGV), heavy-duty

the final EF of diameter rangewas estimated by the follow- diesel trucks (HDDV), and motorcycles (MC); and six types
ing equation: of off-road mobile sources: rural vehicles, tractors, construc-

tion equipment, farming equipment, locomotives and vessels.
Fy:=Frspfy Y Cn:(1—1ny) )
n

Emissions were calculated from the combination of activ-
ity rate, technology distribution, unabated EFs, the penetra
tion of emission control technologies and the removal effi-
ciency of those technologies, using an approach similar t
that of Klimont et al. (2002) and Zhang et al. (2007b). The
emissions were estimated for three size fractions:2 BM
PM25_10 (PM with diameter more than 2.5 um but less than
10 pm, coarse particles), and RM(PM with diameter more
than 10 um). The basic equations are:

Wherei represents the province (municipality, autonomous2.2 Combination of activity rates and EFs
region); j represents the economic sectbrrepresents the
fuel or product typey represents the diameter range of PM
z represents the yeam represents the type of combustion
and process technology; represents the PM control tech-
nology; E, . is the emissions of PM in diameterin year ~ We followed our previous approach to derive activity data
z, A is the activity rate, such as fuel consumption or mate-from a wide variety of sources, with a critical examina-
rial production;X,, is the fraction of fuel or production fora tion of the data quality (Streets et al., 2006b; Zhang et
sector consumed by a specific technolegyand)_ X, =1; al., 2007a). Generally, fuel consumption by sector and in-
dustrial production by product can be accessed from var-
ious statistics at the provincial level. In this study, fuel
consumption in stationary combustion by sector and by
province was derived from the China Energy Statistical Year-
book (except diesel, see below) (CESY, National Bureau
n of Statistics, 1992-2007). Industrial production by prod-
technologys for PM in diametery. uct and by province was obtained from the China Statistical

1221 Activity rates (A)

m
F is the net EF after abatement by control devicEgsp is
the unabated EF of TSP before emission contyljs the
mass proportion of PM in diameter relative to total PM;
C, ; is the penetration of PM control technologyin year
z, and) C, =1, n,,, is the removal efficiency of control
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Table 1. Data source of technology distributions for main PM emitting sectors in China.

Emitting Sector Data Sources
Power plants SEPA (1996)
Industrial boilers China Mechanical Industry Yearbook

Residential combustion, rural cooking  China Statistical Yearbook
Residential combustion, rural heating  Chinese provincial statistical yearbooks

Coke production National Bureau of Statistics (2006)

Cement production Chinese Cement Association (2006)

Iron & Steel production China Iron and Steel Statistics

Brick production CBTIA (2006)

Lime production CLIA (2006)

Other industry production China Statistical Yearbook

On-road vehicles Using a modeling approach documented in He et al. (2005)

Off-road machinery China Transportation Statistical Yearbook, China Agricultural Yearbook

Yearbook (CSY, National Bureau of Statistics, 1991-2006a)2.2.3 Unabated EFs (EFTSP and-))
and many unofficial statistics from industry associations
(CISIA, 1995-2007; CBTIA, 2006; CLIA, 2006). According to Eq. (2), net EFs for PM were determined by

Diesel consumption was broken down into three cate-unabated EFs for TSP, the size distribution of PM, the pen-
gories: industrial boilers, on-road vehicles, and off-road ve-etration of PM control technologies and their removal effi-
hicles and machinery, following the method described inciency. Unabated EFs for TSP and the size distribution were
Zhang et al. (2007a) (see Sect. 3.3 of that paper for deeonsidered constant for each specific technology in station-
tails). For on-road vehicles, the calculation of gasoline andary emission sources, as listed in Table 2. Most of the infor-
diesel consumption by vehicle type was further refined usingmation was derived from available measurements in China
a fuel consumption model developed by He et al. (2005). Foror from estimates based on the actual technology level and
off-road vehicles and machinery, fuel consumption by trac-practice (SEPA, 1996a; Zhang et al., 2000, 2006; Lei et al.,
tors and rural vehicles was estimated from their population,2011). EFs for similar activities from the US AP-42 database
fuel economy and annual travel mileage; diesel consumptiofUSEPA, 1995) and the RAINS-PM model (Klimont et al.,
by farming and construction machinery was estimated from2002) were used where local information was lacking. The
their total power (National Bureau of Statistics, 1991-2006b)control measures for PM emissions from on-road vehicle
and their average number of working hours (Nian, 2004);emissions were different from stationary sources. The EFs
diesel consumption of trains and vessels was estimated based each type of on-road vehicle under each emission stan-
on passenger and freight turnover for railways and inland wa-dard were derived from Zhang et al. (2007b), and are listed
terways, respectively, fuel economy, and the distribution ofin Table 3.
the modes of transport (YHCTC, 1991-2006).

2.2.4 Penetrations of PM control technology(C)

2.2.2 Technology distributions )

There is little statistical information on the penetration of PM

Unabated PM emissions are always determined by the techsyniro| technologies in China’s emission sources except for

nology used for combustion or in the industrial process. Ovefio power sector (which will be discussed in Sect. 3.1). Re-
recent decades, the balance of technologies used has changg:;g1t studies (Klimont et al., 2009; Zhang et al., 2009) tried

considerably in China. For instance, the percentage of Ceg, estimate the penetration based on the legislation. Follow-
ment produced by precalciner kilns increased from 20% injng this idea, where data were lacking we used an alternative

the mid-1990s to 65% in 2008 (Lei et al.,, 2011). The dis- nethod to estimate the penetration of PM control technolo-
tribution of the combustion technology in each sector a”dgies. We considered the Chinese government's new emis-

the processing technology for each industrial productis geng;jon, standards to be the driving force for the implementation
erally not available from national government statistics. We ¢ 4qvanced control technologies. Assuming the emission

therefore collected these data from a wide range of published, ;rces comply with the emission standards of the day when

and unpublished statistics provided by various industrial ast is pyilt or retrofitted (stationary sources) or came into the

sociations_and technolog_y reports. The detailed data sources 5 ket (mobile sources), the typical penetration of PM con-
for the main sectors are listed in Table 1. trol technologies in new emission sources was estimated for

each year, based on the threshold value of the active emission
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Table 2. Unabated EFs for PM from stationary sources.

935

Sector Fuel/Product  Technology BM PMos_10 PM.qo TSP  Reference
Stationary combustion (k kgt fuel)
Power plants Coal Pulverized 12.00 34.00 154.00 200.00 Zhang et al. (2006)
Coal Grate furnace 5.25 8.63 23.63 37.50 Zhang et al. (2006)
Fuel oil 0.62 0.23 0.35 1.20 USEPA (1995)
Industry Coal Circulating fluidized bed 5.40 22.68 79.92 108.00 Zhang et al. (2006)
Coal Grate furnace 1.89 3.51 21.60 27.00 Zhang et al. (2006)
Fuel oil 0.67 0.36 0.17 1.20 USEPA (1995)
Residential Coal Grate furnace 1.89 3.51 21.60 27.00 Zhang et al. (2006)
Coal Hand-feed grate furnace 2.00 1.50 1.50 5.00 Zhang et al. (2000)
Coal Stove 6.86 1.96 0.98 9.80 Zhang et al. (2000)
Fuel olil 0.28 0.47 0.46 1.20 USEPA (1995)
Firewood Stove 5.58 0.18 0.24 6.00 Zhang et al. (2000)
Stalks Stove 6.98 0.23 0.30 7.50 Zhang et al. (2000)
All Diesel ol 0.50 0.00 0.00 0.50 USEPA (1995)
Kerosene 0.90 0.00 0.00 0.90 USEPA (1995)
Gas 0.17 0.00 0.00 0.17 USEPA (1995)
Industrial process (g kgt product)
Metallurgical Sinter 2.62 3.43 34.25 40.30 SEPA (1996a)
Pig iron 6.00 3.65 54.55 64.20 SEPA (1996a)
Steel Open hearth furnace 13.80 5.30 3.90 23.00 SEPA (1996a)
Basic oxygen furnace 10.45 4.18 6.27 20.90 Klimont et al. (2002)
Electric arc furnace 6.02 2.10 5.88 14.00 SEPA (1996a)
Casting 8.48 3.35 3.93 15.76  SEPA (1996a)
Aluminum Primary 18.28 8.23 19.20 45.71 SEPA (1996a)
Secondary 5.20 1.78 4.93 11.91 SEPA (1996a)
Alumina 297.13 99.04 125453 1650.70 SEPA (1996a)
Other non-ferrous metal 246.00 30.00 24.00 300.00 SEPA (1996a)
Mineral products Cement Precalciner kiln 28.46 48.97 168.57 246.00 Leietal. (2010)
Other rotary kiln 23.51 44.97 170.71 239.20 Leietal. (2010)
Shaft kiln 12.86 29.77 128.37 171.00 Leietal. (2010)
Glass Float glass 7.92 0.35 0.43 8.70 SEPA (1996a)
Sheet glass 10.69 0.47 0.58 11.74 SEPA (1996a)
Other glass 2.94 0.13 0.16 3.23 SEPA (1996a)
Bricks 0.27 0.44 2.99 3.70 SEPA (1996a)
Lime 1.40 10.60 88.00 100.00 Klimont et al. (2002)
Chemical Coke Mechanized oven 5.22 3.57 4.22 13.00 SEPA (1996a)
Indigenous oven 5.22 3.57 4.22 13.00 SEPA (1996a)
Refined ol 0.10 0.02 0.00 0.12 Klimont et al. (2002)
Fertilizer 1.86 0.26 0.24 2.36 SEPA (1996a)
Carbon black 1.44 0.16 0.18 1.78 Klimont et al. (2002)

* Size distribution of PM emissions from industrial processes is based on Klimont et al. (2002).

Table 3. PM EFs for on-road vehicles under different emission standards(tfigl).

LDGV LDDV LDGT1 LDGT2 LDDT HDGV HDDV MC
Uncontroll  0.25 5.12 0.25 0.40 5.50 0.40 3.00 4.00
EUROI 0.15 2.01 0.16 0.25 2.20 0.25 1.60 2.80
EUROII 0.08 1.30 0.07 0.10 1.40 0.10 0.70 1.20
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stapdgrds of that year. Me_anwhile, the typigal "feSPa” of theTable 4. Emission standards for industry and on-road vehicles be-
emission sources was estimated based on industrial expertg 2005,

judgment and vehicle surveys (Wang et al., 2006a). Thereby
the penetration of PM control technologies in each source
category was estimated for each year. An example applying Industry sector/vehicle type ~ Standard code  Year published/revised

j{hIS approach to estimate inter-annual EFs in cgment industry 5o er plants GB13223 1991, 1096, 2003
is described in Sect. 2.3 of a related paper (Lei et al., 2011). |nqustrial boilers GB13271 1991, 2001
The emission standards considered in this work are listed in Cement plants GB4915 1985, 1996, 2004
Table 4. Coking oven GB16171 1996

Other industry GB9078 1988, 1996
2.2.5 Removal efficiencies) LDGV GB18352 1999, 2001

LDGT, HDGV GB14762 2002

LDDV, HDDV GB17691 1999, 2001

Four types of end-of-pipe emission control technologies
were considered: cyclones (CYC), wet scrubbers (WET),
electrostatic precipitators (ESP), and fabric filters (FAB).
Fugitive dust control technologies were categorized into
“normal practice” and “good practice”. Klimont et al. (2002)

have summarized the removal efficiencies of these technoloIable 5. Removal efficiency of different PM control technologies,
gies based on practices in Europe and US, but any sublumbers show as percentage.

optimum operation of the control devices would lead to lower

GB14622 2000, 2002

* Emission standards for some individual industries were replaced by this standard.

removal efficiencies. The removal efficiencies that we used Control PM.10 PM2s_10 PMzs

are listed in Table 5; they are mostly taken from the estima- technology

tion from Klimont et al. (2002), but some changes were made End-of-pipe FAB 99.9 99.5 99

based on local emission source tests made in China (Yi et al., ESP 99.5 98 93

2006b). WET 99 90 50
cyc 90 70 10

2.2.6 EFsfor BC, OC, Mg and Ca Fugitive Normal practice 20 15 10
Good practice 70 50 30

BC and OC, formed during incomplete combustion, are

mainly concentrated in the fine fractions. The United StatesCoal stoves, because emission tests for fine PM, BC and OC

Envwonmentgl Protection Agenpy (USEPA) 'has compiled ave peen conducted by Chinese researchers in recent years
the mass ratio of BC and OC in Rl for major Sources  cpen et al., 2005, 2006, 2009; Zhang et al., 2008b; Zhi et
in SPECIATE, a source profile database. But there is Ilttleal_, 2008, 2009). As such, we used the average EFs derived
systematic research on source profiles ofzBMespecially from the latest BC and OC emission test results (Chen et al.
from boilers and kilns in China. In this study, for most in- 2009). Although Li et al. (2009) calculated EFs for BC and ’
dustrial process sources we used data from the Greenhou§§c from biofuel combustion based on local tests in China
Gas and Air P_ol_lution Interaction_s and Synergies (GAINS_‘) their calculated ratio of BC/OC is much higher than the pub-7
”?Ode" by de_nvmg the mass ratios of BC_ and OC (Kupi- jispeq results from other research. They attributed the high
ainen and Klimont, 2004, 2007) in P (Klimont, 2002). ratio both to the tested stoves having a better oxidization at-

Note that although the emission factors in GAINS. have be?'}nosphere and hence improved combustion efficiency and to
recently updated, they still rely on many assumptions and I|t—the protocol used in BC and OC analysis. Since there is no

tle measurement _data. . ._evidence to show that stoves typically used in China will have

For most stationary comb_ust|on sources a_md rnOb'lethe relatively high combustion efficiency of Li et al.’s (2009)
sources, we used the mass ratios of BC gnd OC. ' fPMn study, we did not use their BC and OC emission factors. The
Bond et al. (2004) and converted them into ratios insBM mass ratios of BC and OC to P are listed in Table 6.

by the following equation: Emissions of Ca and Mg in PM come from coal burning

A o EFio 3 and the raw materials used in industrial processes. Zhu et
BC/0C= fBC/OC" f1° EF s @ a (2004) investigated the mass percentage of Ca and Mg
= fecjoc: f1- (L+EF25_10/EF25) in fly ash from coal combustion and the raw materials used

in non-metallic mineral product industries by province. Here

where Fac/oc represents the mass ratio of BC or OC in \ye yse the mass ratios of Ca and Mg derived from their study,
PMzs; fec/oc refers to the mass ratio of BC or OC in RM 55 Jisted in Table 7.

from Bond et al. (2004)/; refers to the mass ratio of PM

in PM1o from Bond et al. (2004); Ef, EF>5-10 and Ek s

is the unabated EFs of Ply| PM>5_10 and PM 5, respec-
tively, as listed in Table 2. The exception was for residential

Atmos. Chem. Phys., 11, 933954, 2011 www.atmos-chem-phys.net/11/931/2011/
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Table 6. Mass ratio of BC and OC to Py from different emission sources, numbers show as percentage.

BC OC Reference BC OC Reference

Sinter 1 5 Kupiainen and Klimont (2004)  Power plants 0.2 0 Bond et al. (2004)
Pig iron 10 2 Kupiainen and Klimont, 2004  Grate furnace 19 4 Bond etal. (2004)
BOF 0 20 Kupiainen and Klimont (2004)  Stove/cdall 14.6-22.8 43.1-48.0 Chen etal. (2009)

EAF 0 2 Kupiainen and Klimont (2004)  Stove/firewood 20 80 Bond etal. (2004)
Casting 0 3 Kupiainen and Klimont (2004)  Stove/stalks 15 57 Bond et al. (2004)
Cement 0.6 1 Kupiainen and Klimont (2004) Diesel (boiler) 27 8 Bond etal. (2004)
Lime 2 1 Kupiainen and Klimont (2004) Kerosene 13 10 Bond et al. (2004)
Brick? 40 35 Kupiainen and Klimont (2004)  Fuel oil 6 2 Bondetal. (2004)

Coke 30 35 Kupiainen and Klimont (2004) Gas 10 30 Bond etal. (2004)
Diesel vehicle 57 18 Bond et al. (2004) Motorcycle 5 75 Bond et al. (2004)
Gasoline vehicle 29 31 Bond etal. (2004) Off-road mobile 57 18 Bond et al. (2004)

3Average mass ratio of BC and OC to BMIfrom coal stove dropped while share of briquettes in coal consumption increased.

b Note that there’s no EF for BC and OC from brick making industry in Kupiainen and Klimont (2004). Here we apply the same OC ratio and a little higher BC ratio of coke
industry.

Table 7. Mass ratio of Ca and Mg to TSP from different emission Pulverized coal boilers are the dominant combustion tech-
sources, numbers show as percentage. nology used in power plants, accounting for 92% of capacity
in the power sector (SEPA, 1996a). Grate furnaces account
for the remaining 8%, mostly used in small electricity gener-

Ca Mg Ca Mg ation units within industry self-supplying power plants. ESP,
Power plants 43 10 Coke 3.6 0.8 WET and CYC were widely used in power plants to mitigate
Industrial boilers 4.2 1.0 lronandsteel 7.1 3.5 pp emissions. In recent years, FAB has increasingly been
Domestic boilers 4.4 1.1  Cement 39.9 1.0 jnstalled, but we do not consider it in our model as its share of
Domestic stoves 5.0 1.0 Br:_cllTe A 23’9'9 L 01'0 the power sector before 2005 is negligible. There were three

Other i . emission standards for thermal power plants published from
erindustrial 4.9 11 . .
processes 1990 to 2005. The first release gave various standard val-
ues for new power plants using coals with different ash con-
tents (SEPA, 1991); the second release gave a unique stan-
dard value for all new power plants (SEPA, 1996b), resulting
3 Trends in net emission factors in a phasing out of inefficient PM removal technologies such

) as CYC,; and the third release gave a stricter standard value
Net EFs for PM are not only affected by the penetration of (SEpa, 2003), which not all power plants could meet without
PM control technologies, but also by the balance of tech-the yse of ESP or FAB. In this work, based on the penetration
nologies employed within the emission sources. In this seCyate in China of the three types of PM control technologies in
tion, we focus on some emission sources (including powekpe early 1990s (SEPA, 1996a) and after 2000 (China Elec-
plants, the cement industry, the iron and steel industry, thgyicity Council, 2004), we estimated the PM EFs from 1990
coke industry, residential coal stoves and on-road vehiclesy, 2005 by interpolating penetration rates of the PM control
which may make a significant contribution to China’s PM technologies based on the three versions of emission stan-
emissions, or which may show a significant change througl‘uards, as shown in Fig. 1a. The estimated net EF 0§ £M
time. PM,5_19 and PM. 19 were found to have decreased by 67%,
65%, and 54% from 1990 to 2005, respectively.

Coal consumption by industrial boilers increased at a

The power sector is the largest consumer of coal in Chinalower rate than the power sector, from 250Tg in 1990
China’s thermal power generation increased from 0.49 tril-to 540 Tg in 2005 (NBS, 1992-2007). Supplying heating
lion kwh in 1990 to 2.05 trillion kWh in 2005 (NBS, 1992— and hot water for industrial processes, industrial boilers are
2007). Accordingly, coal consumption by China’s power mostly equipped with grate furnaces. Most industrial boil-
plants increased from 270 Tg to 1050 Tg (NBS, 1992—-2007) ers are installed with WET and CYC because they are gen-
with an annual rate of increase of 9.4% and a percentagérally much smaller in capacity and their unabated EFs of
share of total coal consumption increasing from 30% to 50%.PM are lower than power plant boilers. Using the same ap-
proach for power plant boilers, we estimated the net EF of

3.1 Power plant and industrial boilers
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PM from industrial boilers. The results shows that the netstalled in most large coke plants with mechanized coking fa-
EFs of PM 5, PMo 510 and PM. 19 have decreased by 12%, cilities; however few are installed in small plants with indige-

40%, and 70% from 1990 to 2005, respectively. nous coking facilities. Through a similar approach described
in the previous two sections, the penetration of PM control
3.2 Cementindustry technologies and the net PM EFs were calculated from the

annual production from mechanized and indigenous coking

China’s cement industry is a typical emission source thatovens, as shown in Fig. 1c. Our estimations indicate that EFs
utilizes both new, advanced technologies and older, increasincreased in the first half of the 1990s as the share of coke
ingly out-moded ones. Shatft kilns, which have been replacegroduced from indigenous ovens increased. However, this
in many industrially more advanced countries, have played &hare decreased from 49% in 1995 to 18% in 2005, resulting
major role in China’s cement industry for a long period, andin a decrease in PM EFs as well.
in the mid-1990s accounted for over 80% of cement produc-
tion. Precalciner kilns (generally known as “new-dry process3.4 Iron and steel industry
kilns” in China) increased their cement production 11 times
over between 2000 and 2008, and in 2006 exceeded produdhe iron and steel industries involve a series of interrelated
tion from shaft kilns (Lei et al., 2011). Unabated PM EFs processes. Besides coke production (see above), the ma-
are different among cement-producing processes, but whgbr release points of PM include sinter production, pig iron
greatly increased the difference in net EFs is the quite differ-production, steel production and casting. There are three
ent PM control technologies utilized within cement plants. type of technology in steel production: Open Hearth Furnace

There have been three emission standards for the cemef®HF), Basic Oxygen Furnace (BOF) and Electric Arc Fur-
industry in China (SEPA, 1985, 1996¢, 2004). CYC was ap-nace (EAF). These processes/technologies were considered
plied to recycle the raw material before publication of the separately in our estimation of PM emissions from the iron
first standard. After that, WET, ESP and FAB were gradu-and steel industry.
ally developed and introduced into the market place, enabling Prior to 2005, in China there have been two emission stan-
cement plants to reduce PM emissions. SEPA (1996a) calcudards for the iron and steel industry (SEPA, 1988, 1996¢).
lated the net TSP EF to be 23.2 gKgn the early 1990s by  We assume that more efficient control technologies were pro-
testing 264 cement production lines. The Chinese Researcimoted in most processes after the release of the 1996 stan-
Academy of Environmental Sciences (CRAES, 2003) testeddard, except for casting and OHF, which were gradually re-
emissions from 90 cement plants utilizing advanced PM con-placed by other processes after the mid-1990s. The pene-
trol devices, and found the average net TSP EF to be approxration of PM control technologies before 1996 was derived
imately 2gkg®. Based on this information, we estimated from source test results (SEPA, 1996a), and the penetration
PM EFs for different types of cement kilns in China for the after 1996 was calculated based on investigation of key iron
period from 1990 to 2008 (Lei et al., 2011). The penetra-and steel companies (Sino-Steel TianCheng Environmental
tion of PM control technologies as well as the net PM EFsProtection Science and Technology Co., Ltd, 2007). The
from 1990 to 2005 is shown in Fig. 1b. The net EF of M trends in TSP EFs in the iron and steel industry were then
PM25_10and PM. 10 decreased by 69%, 72% and 75% from estimated for different processes/technologies, as shown in

1990 to 2005, respectively. Fig. 2. The EFs of TSP from sinter production, iron produc-
tion, BOF and EAF decreased by 18% to 27% from 1996 to
3.3 Coke industry 2005, and EFs of Pl decreased by 7% to 21%.

China is the largest coke producer in the world. Production3,5 Residential coal stove combustion
of coke increased 3.5 times during the period 1990-2005,
driven by a tremendous demand from the domestic iron andt is believed that residential coal stoves are a major source
steel industries and its high price on international markets. Inof BC emissions in China (Streets et al., 2001; Bond et al.,
industrially more advanced countries, coke plants are usually004). Recent experimental research conducted in China
located within iron and steel plants, and supply coke for ironindicated that the following three factors could lead to one
smelting. However in China, two thirds of total coke produc- or two orders of magnitude difference in EFs for BC and
tion comes from individual coke companies, many of which OC: (1) the type of coal (e.g. bituminous or anthracite),
are equipped with small-scale indigenous (“beehive”) coke(2) the shape of the coal when it is burned (e.g. chunk or
production facilities. briquette), and (3) the type of stove (e.g. traditional stoves
PM is emitted not only from coke ovens, but also by sev- or improved stoves) (Chen et al., 2009; Zhi et al., 2009).
eral processes such as coal crushing, coal feeding and cokghen et al. (2009) estimated the BC and OC emissions from
guenching (USEPA, 1995). However, China has no emissiorChina’s residential coal stoves with the assumption that the
standard for these processes, only for the direct emissionshare of briquettes increase from 40% in 2000 to 80% to
from coke ovens (SEPA, 1996d). PM control devices are in-2020. Since there are no statistical data showing the trend
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Net annual EFs of on-road vehicles were estimated from the
population of new-sale vehicles and raw EFs using similar
Fig. 1. As high efficient PM control technologies were gradually methodology to that desqubed by Zhang etal. (2007a). The
promoted during 1990-2005, EFs of TSP fr¢a) power sector, 'aW EF of new-sale vehicles was estimated from the cur-
(b) cement industry, an¢c) coke industry decreased. Bars rep- rent emission standard in force at the time of manufacture.
resent the penetration rate of PM control technologies within theChina began to implement emission control standards for
industries, and line represents the net emission factor of TSP. on-road vehicles in 1999. As listed in Table 8, Beijing and
Shanghai implemented the standards in advance of the other
provinces of China. In addition to this, some large cities such
of chunk/briquette ratio, we followed Chen et al's (2009) as Beijing, Shanghai and Guangzhou implemented some re-
approach and estimated EFs for BC and OC for the periodyional regulations to reduce vehicle emissions. For instance,
1990-2005 (Fig. 3), assuming the mix of chunk and briquetteo|d, polluting vehicles (called Yellow Label Vehicles) were
coal changed linearly from 1990. As the share of briquettesequired to be banned or eliminated in advance. Such re-
in coal consumption in residential coal stoves increased fronyional regulations resulted in a greater reduction within those
20% to 50%, average net EFs for BC and OC dropped byprovinces of the average net PM EFs as the proportion of new
34% and 10%, respectively. vehicles increased through time. Taking these factors into
consideration, we calculated the EFs for different regions of
China (Fig. 4). Our estimates show that from 1999 to 2005,

(c) coke industry
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emissions by particle size, as well as the contribution of PM  gg9, |
emissions by sector from 1990 to 2005. The breakdown of
emissions of PM5, PMig and TSP by sector in 1990, 1995,  s0%
2000 and 2005 is listed in Table 9. PM emissions increased
rapidly in the six years after 1990 and reached a high of 40% -
35.5Tg for TSP in 1996. Rapid development of the econ-
omy and the rise in energy consumption were the major driv- 20% 1 0oddon
ing forces of this trend in emissions. From 1996 to 2000, n n n n n U U D n n n n n
the decrease in PM emissions can be attributed to a much re- 0% B E—
duced increase of energy consumption and industrial produc- 1990 1993 1996 1999 2002 2005
tion, coupled with the implementation of several new emis- (c) PM emissions
sion standards. After 2000, industries with high PM emis- %%
sions developed at an enormous speed. Production of steel,
cement and aluminium increased by 179%, 79% and 157%
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in 5 years, respectively, while additionally coal consumption . ®Brick
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for power generation increased by 88%. These dramatic in- aCement
Biron&Steel

creases in the macro-economy and in energy consumption
offset the effects of utilizing more efficient PM control tech-
nologies, and led to increases of PM emissions, especially
for fine PM, after 2000. As a result, emissions of PMand
PMo reached peaks of 12.9 Tg and 18.8 Tg, respectively, in
2005. 1990 1993 1996 1999 2002 2005

The cement industry and biofuel combustion in the resi- (d) TSP emissions
dential sector were the largest emitters of RMn China,
accounting for 54%—62% of emissions during the periodFig. 5. PM emissions from 1990 to 20q&) and the breakdown of
1990-2005. Power plants contributed about 10% of totalemissions ofb) PMs 5, (c) PM1g and(d) TSP by different sectors.
PM, 5 emissions, a value similar to the total emissions from
other coal combustion sources. Pyemissions from mobile
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Table 8. Starting date of implementation of China’s Stage | and Stage Il emission standards for vehicles.

Region Euro | ‘ Euro Il
LDGV LDDV, LDGT, MC \ Vehicle MC
HDDV HDGV
Beijing Jan-1999 Jan-2000 Jan-2000 Jan-2(001an-2003  Jan-2004
Shanghai Jul-1999  Oct-2001  Jul-2003  Jul-20p3var-2003  Jan-2005

Rest of China  Jul-2000  Oct-2001  Jul-2003  Jul-2003ep-2004  Jan-2005

Table 9. Sector breakdown emissions of BNl PM;g, TSP, BC and OC in 1990, 1995, 2000 and 2005 (Tg).

PMs 5 \ PM1g \ TSP \ BC \ oc

1990 1995 2000 2005 1990 1995 2000 2003 1990 1995 2000 2005 1990 1995 2000 200% 1990 1995 2000 2005
Power 109 143 112 1.3f 176 229 181 224 222 287 232 309 001 0.01 001 0.01 000 000 0.00 0.0
Industrial Boiler 045 052 048 086 086 096 085 140 237 245 193 237 008 009 008 015 000 0.00 000 0.00
Residential Coal 083 083 076 079108 1.08 100 107 127 128 121 144 019 016 013 0.11 039 038 033 032
Residential Biofuel 349 315 280 360 3.60 325 289 372 375 338 301 387 057 052 046 059 222 202 177 229
Iron & Steel 029 042 038 067 035 054 049 088 072 116 119 233 000 000 000 001 001 001 0.02 0.03
Cement 223 421 368 34B 379 697 590 547 586 1028 825 7.33 001 003 0.02 0.02 002 004 004 0.03
Brick 031 053 051 054 070 119 114 120 3.06 518 495 525 013 021 020 021 011 019 018 0.19
Lime 0.14 018 017 020 075 100 094 107 473 627 588 657 000 0.00 0.00 0.0 000 000 0.00 0.00
Coke 023 050 041 072 033 076 059 09§ 043 105 077 1.1 007 015 012 022 0.08 018 0.14 025
Other process 010 016 022 036011 018 025 040 012 020 028 047 000 000 000 0.01 000 0.00 000 0.00
Mobile 012 017 028 037 015 020 030 03§ 034 037 037 042 006 0.09 014 0.19 002 004 0.07 0.09
Total 9.28 1211 1079 12951350 1843 16.14 18.8324.86 34.49 30.16 3426 1.13 127 118 151 287 286 254 3.19

sources were minor relative to other sources; however their 14
proportion in total PM 5 emissions more than doubled inthe 12 |- " 7990 ®1995 m2000 m2005
15-year study window (from 1.3% to 2.9%).

The lime and brick industries are more important in terms
of emissions of larger particles. The non-metallic mineral
product industry, including the cement, lime and brick in-
dustries, accounted for 55%—-65% of national TSP emissions. o2
This estimate is larger than the official statistical data (EC- oo
CEY, 1992-2006). We attribute the difference to the ab-
sence from the official data of emission estimates from small
plants (including small industrial boilers and industrial pro-
cesses). These small plants commonly lack emission contrqtig 6. Emissions of PM 5 by province for 1990, 1995, 2000 and
devices and moreover are generally not included in officialoggs.
emission statistics because of their diffused distribution over

rural China, away from cities. . _
Industrial boilers contributed less than 10% of PM emis- Vanced economies, such as Beijing, Shanghai, Guangdong,

sions. Although TSP emissions did not change much durJiangsu and Zhejiang, showed a reduction after 1995. This
ing 1990-2005, PMs emissions from industrial boilers in- trend is due to the requirements of local government for
creased by 90%. As the industrial boilers are usually locatedréater environmental protection and the fransition of the
in populated area, more efficient PM control devices to re-economy from heavy industry to high-tech and commercial
duce PM 5 emissions, such as ESP, are needed for the beneSectors. However, emissions from Shandong, Hebei and
fit of public health. Henan increased, especially after 2000, a trend consistent
Figure 6 shows the Pps emissions by province in 1990, with the construc_:tion of many new power, _cement, and iron
1995, 2000 and 2005. Shandong, Hebei, Jiangsu, Henand Steel plants in these provinces. Emissions from all west-
Guangdong and Sichuan combined accounted for about 409 Provinces increased after 2000, reflecting the impact of
of total PMy 5 emissions in China. Emissions of Rpand the government's “West China Development” policies.
TSP have a similar distribution across provinces to that of
PMzs5. PM emissions from provinces that have more ad-

PMzs emissions (Tg)

Beijing
Tianjin
Hebei
Shanxi
Neimenggu
Liaoning
Jilin
Heilongjian
Shanghai
Jiangsu
Zhejiang
Anhui
Fujian
Jiangxi
Shandong
Henan
Hubei
Hunan
Guangdong
Guangxi
Hainan
Chonggqing
Sichuan
Guizhou
Yunnan
Xizang
Shannxi
Gansu
Qinghai
Ningxia
Xinjiang
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4.1.2 Carbonaceous aerosols
O Industry O Residential O Mobile

Emissions of BC increased from 1.1 Tg in 1990 to 1.5Tg in

2005, and emissions of OC varied between 2.5 and 3.2 T§19- 8. Provincial BC emissions in 2005.
for the same period, as shown in Table 9 and Fig. 7. Signif-

icant increase occurred for both BC and OC emissions dur-

ing 2000-2005. Most of the increase (0.13Tg of BC andy 28, T TE T S B8 B S RS TR
0.51Tg of OC) was due to biofuel combustion, followed by b 9

the coke industry (0.09 Tg of BC and 0.11Tg of OC) and (Hebei, Shanxi, Shandong and Henan), while the residential

mobile sources (0.04Tg of BC and 0.02Tg of OC). The chfgi:"thi?] dtﬁgng(?gtth\s/voe'v'srf E(zeof eg:JS;rI]OT(iS Ig;@isoﬁh’;}ndd
residential sector is the largest contributor of carbonaceou P y 9. gxi, gaing

aerosol emissions, accounting for 47%—69% of China’s totaﬁ'Chuan) since much more coal and biofuel are used there.

BC emissions and 81%—-92% of total OC emissions. 413 Caand Mg

The transportation sector is the dominant contributor to an-

thropogenic BC emissions in developed countries such as thBigure 9 shows the emission trends of Ca and Mg in China.
United States (203 of 354 Gg) and OECD Europe (226 ofThe cement and lime industries contribute 90% of total Ca
343) (Bond et al., 2004). However, total BC emissions from emissions, while production of cement, iron, steel, lime

China’s mobile sources, including on-road transportation andand brick contribute 75% of total Mg emissions. Ca and

off-road mobile sources, were 187 Gg in 2005, much lessMg showed similar emission trends in the 1990s: an in-

than those of the industrial (609 Gg) or residential (701 Gg)crease in the first 6 years followed by a decrease. Af-
sectors. Compared to on-road vehicles (54 Gg in 2005)fer 2000, emissions of Ca were relatively stable, although
off-road mobile engines emitted much more BC (133 Gg inthey show a decrease in 2005. However emissions of Mg
2005) because there are fewer emission control policies oshowed a further increase from 2000 to 2005, a trend that
these sources. Figure 8 illustrates the large differences ian mainly be attributed to increased emissions from the iron
BC emissions among sectors and provinces that our analand steel industries.
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90 4.2.1 Power plant boilers

OOther process
80 T B Brick

ol PM emissions from power plants rose from 1990 to 1996,

and then dropped until 2000. With significant increases in
power generation since 2000, PM emissions increased again

Olime

6.0 + O Cement

2 Olron & steel
5 %07 8Coke after 2000, and reached their peaks in 2005 (1.4 Tg 8M
£ 40 8 Residential 2.3Tg PMy, and 3.1 Tg TSP).
" 30 Bindustrial boiler Estimates of PM emissions were compared with China’s
20 | = Power governmental statistical data (ECCEY, 1992-2006) in
0 Fig. 10a. Our estimates are about 25% lower than the sta-
tistical data, but show a similar inter-annual trend. Since the

government’s statistics are mostly based on calculated emis-
@G sions, not derived from monitored data, we attribute the dif-
040 ference between the government’s estimates and our own to
D Otherprocess the different parameter values used in the calculations. We
= ek also compared our PM emissions in 2001 and 2003 with

1990 1993 1996 1999 2002 2005

o
w
o

OLlime

0.30 o Cement Zhang et al. (2007b) and Yi (2006a), and the differences are
2 025 Blron & steel much less (approximately 296).
.é 0.20 B Coke
£ ®Residential 4.2.2 Cementindustry
5 o015 .
Olndustrial boiler
010 = Power As a major contributor of PM emissions, the cement industry

accounts for about 30% of total emissions in China. His-
torically there have been two periods where cement produc-

o
o
a

o
o
S

1990 1993 1996 1999 2002 2005 tion increased very rapidly: 1990-1995, when the average
annual rate of increase was 17.8%, and 2002—-2005, when
(b) Mg the average annual rate of increase was 12.4%. However,

the emissions of PM show a different trend in these two pe-
riods, as shown in Fig. 10b. In the first period, PM emis-
sions increased rapidly and reached their peaks in 1997, with

Our estimates of emissions in 2001 (6.11Tg Ca and*#4T9 PMs, 7.2Tg PMo and 10.4Tg TSP. With the im-

0.29Tg Mg) are higher than those of Zhang et al. (2007b) plementation of a new emission standard that was released

who estimated emissions of 4.52Tg and 0.23Tg, respec 1996, and the slowing down in the expansion of the ce-
ent industry, PM emissions dropped in the late 1990s. In

tively. Further examination reveals that the discrepancy isme Y - -
due to the different data sources used for brick and lime proSPité of arapid increase in cement production after 2000, PM

duction. There were more than 80 000 small brick workshops€missions remained at around 8 Tg, because the widespread

and about 5000 small lime plants in China (Zhou, 2003), butrePlacement of older shaft kilns by newer precalciner kilns
there are no statistical data on production of brick and limeCffSet any potential increase in PM emissions. From 2004 to
in recent years. This situation therefore increases the unce2005, cement production from shatt kilns decreased by 9%
tainty of any estimation of Ca and Mg emissions. while that from pregalqner kilns |ncr.eased by 50%. This
Note that these results could have underestimated the arfiructural change within the cement industry led to a 5.4%
thropogenic emissions of Ca and Mg because constructiof€crease in PM emissions in just one year.
activities are not included in our study. In addition to the
anthropogenic sources, natural sources, such as deserts, a
contribute significant emissions of Ca and Mg.

Fig. 9. Emissions ofa) Ca and(b) Mg from 1990 to 2005.

g3 Coke industry

The historical trend of PM emissions from the coke industry
. is shown in Fig. 10c. Annual PM emissions from the coke
4.2 Trends in several key sectors industry have been about 1 Tg since 1995, of which,BM
. . accounts for more than half of the mass. Two emission peaks
Trends of PM emissions were found to be different for eacha(lJe identified. in 1995 and 2005, which are in accordance

sector. Here we discuss seven key sectors that either em|tteWith the historical changes in coke production.

large amounts of PM or showed a sharp change in emissions. __ . . . ;
g P 9 Thirty-six percent of national coke production was from

Shanxi province for the period 1990-2005. Indigenous
coke ovens were dominant in Shanxi in 1990s, accounting
for more than 80% of coke production (Polenske, 2006).
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Although the statistical data (National Bureau of Statistics,1990-2005 study period, and correspondingly we calculate
2006) show that indigenous coke ovens were largely replacethat PMy 5 emissions have remained more or less constant at
by automatic, mechanized coke ovens after 2000, the rapiéround 0.8 Tg.

increase in coke production offset any decrease in PM emis- As shown in Fig. 7, the residential sector is dominant in
sions from the use of cleaner technologies. Our result showserms of BC and OC emissions. Although BC and OC emis-
that the annual emissions of BMI from the coke industry  sions from residential coal combustion decreased by 41%
in Shanxi have been above 200 Gg since 1994, accountingnd 19%, respectively, from 1990 to 2005, emissions from
for more than one-third of total emissions in this province. the sector as a whole did not change greatly because the
Note that the estimates of emissions from indigenous cokeemissions from biofuel combustion are relatively constant.
ovens are highly uncertain because we did not find any re-

port of emission measurement for the whole coke producing?2.6 On-road vehicles

process and the unabated EFs were assumed to be same as o )
the mechanized oven PM emissions from on-road vehicles were much less than

from stationary sources; however our findings show that they
4.2.4 Iron and steel industry increased more than any other sector. JBMaccounting for
90% of total PM emissions from on-road vehicles, increased

PM emissions from the iron and steel industry show a con-ffom 27.7 Gg in 1990 to 132.15 Gg in 2005, with an average
tinuous increase over the period 1990-2005, as shown ifhnual increase rate of 11%, as shown in Fig. 10f.

Fig. 10d. Although EFs levelled off after 1996, production ~ AS discussed in Sect. 3.6, EFs of on-road vehicles were
of steel increased from 130 Tg in 2000 to 360 Tg in 2005 9etting lower due to implementation of stricter emission stan-

and, as a result, PM emissions from the industry doubled irflards and regional regulations since 1999. However, the PM

the five years, from 1.2 Tg TSP to 2.3 Tg TSP. emissions continued to increase for several years as many
PM. 10 accounts for about 60% of total PM emissions by MOre veh|cles_ came onto the markgt thgn were taken fo the

mass. Our results show that 86% of P are fugitive dust road. PM emissions decreased a little in 2005, and this de-

from the processes of sinter production and pig iron produc-cre€ase or levelling off may be a feature of the near future as

tion. Note that fugitive dust emissions cannot be directly Stricter emission standards come into effect.

measured and the true practices of its control vary a lot from

one plant to another. Thus the uncertainty of emission esti—4'2'7 Off-road mobile sources

mates in this part could be very high. Bklemissions are  ag 3 jarge consumer of diesel oil, off-road mobile sources,

dominated by three points of emission: the beginning andncyding transportation with locomotive and inland water-
end processes of the sinter machine, the casting facility inyay agricultural vehicles and machinery, and construction
iron production, and the EAF in steel production, which com- machinery, emitted much more PM than on-road vehicles.
bined account for more than 75% of total emissions. As shown in Fig. 10g, emissions of P from off-road mo-
bile sources increased from 93.0 Gg in 1990 to 233.2Gg in
2005 due to growing diesel consumption. However, emis-
sions of coarse PM and PMo decreased sharply because
the steam locomotives, which are driven by coal-fired boil-
ers, were gradually substituted by diesel and electric ones.
In China, control of PM emissions from off-road mobile

4.2.5 Residential sector

As the largest contributor of PM emissions, the residen-
tial sector emitted about 4 Tg of B annually from 1990
to 2005, as shown in Fig. 10e. Eighty percent of 2M

;am:ssf_lons mdthlsdsect(l)kr come frcm the (r:]o:gbuszor} Ofl ?'O'sources lagged behind those from on-road vehicles. The gov-
uel (firewood and stalks) in rural households. As fuel for ernment did not release emission standard for off-road mo-

cookmg a.nd _heatmg, e usually COMYyije sources until 2005. As BC emissions from diesel engines
busted in indigenous stoves that have low thermal efficiency 4 e considerable, and emission control on on-road vehi-

S o o o Aty 5 M ot Q. of cad soures need 0 b
addressed more in China’s future policy making.
(Zhou, 2003). Promotion of cleaner biomass stoves could be policy g

one way to reduce PM emissions from the residential sector4 3 Gridded emissions and data availability

Coal boilers and stoves contribute the remaining 20% of
PM, 5 emissions from this sector. On the one hand, coal adJsing a similar approach to that of Streets et al. (2003)
a fuel for cooking is being gradually replaced by gas andand Woo et al. (2003), we mapped PM emissions onto a
electricity with the process of urbanization and with the gen-30 minx 30 min grid using various spatial proxies. Figure 11
eral improvement in the quality of life across China; how- shows the mapped emissions of RMPM, 5, BC and OC
ever, on the other hand, coal consumption for heating hasn 1990 and 2005. A significant increase of pPMand
shown a very rapid growth. As the result, coal consump-PMjg emissions during this period can be seen in Northern
tion in the residential sector has increased by 25% over the&China, especially over Shandong, Hebei, Henan and Jiangsu,
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mainly due to the intensive development of heavy industries. 35

The trend of BC emissions was similar to Pyland PMy, 20 ® Transport
while OC emissions showed a little different trend. The most »5 :r‘zs“ie”"a'
Industry

significant increase of OC emissions took place in Sichuan
when biofuel was more and more used by rural residents;z
however, OC emissions in more developed provinces, sucli 15
as Jiangsu and Zhejiang, decreased, possibly due to the grad-1o

W Power

20

ual replacement of biofuel by cleaner fuels such as gas. 5

All regional and gridded emission data sets can be
downloaded from our web sitéitp://mic.greenresource.cn/ a b ab a b a b a b a b ab
China-aerosol-trendls Users can examine emissions by TSP PMio PMzs  BCx10  OCx10 Ca Mgx100

province and by sector from the summary tables. Gridded ) o _ o
data include the emissions of BMl PM;o, BC and OC Fig. 12. Comparison of emission estimates for 2004ajthis study
by sector (power, industry, residential, and transportation) afmd(b) our previous resuilts from Zhang et al., 2007b.

30 minx 30 min resolution.

Indeed, in this study the ratio was determined to be 0.17 in
2001, following the approach described in Sect. 3.5. Conse-
quently, the estimate of BC emissions for this sub-sector was
reduced by 66.5% to 127 Gg.

5 Discussion

5.1 Comparison with other emission estimates

. . 5.1.2 PM emissions from power sector
5.1.1 Improvements from our previous studies

) , . Emissions from the power sector have been a hot topic be-
Our previous work estimated the emissions of PM, BC, OC, .5, se nower plants account for more than half of coal con-
Ca and Mg in 2001 and 2006 (Zhang et al., 2007b, 2009);1ntion in China in recent years. The estimates in this

By taking more technology information into account, both g4y are 38%, 24% and 12% higher than those of Zhao et
emission factors and activity data were updated in this studyaL (2008) who estimated power sector emissions in 2005 to

As aresult, alth_ou_gh Phd emissions were similar (16.1Tg), pq gga Gg, 1842 Gg and 2774 Gg for PMPMyo and TSP,
higher TSP emissions (30.3 Tg vs. 25.1Tg) and lowepEM respectively. The latest database of EFs for China’s power

emissions (10.9Tg vs. 11.7Tg) were calculated in our up-niants incorporates the results from recent test results, and

dated estimations for 2001, and consequently our new results, .|, qes an analysis of the sources of uncertainties in deter-

show higher emissions of Ca and Mg but lower emissions Ofmining the EFs (Zhao et al., 2010). The database assumed

BC ‘fmd ocC (F'Q- ;2)' ) ) ) lower removal efficiency of ESP (92% for P, 97% for
Different emission estimates for the industrial sector arepp, s 10 and 99.5% for PM1o) and resulted in higher fi-

the main reasons for the differences in total emissions, | EEs. Consequently, the estimates of RMPM;o and

With updated information from various industry associa- Tsp emissions would be 11%, 25% and 20% higher than this
tions, emission factors of some industrial processes Wer,dy if the same activity data were used.

adjusted in this study. Firstly, our previous study used un-
abated EFs from Europe (Klimont et al., 2002) for severals 1.3 TSP emissions
industrial processes, while here we have been able to update
them based on operational practices in China. Updated EFFhe estimation of PM emissions is little studied in China.
for PM2 s are usually smaller, but those for TSP are usually China’s emission statistics for national TSP emissions are
larger, compared to the European EFs; for example, averageased on calculations using a bottom-up approach, while in-
unabated EFs of Pi%, PM;g and TSP for the cementindus- formation about PNy and PM 5 emissions is unavailable.
try changed from 23.4gkd, 54.6 gkg! and 130.0 g kg! TSP emissions from our estimates as well as the govern-
to 16.6gkg?, 51.3gkg?! and 191.5gkg?, respectively. ment's statistical data are shown in Fig. 13. The statistical
Secondly, updated penetration rates of PM removal technoloelata are systematically lower than our estimates because two
gies within the industrial sector also contribute to the differ- important emission sources (small industries and the rural
ences in emission estimates. residential sector) are not taken into account in the govern-
The other big difference between this study and Zhang eiment data. Statistical TSP emissions changed significantly
al. (2007b) is the estimation of BC emissions from coal com-in 1993-1994 and 1996—1997; the main reason for this is a
bustion in the residential sector. In our previous studies, thechange in the statistical approach over this time period. The
ratio of BC to PM 5 was assumed to be 0.50; however, recenttwo sets of data show similar trends in the late 1990s, when
local tests (Chen et al., 2005, 2006, 2009; Zhi et al., 2008 China’s energy consumption decreased. However, accord-
2009) indicate that this ratio could in fact be much lower. ing to our estimates, emissions increased after 2000, while
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study and China’s government statistical data.

Fig. 14. Comparison of BC and OC emission estimation among
cent studies: Bond et al., 2004; Cao et al., 2006; Klimont et al.,

the statistical data suggest that annual emissions remain é 09: Ohara et al., 2007: Streets et al., 2003: Zhang et al., 2009

around 20 Tg. Our estimates may be more accurate because
most sectors grew rapidly during this period of time, as dis-

cussed in previous sections. Our previous studies on CO o ] ]
(Streets et al., 2006b) and N@Zhang et al., 2007a) show liable EFs due to the lack of emission tests on Chinese in-

similar increases in emissions. digenous kilns; second, according to information from the
China Brick Association, a technology transformation from
51.4 BC and OC emissions the indigenous kilns to Hoffman kilns took place in China in

the last two decades of the last century, but information is

BC and OC emissions of this study were compared with thamissing to understand the process and spatial characteristics
previous studies of Bond et al. (2004), Cao et al. (2006),0f the transformation; and last but not least, new wall ma-
Ohara et al. (2007), Klimont et al. (2009), Streets et terial such as autoclaved brick and steamed brick has begun
al. (2003) and Zhang et al. (2009) in Fig. 14. All these studiest0 come into the market recently. The process of producing
show that the residential sector is the dominant source of BGSuch material is quite different from traditional brick sinter-
and OC. Our estimation of BC emissions from the residentialing and thus the EFs are much lower. However, the statistical
sector is 30% lower than that of others because a much lowefata do not distinguish them from traditional bricks.
EF for briquette combustion was incorporated in the current Ohara et al. (2007) estimated the emission trends of BC
study. As with our previous studies (Bond et al., 2004, andand OC with activity data for 1995, 2000 and 2003, assum-
Zhang et al., 2009), this study estimates higher BC emising constant EFs. Klimont et al. (2009) projected BC and
sions from industry, because we consider small coke plant©C emissions up to 2030, taking improvement of technolo-
and brick plants to be potentially important sources, althoughgies into consideration. Their studies presented stable or de-
there are large uncertainties in the estimates. Our estimationreasing emissions. However, our study does not indicate the
of OC emissions is close to that of Zhang et al. (2009) andsame trends, with the differences mainly being attributable to
Streets et al. (2003); with any differences mainly being duedifferent sources of activity data, especially the biofuel used
to the different parameters used to calculate emissions fronwithin the residential sector. Biofuel usage in this study is
biofuel. 14%, 13%, and 41% higher than that of Ohara et al. (2007)
Estimates of BC emissions from industries are quite uncerfor 1995, 2000 and 2003, respectively. Inter-annual change
tain, especially for the coke and brick industry. For the cokeof biofuel usage data dominates the trend of its emissions
industry we used mixed data sources to estimate the emigdecause we assumed a constant EF for this sector. This indi-
sions. The unabated TSP EF was 13gkgwhich is from  cates that in addition to EFs, uncertainty about biofuel con-
local measurements. Then we used2MBC/OC fractions sumption data could be another important source of error in
from the GAINS model (Klimont et al., 2002; Kupiainen and the estimation of BC and OC emissions. This opinion is also
Klimont, 2004) to get final emission factors. However, both noted and discussed in Klimont et al. (2009).
values are based on very limited measurements and subject A comparison by Carmichael et al. (2003) of model calcu-
to high uncertainty. Another difference between our estima-lations using the emission inventories of Streets et al. (2003)
tion and GAINS is that we used time/provincial dependentand using TRACE-P measurement data led to the conclu-
penetrations of different production technologies to make thesion that Streets et al.’s (2003) estimates of BC emissions
regional assessment. are qualitatively correct. However, it is likely that BC emis-
The uncertainties of estimating emissions from brick kilns sions over southeast China were overestimated while those in
are mainly attributed to three factors: First, there are no renortheast China were underestimated (Hakami et al., 2005).
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Since our estimation is similar to Streets et al. (2003)’s re- 2

3]

== Other sources

sults, it could also be true that there are some uncertainties in cement |
the spatial distribution of BC emissions. 20 |- m— Power 7
4
7
5.2 Comparison with ambient observations 15 wiregulations -

ions (Tg)
|

= = =w/oregulations ek o

P

Although our estimates show increasing PM emissions af-.g
ter 2001, most ground observation data show an opposité!
trend of ambient aerosol concentrations over Chinese cities,
such as Beijing (Chan and Yao, 2008), Lanzhou (Xia et
al., 2008) and cities in the Yangtze River Delta (Shi et al.,
2008). Qu et al. (2010) found decreasing f3Moncentra-

1990 1993 1996 1999 2002 2005

tions over 16 Chinese northern cities and 11 middle cities, but

relatively constant Plyp concentrations over southern cities, (a) PMys

and attributed the different trend of emissions and concen- ° [ mm omersources

trations of PMg partly to more and more dispersed emis- cement -1
sions sources. As most urban monitoring sites are located e Power _/-

in populated areas, the movement of industrial plants from_ wiregulations .

urban to rural areas could result in decreasing PM concentra% a0 | = - —woreguatons __ _ <"

tions over these cities. Lin et al. (2010) reanalyzed the satel-s . ]

lite based AOD trend over Eastern China and found a posi-g 3° /
tive linear trend for 2004-2008, indicating that the regional “
aerosol load, however, might increase because the total PM

emissions are getting higher. 10
Moreover, a lot of processes, including transport, chemical e
reactions and deposition, play important roles in impacting 1990 1993 1996 1999 2002 2005

the concentration of ambient aerosol. Lin et al. (2010) in-
dicated that formation of secondary aerosol could be an im-
portant reason of |nc0nS|sFency between thelEManq cap- Fig. 15. Reductions ofa) PM, 5 and(b) TSP emissions due to im-
tured by ground observgtlons and the a_lerosol_ optical depﬂ|3roved emission control regulations and technologies from power
trend captured by satellites. Quantitative estimates of th&ector, cement industry and other sources. The dark solid line de-
contribution of secondary aerosol to China’s aerosol loadinghotes our estimates of inter-annual Pdlemissions in China, and
should be addressed by further studies. the gray dashed line denotes the hypotheticabBMmissions if
penetration of PM control technologies remains at the 1990 level.

(b) TSP

5.3 Effectiveness of PM emissions reduction in China

As discussed in Sect. 3, implementation of advanced PMoughly 6% of the standard released in 1985 (SEPA, 1985).
emission control technologies has significantly lowered theThe improvement of the standards resulted in rapid promo-
EFs during 1990-2005. To estimate the effectiveness of thesgon of EST and FAB in the industry and considerable reduc-
technologies on the total PM emissions, we developed a hytions of PM emissions. Emissions reduction of £Mrom
pothetical scenario and calculated the emissions assumingther industrial sources, however, is much lower, whereas its
the EFs remained at 1990 levels, and compared them with theeduction of TSP emissions is much more significant. This
emission estimates introduced in Sect. 4. The results showndicates that during 1990-2005, Chinese emission control
that in 2005, the emissions of BN, PMig and TSP were regulations on PM were more effective on large particles for
11.0Tg, 18.4Tg and 29.7 Tg, respectively, less than whamost anthropogenic sources. As fine PM has been proved to
they would have been without the adoption of these con-pose a higher risk to public health, the government needs to
trol technologies. The inter-annual emission reductions ofadjust the control regulations and focus more on fine PM.
PM, 5 and TSP are also broken down into sectors (Fig. 15).

The cement industry and the power sector contributed moré&.4 Uncertainties

than 95% of the PMls emissions reduction, attributed to a

much higher penetration rate of EST and FAB. As noted inA detailed uncertainty analysis was conducted by combin-
Sect. 2.2.4, new emission standards and regulations are thirg uncertainties of both EFs and activity levels, following
main driving forces of implementation of PM emission con- the approach described by Streets et al. (2003). As listed in
trol technologies. For instance, the latest standard for PMTable 10, the uncertainties measured as 95% confidence in-
emissions from cement kilns is 50 mg# (SEPA, 2004), tervals of PMg, PMy 5, BC and OC are similar to the results
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Table 10. Uncertainty in emissions estimates of TSP, fgMPM, 5, BC, and OC in 1990 and 2005:05% Confidence Intervals), numbers
shown in table as percentage.

1990 \ 2005
TSP PMgo PMys BC OC ‘ TSP PMg PMys BC OC
Power 98 98 98 87 36 59 59 59 54 36
Industry 112 102 98 314 373 111 101 98 300 365
Cement 118 118 118 118 118 99 99 99 99 99
Coke 402 601 601 601 601 394 591 591 591 591
Iron & Steel 107 107 107 107 10Y 99 99 99 99 99
Others 174 206 208 392 591 176 190 170 354 572
Residential 254 259 266 245 268 246 259 269 284 273
Coal 376 398 404 407 409 286 335 353 549 377
Bio-fuel 316 316 316 304 302 319 319 319 307 305
Mobile 148 105 105 112 9 80 82 82 91 70
On-road 62 63 63 78 5 63 64 64 79 71
Off-road 162 128 135 137 134 117 122 124 124 123
All sectors 94 105 130 191 24#5 91 91 107 187 229
Zhang et al. 2009 \ 132 130 208 258

* Uncertainties in emission estimates for 2006.

of Zhang et al. (2009). For most sectors, uncertainties of Emissions of TSP, PM, PM, 5, BC, OC, Ca and Mg dur-
emissions in 2005 are lower than those in 1990 because fang the 15-year period are estimated. The trends of emis-
the later date we are more confident about both the penetrasions of PM are similar to those of energy consumption in
tion of PM control technologies and the accuracy of activity China during 1990-2005; that is, they increased in the first
data. Industry is the only exception, and what increases thaix years of 1990s and decreased until 2000, then increased
level of uncertainty is the fact that the contribution from in- again in the following years. Emissions of TSP reached a
dustries whose emissions are less easily quantified (e.g. limpeak (35.5Tg) in 1996, while emissions of PiMand PM 5

and brick production) is getting larger while emissions from reached peaks in 2005 (18.5Tg Ipvand 12.7 Tg PM5).

the cement industry are significantly reduced. The break-With significant increase of BC and OC emissions during
down results show that the uncertainty of emissions from the2000-2005, BC and OC emissions reached peaks in 2005
coke industry and the residential sector are much larger thal.51 Tg and 3.19 Tg, respectively). The cement industry and
the other sources. The uncertainties of emissions from offbiofuel combustion in the residential sector were consistently
road mobile sources are much higher than those from onthe dominant sources of P emissions in China, account-
road vehicles (see Table 10), indicating more studies shoulihg for 53% to 62% of emissions from 1990 to 2005. The
be focused on off-road sources. Both reliable activity datanon-metallic mineral production industry, including the ce-
and local EFs derived from field tests are essential to reducenent, lime and brick industries, accounted for 54% to 63% of

the uncertainty. national TSP emissions. Despite the huge increase of activ-
ity levels, successful implementation of control measures has
6 Conclusions led to slowdown, or even reversal, of increasing PM emis-

sions in some sectors, such as cement industry, power sector
We use a teChnOlOgy'based methodology to estimate historiand on-road vehicles. As a resu't, emissions OfZBMnd
cal PM emissions in Chinain recent years. With this method-Tsp in 2005 were 11.0 Tg, 18.4Tg and 29.7 Tg, respectively,
ology, we derive a 15-year trend of PM emission factors injess than what they would have been without the adoption of
China from 1990 to 2005, tak|ng into account the Changethese control measures. However, the averagm%ﬁhcen_
in technology structure within sectors and improvements intration in Chinese cities (approximately 100 pgLin et
emission controls driven by emission standards. Our resultg) 2010) is still much higher than the WHO guideline, and

show that emission factors of P and TSP from several mgore efforts have to be made to control the emissions of PM,
industry sectors decreased by 7% to 69% and 18% to 80% igspecially fine PM, in China.

China during the 15 years, respectively.
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The careful consideration of technology details signifi- roensan, A., and Marrapu, P.: Asian aerosols: current and year
cantly improves the accuracy of emission inventories; how- 2030 distributions and implications to human health and regional
ever there still remain large uncertainties in the estimation climate change, Environ. Sci. Technol., 34, 5811-5817, 2009.
of primary aerosol emissions in China. More accurate andCBTIA (Chinese Bri.ck and Tile Industry.Association): E§timates of
detailed activity information coupled with the measurement Production of China's brick and file industry, unpublished data,
of emission factors from local tests are essential to further__, 2208 : _ L :

. ) L . . . Chan, C. K. and Yao, X.: Air pollution in mega cities in China,
improve the quality of emission estimates, this especially be- AtMOS. Environ.. 42. 1-42 2008
ing so for the brick ar)d coke mdustr.les., as well as fo.r coaI—Che, H. Z., Shi, G. Y., Zhang, X. Y., Arimoto, R., Zhao, J. Q., Xu,
burning stoves and biofuel usage within the residential sec- | Wang, B., and Chen, Z. H.: Analysis of 40 years of solar
tor. Some other sources, such as off-road machinery and radiation data from China, 1961-2000, Geophys. Res. Lett., 32,
small boilers used in industrial and residential sectors, also 106803, doi:10.1029/2004GL022322, 2005.
deserve more research on both activities and emission facchen, Y. J., Sheng ,G. Y., Bi, X. H., Feng, Y. L., Mai, B. X., and
tors, because the PM emission controls on them are relatively Fu, J. M.: Emission factors for carbonaceous particles and poly-
weaker than on-road vehicles and power plant boilers. cyclic aromatic hydrocarbons from residential coal combustion
in China, Environ. Sci. Technol., 39, 1861-1867, 2005.
AcknowledgementsThe authors would like to thank Zbig- Chen, Y. J., Zhi, G. R., Feng, Y. L., Fu, J. M., Feng, J. L., Sheng,
niew Klimont for comprehensive comments and interactive G. Y., and Simoneit, B. R. T.: Measurements of emission fac-
discussions on this work. We also thank two anonymous referees tors for primary carbonaceous particles from residential raw-
for helpful comments. The work was supported by China’s Na- coal combustion in China, Geophys. Res. Lett., 33, L20815,
tional Basic Research Program (2010CB951803, 2005CB422201) doi:10.1029/2006GL026966, 2006.
and China’s National High Technology Research and Developmenthen, D. S., Cheng, S. Y., Liu, L., Chen T., and Guo, X. R.: An
Program (2006AA06A305). K. B. He would like to thank the  integrated MM5-CMAQ modeling approach for assessing trans-
National Natural Science Foundation of China (20625722) for boundary PMg contribution to the host city of 2008 Olympic
financial support. The authors would thank S. C. Kang for her help summer games — Beijing, China, Atmos. Environ., 41, 1237-

on emission gridding. 1250, 2007.
Chen, Y. J., Zhi, G. R,, Feng, Y. L., Liu, D. Y., Zhang, G., Li, J.,
Edited by: Y. Balkanski Sheng, G. Y., and Fu, J. M.: Measurements of black and organic

carbon emission factors for household coal combustion in China:
implication for emission reduction, Environ. Sci. Technol., 43,
References 9495-9500, 2009.
China Electricity Council: Share of PM control technologies in
Bond, T. C., Streets, D. G., Fernandes, S. D., Nelson, S. M., China’s power sector, unpublished data, 2004.
Yarber, K. F., Woo, J.-H., and Klimont, Z.: A technology- Chinese Cement Association: Status of China’s cement industry,
based global inventory of black and organic carbon emis- unpublished data, 2006.
sions from combustion, J. Geophys. Res., 109, D14203,CISIA (China Iron and Steel Industry Association): China iron and
doi:10.1029/2003JD003697, 2004. steel statistics (1994—-2006 editions), Beijing, China, 1995-2007
Bond, T. C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Ro- (in Chinese).
den, C., Streets, D. G., and Trautmann, N. M.: Historical emis- CRAES (Chinese Research Academy of Environmental Sciences):
sions of black and organic carbon aerosol from energy-related Description on developing emission standard of air pollutants for
combustion, 1850-2000, Global Biogeochem. Cy., 21, GB2018, cement industry, internal report, 19 pp., 2003 (in Chinese).
doi:10.1029/2006GB002840, 2007. CLIA (Chinese Lime Industry Association): Estimates of produc-
Cao, G. L., Zhang, X. Y., and Zheng, F. C.: Inventory of black car-  tion of China’s lime industry, unpublished data, 2006.
bon and organic carbon emissions from China, Atmos. Environ.,Cooke, W. F., Liousse, C., Cachier, H., and Feichter, J.: Construc-
40, 6516-6527, 2006. tion of a 1 degree x 1 degree fossil fuel emission data set for car-
Cao, J. J., Lee, S. C, Chow, J. C., Watson, J. G., Ho, K. F,, bonaceous aerosol and implementation and radiative impact in
Zhang, R. J., Jin, Z. D., Shen, Z. X., Chen, G. C., Kang, Y. the ECHAM4 model, J. Geophys. Res., 104(D18), 2137-2162,
M., Zou, S. C,, Zhang, L. Z., Qi, S. H., Dai, M. H., Cheng, 1999.
Y., and Hu, K.: Spatial and seasonal distributions of carbona-Dunlea, E. J., DeCarlo, P. F., Aiken, A. C., Kimmel, J. R., Peltier,
ceous aerosols over China, J. Geophys. Res., 112, D22S11, R. E., Weber, R. J., Tomlinson, J., Collins, D. R., Shinozuka,
doi:10.1029/2006JD008205, 2007. Y., McNaughton, C. S., Howell, S. G., Clarke, A. D., Emmons,
Carmichael, G. R., Tang, Y., Kurata, G., Uno, |., Streets, D. G., L. K., Apel, E. C., Pfister, G. G., van Donkelaar, A., Martin, R.
Thongboonchoo, N., Woo, J. H., Guttikunda, S., White, A., V., Millet, D. B., Heald, C. L., and Jimenez, J. L.: Evolution
Wang, T., Blake, D. R., Atlas, E., Fried, A., Potter, B., Avery,  of Asian aerosols during transpacific transport in INTEX-B, At-
M. A., Sachse, G. W., Sandholm, S. T., Kondo, Y., Talbot, R.  mos. Chem. Phys., 9, 7257-7287, doi:10.5194/acp-9-7257-2009,
W., Bandy, A., Thornton, D., and Clarke, A. D.: Evaluating re- 2009.
gional emission estimates using the TRACE-P observations, JEC (Environmental Canada): NPRI 2007 Air Pollutant Summaries
Geophys. Res., 108, 8820, doi:10.1029/2002JD003116, 2003. & Trends, available at:http://www.ec.gc.ca/inrp-npri/default.
Carmichael, G. R., Adhikary, B., Kulkarni, S., D’Allura, A., Tang, asp?lang=En&n=FFE5DABE-1, 2010.
Y., Streets, D. G., Zhang, Q., Bond, T. C., Ramanathan, V., Jam-

www.atmos-chem-phys.net/11/931/2011/ Atmos. Chem. Phys., 1199312011


http://www.ec.gc.ca/inrp-npri/default.asp?lang=En&n=FFE5DABE-1
http://www.ec.gc.ca/inrp-npri/default.asp?lang=En&n=FFE5DABE-1

952 Y. Lei et al.: Primary anthropogenic aerosol emission trends

ECCEY (Editorial Committee of China Environment Yearbook) Klimont, Z., Cofala, J., Xing, J., Wei, W., Zhang, C., Wang, S.,
(Eds.): Environment statistics, in: China Environment Yearbook Jiang, K., Bhandari, P., Mathur, R., Purohit, P., Rafaj, P., Cham-
(1992-2006 editions), China Environment Yearbook Press, Bei- bers, A., and Amann, M.: Projections of $ONOyx and carbona-
jing, China, 1992-2006 (in Chinese). ceous aerosols emissions in Asia, Tellus, 61, 602—617, 2009.

Giorgi, F., Bi, X. Q., and Qian, Y.: Direct radiative forcing and Kupiainen, K. and Klimont, Z.: Primary emissions of submicron
regional climatic effects of anthropogenic aerosols over East and carbonaceous particles in Europe and the potential for their
Asia: Aregional coupled climate-chemistry/aerosol model study, control, Interim report, IR-04-079, International Institute for Ap-
J. Geophys. Res., 107(D20), 4439, d0i:10.1029/2001JD001066, plied Systems Analysis, Laxenburg, Austria, 115 pp., 2004.
2002. Kupiainen, K. and Klimont, Z.: Primary emissions of fine car-

Giorgi, F., Bi, X. Q., and Qian, Y.: Indirect vs. direct effects of bonaceous particles in Europe, Atmos. Environ., 41, 2156-2170,
anthropogenic sulfate on the climate of east Asia as simulated 2007.
with a regional coupled climate-chemistry/aerosol model, Clim. Lei, Y., Zhang, Q., Nielsen, C. P., and He, K. B.: An inventory of
Change, 58, 345-376, 2003. primary air pollutants and Cfemissions from cement industry

Hakami, A., Henze, D. K., Seinfeld, J. H., Chai, T., Tang, Y., in China, 1990-2020, Atmos. Environ., 45, 147-154, 2011.
Carmichael, G. R., and Sandu, A.: Adjoint inverse model- Li, Z. Q., Chen, H., Cribb, M., Dickerson, R., Holben, B, Li, C.,
ing of black carbon during the Asian Pacific Regional Aerosol  Lu, D., Luo, Y., Maring, H., Shi, G., Tsay, S.-C., Wang, P., Wang,
Characterization Experiment, J. Geophys. Res., 110, D14301, Y., Xia, X., Zheng, Y., Yuan, T., and Zhao, F.: Preface to spe-
doi:10.1029/2004JD005671, 2005. cial section: Overview of the East Asain Study of Tropospheric

Hao, J. M. and Wang, L. T.: Improving urban air quality in China: ~ Aerosols: an International Regional Experiment (EAST-AIRE),
Beijing case study, J. Air Waste Manage., 55, 1298-1305, 2005. J. Geophys. Res., D22S00, doi:10.1029/2007JD008853, 2007.

He, K. B., Yang, F. M., Ma, Y. L., Zhang, Q., Yao, X. H., Chan, C. Li, X. H., Wang, S. X., Duan, L., Hao, J. M., and Nie, Y. F.: Car-
K., Cadle, S., Chan, T., and Mulawa, P.: The characteristics of bonaceous aerosol emissions from household biofuel combustion
PMa 5 in Beijing, China, Atmos. Environ., 35, 4959-4970, 2001.  in China, Environ. Sci. Technol., 43, 6076-6081, 2009.

He, K. B., Huo, H., and Zhang, Q.: Urban air pollution in China: Lin, J. T., Nielsen, C. P., Zhao, Y., Lei, Y., Liu, Y., and McElroy,
current status, characteristics, and progress, Annu. Rev. Energy M. B.: Recent changes in particulate air pollution over China
Environ., 27, 397-431, 2002. observed from space and the ground: effectiveness of emission

He, K. B., Huo, H., Zhang, Q., He, D. Q., An, F., Wang, M. and control, Environ. Sci. Technol., 44, 7771-7776, 2010.

Walsh, M. P.: Oil consumption and GCemissions in China’s  Menon, S., Hansen, J., Nazarenko, L., and Luo, Y. F.: Climate ef-
road transport: current status, future trends, and policy implica- fects of black carbon aerosols in China and India, Science, 297,
tions, Energy Policy, 33, 1499-1507, 2005. 2250-2253, 2002.

Heald, C. L., Jacob, D. J., Park, R. J., Alexander, B., Fairlie, National Bureau of Statistics: China statistical yearbook (1991—
T. D,, Yantosca, R. M., and Chu, D. A.: Transpacific trans- 2006 editions), China Statistics Press, Beijing, China, 1991—
port of Asian anthropogenic aerosols and its impact on sur- 2006a.
face air quality in the United States, J. Geophys. Res., D14310National Bureau of Statistics: China rural statistical yearbook
doi:10.1029/2005JD006847, 2006. (19912006 editions), China Statistics Press, Beijing, China,

Ho, K. F., Lee, S. C., Chan, C. K., Yu, J. C., Chow, J. C., and Yao, 1991-2006b.

X. H.: Characterization of chemical species in P{and PM National Bureau of Statistics: China energy statistical yearbook
aerosols in Hong Kong, Atmos. Environ., 37, 31-39, 2003. (1990, 1991-1996, 1997-1999, 2000-2002, 2004, 2005, 2006

Huang, Y., Dickinson, R. E., and Chameides, W. L.: Impact of editions), China Statistics Press, Beijing, China, 1992-2007.
aerosol indirect effect on surface temperature over East Asia, PNational Bureau of Statistics: Statistical data of productions from
Natl. Acad. Sci. USA, 103, 43714376, 2006. major industrial sectors in China, unpublished data, 2006.

Huang, Y., Chameides, W. L., and Dickinson, R. E.: Direct Nian, G. L.: Research on the emission inventory of non-road mo-
and indirect effects of anthropogenic aerosols on regional pre- bile sources in China, M. S. thesis, Tsinghua University, China,
cipitation over East Asia, J. Geophys. Res., 112, D03212, 82 pp., 2004 (in Chinese).
doi:10.1029/2006JD007114, 2007 Ohara, T., Akimoto, H., Kurokawa, J., Horii, N., Yamaji, K.,

Kaiser, D. P. and Qian, Y.. Decreasing trends in sun- Yan, X., and Hayasaka, T.. An Asian emission inventory of
shine duration over China for 1954-1998: Indication of in-  anthropogenic emission sources for the period 1980-2020, At-
creased haze pollution?, Geophys. Res. Lett, 29, 2042, mos.Chem. Phys., 7,4419-4444, doi:10.5194/acp-7-4419-2007,
doi:10.1029/2002GL016057, 2002. 2007.

Kawamoto, K., Hayasaka, T., Uno, I, and Ohara, T.. A Polenske, K. R.: The Technology-Energy-Environment-Health
correlative study on the relationship between modeled an- (TEEH)Chainin China: A Case Study of Cokemaking, Springer,
thropogenic aerosol concentration and satellite-observed cloud the Netherlands, 2006.
properties over east Asia, J. Geophys. Res., 111, D19201Pope, C. A., Thun, M. J., Namboodiri, M. M., Dockery, D. W.,
doi:10.1029/2005JD006919, 2006. Evans, J. S., Speizer, F. E., and Heath, C. W.: Particulate air

Klimont, Z., Cofala, J., Bertok, 1., Amann, M., Heyes, C., and  pollution as a predictor of mortality in a prospective study of US
Gyarfas, F.: Modeling Particulate Emissions in Europe: Aframe-  adults, Am. J. Resp. Crit. Care., 151, 669-674, 1995.
work to estimate reduction potential and control costs, Interim Qian, Y. and Giorgi F.: Regional climatic effects of anthropogenic
report, IR-02-076, International Institute for Applied Systems aerosols?, The case of southwestern China, Geophys. Res. Lett.,
Analysis, Laxenburg, Austria, 169 pp., 2002. 27, 3521-3524, 2000.

Atmos. Chem. Phys., 11, 933954, 2011 www.atmos-chem-phys.net/11/931/2011/



Y. Lei et al.: Primary anthropogenic aerosol emission trends 953

Qian, Y., Leung, L. R., Ghan, S. J., and Giorgi, F.: Regional climate SEPA (State Environmental Protection Administration of China):
effects of aerosols over China: modeling and observation, Tellus, Emission Standard of Air Pollutants for Thermal Power Plants:
55, 914-934, 2003. GB13223-1996, China Environmental Science Press, Beijing,

Qian, Y., Kaiser, D. P, Leung, L. R., and Xu, M.: More China, 1996b (in Chinese).
frequent cloud-free sky and less surface solar radiation inSEPA (State Environmental Protection Administration of China):
China from 1955 to 2000, Geophys. Res. Lett.,, 33, L01812, Emission Standard of Air Pollutants for Cement Industry:
doi:10.1029/2005GL024586, 2006. GB4915-1996, China Environmental Science Press, Beijing,

Qu, W. J., Arimoto, R., Zhang, X. Y., Zhao, C. H., Wang, Y. Q., China, 1996c (in Chinese).

Sheng, L. F,, and Fu, G.: Spatial distribution and interannual SEPA (State Environmental Protection Administration of China):
variation of surface Plyh concentrations over eighty-six Chinese Emission Standard of Air Pollutants for Coke Ovens: GB16171-
cities, Atmos. Chem. Phys., 10, 5641-5662, doi:10.5194/acp-10- 1996, China Environmental Science Press, Beijing, China, 1996d
5641-2010, 2010. (in Chinese).

Ramanathan, V. and Carmichael, G. R.: Global and regional climateSEPA (State Environmental Protection Administration of China):
changes due to black carbon, Nat. Geosci., 1, 221-227, 2008. Emission Standard of Air Pollutants for Industrial Kilns and Fur-
Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.: naces: GB9078-1996, China Environmental Science Press, Bei-

Aerosols, climate, and hydrological cycle, Science, 294, 2119—- jing, China, 1996e (in Chinese).
2124, 2001. SEPA (State Environmental Protection Administration of China):

Ramanathan, V., Li, F., Ramana, M. V., Praveen, P. S., Kim, Emission Standard of Air Pollutants for Thermal Power Plants:
D., Corrigan, C. E., Nguyen, H., Stone, E. A., Schauer, J. J., GB13223-2003, China Environmental Science Press, Beijing,
Carmichael, G. R., Adhikary, B., and Yoon, S. C.: Atmospheric  China, 2003 (in Chinese).
brown clouds: Hemispherical and regional variations in long- SEPA (State Environmental Protection Administration of China):
range transport, absorption, and radiative forcing, J. Geophys. Emission Standard of Air Pollutants for Cement Industry
Res., 112, D22S21, doi:10.1029/2006JD008124, 2007. GB4915-2004, China Environmental Science Press, Beijing,

Roden, C. A., Bond, T. C., Conway, S., and Pinel, A. B. O.: Emis-  China, 2004 (in Chinese).
sion factors and real-time optical properties of particles emittedStreets, D. G. and Aunan, K.: The importance of China’s house-
from traditional wood burning cookstoves, Environ. Sci. Tech-  hold sector for black carbon emissions, Geophys. Res. Lett., 32,
nol., 40, 6750-6757, 2006. L12708, doi:10.1029/2005GL022960, 2005.

Roden, C. A., Bond, T. C., Conway, S., Pinel, A. B. O., Mac- Streets, D. G., Gupta, S., Waldhoff, S. T., Wang, M. Q., Bond, T. C.,
Carty, N., and Still, D.: Laboratory and field investigations  and Bo, Y.: Black carbon emissions in China, Atmos. Environ.,
of particulate and carbon monoxide emissions from traditional 35, 4281-4296, 2001.
and improved cookstoves, Atmos. Environ., 43, 1170-1181,Streets, D. G., Bond, T. C., Carmichael, G. R., Fernandes, S. D.,
doi:10.1016/j.atmosenv.2008.05.041, 2009. Fu, Q. Y, He, D. Q., Klimont, Z., Nelson, S. M., Tsai, N. Y.,

Rosenfeld, D., Dai, J., Yu, X, Yao, Z. Y., Xu, X. H., Yang, X., and Wang, M. Q., Woo, J. H., and Yarber, K. F.: An inventory of
Du, C. L.: Inverse relations between amounts of air pollution and gaseous and primary aerosol emissions in Asia in the year 2000,
orographic precipitation, Science, 315, 1396-1398, 2007. J. Geophys. Res., 108(D21), 8809, doi:10.1029/2002JD003093,

Shi, C. E., Zhai, W. Q., Yang, J., Wang, S., and Yao, K. Y.: Char- 2003.
acteristics of PMg pollution at four provincial cities in Yangtze Streets, D. G., Wu, Y., and Chin, M.. Two-decadal
River Delta district, (in Chinese with English abstract), Plateau aerosol trends as a likely explanation of the global dim-
Meteorol., 27(2), 408—-414, 2008. ming/brightening transition, Geophys. Res. Lett., 33, L15806,

Sino-Steel TianCheng Environmental Protection Science And Tech- doi:10.1029/2006GL026471, 2006a.
nology Co., LTD: Compilation Instructions for Emission Stan- Streets, D. G., Zhang, Q., Wang, L. T., He, K. B., Hao, J. M., Wu,
dard of Air Pollutants for Iron and Steel Industry (Applied for Y., Tang, Y. H., and Carmichael, G. R.: Revisiting China’s CO
Recommendation), internal report, Beijing, China, 42 pp., 2007 emissions after TRACE-P: Synthesis of inventories, atmospheric
(in Chinese). modeling, and observations, J. Geophys. Res., 111, D14306,

SEPA (State Environmental Protection Administration of China):  doi:10.1029/2006JD007118, 2006b.

Emission Standard of Pollutants for Cement Industry: GB4915-Streets, D. G., Fu, J. S., Jang, C. J., Hao, J. M., He, K. B., Tang,
85, China Environmental Science Press, Beijing, China, 1985 (in  X. Y., Zhang, Y. H., Wang, Z. F., Li, Z. P., Zhang, Q., Wang, L.
Chinese). T., Wang, B. Y., and Yu, C.: Air quality during the 2008 Beijing

SEPA (State Environmental Protection Administration of China):  Olympic Games, Atmos. Environ., 41, 480—492, 2007.

Standard of Smoke and Dust Emission for Industrial Kilns and Streets, D. G., Yu, C., Wu, Y., Chin, M., Zhao, Z. C., Hayasaka, T.,
Furnaces: GB9078-88, China Environmental Science Press, Bei- and Shi, G. Y.: Aerosol trends over China, 1980-2000, Atmos.
jing, China, 1988 (in Chinese). Res., 88, 174-182, 2008.

SEPA (State Environmental Protection Administration of China): Streets, D. G., Yan, F., Chin, M., Diehl, T., Mahowald, N.,
Emission Standard of Air Pollutants for Coal-fired Power Plants:  Schultz, M., Wild, M., Wu, Y., and Yu, C.: Anthropogenic
GB13223-91, China Environmental Science Press, Beijing, and natural contributions to regional trends in aerosol op-
China, 1991 (in Chinese). tical depth, 1980-2006, J. Geophys. Res., 114, DO0O0D18,

SEPA (State Environmental Protection Administration of China):  doi:10.1029/2008JD011624, 2009.

Handbook of Industrial Pollution Emission Rates, China Envi- UNECE (United Nations Economic Commission for Europe):
ronmental Science Press, Beijing, China, 1996a (in Chinese). Present state of emission data, EB.AIR/GE.1/2004/10., 62 pp.,

www.atmos-chem-phys.net/11/931/2011/ Atmos. Chem. Phys., 1199312011



954 Y. Lei et al.: Primary anthropogenic aerosol emission trends

2004. Zhang, Q., Streets, D. G., He, K. B., and Klimont, Z.: Ma-
USEPA (US Environmental Protection Agency): AP-42, Fifth Edi-  jor components of China’s anthropogenic primary particulate
tion, Compilation of Air Pollutant Emission Factors, available at:  emissions, Environ. Res. Lett., 2, 045027, do0i:10.1088/1748-

http://www.epa.gov/ttnchiel/ap42/995. 9326/2/4/045027, 2007b.

USEPA (US Environmental Protection Agency): 2002 National Zhang, R. Y., Li, G. H., Fan, J. W., Wu, D. L., and Molina, M. J.:
Emissions Inventory Data & Documentation, availabletdtp: Intensification of Pacific storm track linked to Asian pollution, P.
IIwww.epa.gov/ttn/chief/net/2002inventory.htraD04. Natl. Acad. Sci. USA, 104, 5295-5299, 2007c.

Vestreng, V., Rigler, E., Adams, M., Kindbom, K., Pacyna, J. M., Zhang, X. Y., Wang, Y. Q., Zhang, X. C., Guo, W., and Gong,
Denier van der Gon, H., Reis, S., and Travnikov, O.: Inven- S. L.: Carbonaceous aerosol composition over various re-
tory review 2006, Emission data reported to LRTAP and NEC gions of China during 2006, J. Geophys. Res., 113, D14111,
Directive, Stage 1, 2 and 3 review and Evaluation of invento-  doi:10.1029/2007JD009525, 2008a.
ries of HMs and POPs, EMEP/MSC-W Technical Report 1/2006. Zhang, Y. X., Schauer, J. J., Zhang, Y. H., Zeng, L. M., Wei, Y. J.,
ISSN1504-6179, 130 pp., 2006. Liu, Y. and Shao, M: Characteristics of particulate carbon emis-

Wang, M., Huo, H., and Johnson, L.: Projection of Chinese motor sions from real-world Chinese coal combustion, Environ. Sci.
vehicle growth, oil demand, and G@missions through 2050, Technol., 42, 5068-5073, 2008b.

ANL/ESD/06-6, Argonne National Laboratory, Argonne, USA, Zhang, Q., Streets, D. G., Carmichael, G. R., He, K. B., Huo, H.,
58 pp., 2006a. Kannari, A., Klimont, Z., Park, I. S., Reddy, S., Fu, J. S., Chen,

Wang, Y., Zhuang, G. S., Zhang, X. Y., Huang, K., Xu, C., Tang, A. D., Duan, L., Lei, Y., Wang, L. T., and Yao, Z. L.: Asian emis-
H., Chen, J. M., and An, Z. S.: The ion chemistry, seasonal cy- sions in 2006 for the NASA INTEX-B mission, Atmos. Chem.
cle, and sources of Pk and TSP aerosol in Shanghai, Atmos. Phys., 9, 5131-5153, d0i:10.5194/acp-9-5131-2009, 2009.
Environ., 40, 2935-2952, 2006b. Zhao, C. S., Tie, X. X., and Lin, Y. P.. A possible positive

Woo, J.-H., Baek, J. M., Kim, J.-W., Carmichael, G. R., Thong- feedback of reduction of precipitation and increase in aerosols
boonchoo, R., N, Kim, S. T., and An, J. H.: Development of a  over eastern central China, Geophys. Res. Lett., 33, L11814,
multi-resolution emission inventory and its impact on sulfur dis-  doi:10.1029/2006GL025959, 2006.
tribution for northeast Asia, Water Air Soil Poll., 148, 259-278, Zhao, Y., Duan, L., Larssen, T., Hu, L. H., and Hao, J. M.: Simul-
2003. taneous assessment of deposition effects of base cations, sulfur,

Xia, X. G, Li, Z. Q., Holben, B., Wang, P., Eck, T., Chen, H. B., and nitrogen using an extended critical load function for acidifi-
Cribb, M., and Zhao, Y. X.: Aerosol optical properties and ra-  cation, Environ. Sci. Technol., 41, 1815-1820, 2007.
diative effects in the Yangtze Delta region of China, J. Geophys.Zhao, Y., Wang, S. X., Duan, L., Lei, Y., Cao, P. F., and Hao, J.
Res., 112, D22S12, doi:10.1029/2007JD008859, 2007. M.: Primary air pollutant emissions of coal-fired power plants in

Xia, D. S., Chen, F. H., Bloemendal, J., Liu, X. M., Yu, Y., and China: Current status and future prediction, Atmos. Environ., 42,
Yang, L. P.: Magnetic properties of urban dustfall in Lanzhou,  8442-8452, 2008.

China, and its environmental implications, Atmos. Environ., 42, Zhao, Y., Wang, S. X., Nielsen, C. P., Li, X. H., and Hao, J. M.:
2198-2207, 2008. Establishment of a database of emission factors for atmospheric

YHCTC (Yearbook House of China Transportation & Communi-  pollutants from Chinese coal-fired power plants, Atmos. Envi-
cations): Yearbook of China transportation and communications ron., 44, 1515-1523, 2010.

(1991-2006 editions), Yearbook House of China Transportationzhi, G. R., Chen, Y. J., Feng, Y. L., Xiong, S. C., Li, J., Zhang, G.,

& Communications, Beijing, China, 1991-2006. Sheng, G. Y., and Fu, J. M.: Emission characteristics of carbona-
Yi, H. H.: Studies on Emission Characteristics of fjMrom Power ceous particles from various residential coal-stoves in China, En-

Plants, Ph.D. thesis, Tsinghua University, China, 135 pp., 2006a viron. Sci. Technol., 42, 3310-3315, 2008.

(in Chinese). Zhi, G. R., Peng, C. H., Chen, Y. J., Liu, D. Y., Seng, G. Y., and

Yi, H. H., Hao, J. M., Duan, L., Li, X. H., and Guo, X. M.: Char- Fu, J. M: Deployment of coal briquettes and improved stoves:
acteristics of inhalable particulate matter concentration and size possibly an option for both environment and climate, Environ.
distribution from power plants in China, J. Air Waste Manage.,  Sci. Technol., 43, 5586-5591, 2009.

56, 1243-1251, 2006b. Zhou, D. D.: China’s Sustainable Energy Scenarios 2020, China

Zhang, J., Smith, K. R., Ma, Y., Ye, S., Jiang, F., Qi, W,, Liu, Environmental Science Express, Beijing, China, 2003 (in Chi-
P., Khalil, M. A. K., Rasmussen, R. A., and Thorneloe, S. A.: nese).

Greenhouse gases and other airborne pollutants from householdhu, X. Y., Duan, L., Tang, G. G., Hao, J. M., and Dong, G. X.:
stoves in China: A database for emission factors, Atmos. Envi- Estimation of atmospheric emissions of base cations in China, J.
ron., 34, 4537-4549, 2000. Tsinghua Univ. Sci. Technol., 44, 1176-1179, 2004 (in Chinese).

Zhang, Q., Klimont, Z., Streets, D. G., Huo, H., and He, K. B.: An
anthropogenic PM emission model for China and emission in-
ventory for the year 2001, Progress in Natural Science, 16, 223—

231, 2006 (in Chinese).

Zhang, Q., Streets, D. G., He, K. B., Wang, Y. X., Richter, A,,
Burrows, J.P., Uno, I., Jang, C. J., Chen, D., Yao, Z. L., and
Lei, Y.: NOx emission trends for China, 1995-2004: The view
from the ground and the view from space, J. Geophys. Res., 112,
D22306, doi:10.1029/2007jd008684, 2007a.

Atmos. Chem. Phys., 11, 933954, 2011 www.atmos-chem-phys.net/11/931/2011/


http://www.epa.gov/ttnchie1/ap42/
http://www.epa.gov/ttn/chief/net/2002inventory.html
http://www.epa.gov/ttn/chief/net/2002inventory.html

