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Abstract. Huabei, located between 3R and 42 N, is part  CO, 5.36 Tg NH, 10.74Tg PMo, 5.62Tg PM5, 0.41Tg

of eastern China and includes administratively the BeijingEC, and 0.99 Tg OC. The estimated emission rates are pro-
and Tianjin Municipalities, Hebei and Shanxi Provinces, andjected into grid cells at a horizontal resolution of Oléti-
Inner-Mongolia Autonomous Region. Over the past decadestude by 0.2 longitude. Our gridded emission inventory con-
the region has experienced dramatic changes in air qualitgists of area sources, which are classified into industrial, civil,
and climate, and has become a major focus of environmentatraffic, and straw burning sectors, and large industrial point
research in China. Here we present a new inventory of airsources, which include 345 sets of power plants, iron and
pollutant emissions in Huabei for the year 2003 developedsteel plants, cement plants, and chemical plants.

as part of the project Influence of Pollution on Aerosols and The estimated regional NOemissions are about 2—3 %
Cloud Microphysics in North China (IPAC-NC). (administrative Huabei region) or 5% (larger Huabei region)

Our estimates are based on data from the statistical yeaf2! the global anthropogenic NGemissions. We compare
books of the state, provinces and local districts, including®U" inventory (IPAC-NC) with the global emission inventory
major sectors and activities of power generation, industrialEPGAR-CIRCE and the Asian emission inventory INTEX-

energy consumption, industrial processing, civil energy con-B- EXcept for a factor of 3 lower EC emission rate in com-

sumption, crop straw burning, oil and solvent evaporation,par'son with INTEX-B, the biases of the total emissions of

manure, and motor vehicles. The emission factors are seTOSt Primary air poliutants in Huabei estimated in our inven-
lected from a variety of literature and those from local mea- 0" With respect tOOEDGAR'SIRCE and INTEX-B, gener-
surements in China are used whenever available. The ed!ly range from—30% to +40%. Large differences up to a
timated total emissions in the Huabei administrative regionfactor of 2-3 for local emissions in some areas (€.g. Beijing

in 2003 are 4.73Tg S0 2.72 Tg NQ (in equivalent N@), qnd Tianjin) are founq.. It is recommendeq that the invento-
1.77Tg VOC, 24.14Tg CO, 2.03Tg NH4.57 Tg PMo, ries based on the activity rates and emission factors for each

2.42Tg PMs, 0.21Tg EC, and 0.46 Tg OC. specific year should be applied in future modeling work re-
> ) ’ . _lated to the changes in air quality and atmospheric chemistry
For model convenience, we consider a larger Huabei reqyer this region.

gion with Shandong, Henan and Liaoning Provinces in-
cluded in our inventory. The estimated total emissions
in the larger Huabei region in 2003 are: 9.55Tg ;SO
5.27Tg NQ (in equivalent N@), 3.82Tg VOC, 46.59 Tg
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1 Introduction paigns that focused on the impacts of Asian pollution out-
flow on West-Pacific and North America, e.g. TRACE-
North China or Huabei in Chinese (hereafter we use the latP (Transport and Chemical Evolution over the Pacific)
ter) is a geographical region located in the northern part ofcampaign in 2001 (Jacob et al., 2003) and INTEX-B
eastern China, including several provinces and large muf{intercontinental Chemical Transport Experiment-B) cam-
nicipalities, e.g. Beijing and Tianjin, both with populations paign in 2006 (Singh et al., 2009). Almost all of
greater than 10 million. Being influenced by both anthro- these inventories, e.g. TRACE-P (Streets et al., 20003;
pogenic activities and natural desert, Huabei has become orgata available athttp://www.cgrer.uiowa.edu/EMISSIQN
of the most severely polluted regions in China as indicatedDATA/index_16.htn), REAS (Ohara et al., 2007), and
by numerous studies including both ground measurementfNTEX-B (Zhang et al., 2009; data available latp://mic.
(e.g. Yan et al., 2008; Li et al., 2007; Lin et al., 2008, 2009; greenresource.cn/intex-b2006r http://www.cgrer.uiowa.
Meng et al., 2009; Pan et al., 2009; Sun et al., 2010; Tangedu/EMISSIONDATA _new/index16.htm) were initially es-
et al., 2007) and satellite data analyses (e.g. Xu and Lintimated by province for China and by country for the rest of
2010; Chen et al., 2009; Peng et al., 2007; Li et al., 2003aAsia. They are generally distributed at the sanfelgtitude
Ma et al., 2006b; Richter et al., 2005; Shi et al., 2008; Tie by 1° longitude for TRACE-P) or slightly finer (0°3atitude
et al., 2006; Zhang et al., 2007; Zhao et al., 2006). Theby 0.5 longitude for REAS and INTEX-B) grid resolution,
project Influence of Pollution on Aerosols and Cloud Mi- although it was declared that the data with much finer res-
crophysics in North China (IPAC-NC) was implemented to olution (0.3 latitude by 0.3 longitude for TRACE-P and
assess the causes of such severe pollution and its potentiITEX-B) might be accessed. While these emission inven-
impact on regional climate (Ma et al., 2010, 2011). As parttories have widely been used and evaluated in model sim-
of the IPAC-NC project, we have developed a high-resolutionulations (e.g. Carmichael et al., 2003), the comparisons of
emission inventory of primary pollutants for the Huabei re- model results with measurements for the polluted regions in-
gion of China. Our objective is to provide a reliable emission side China (e.g. Huabei) are relatively few. It was shown that
database that can be used to drive the regional, meteorologyhe uncertainty in the emission estimates may result in 30—
chemistry coupled model with fine-grid cells (e.g. at a hori- 50 % differences in surface ozone concentrations in polluted
zontal resolution of 071latitude by 0.1 longitude), to bet-  areas of China (Ma and van Aardenne, 2004).
ter understand chemical and physical processes involved in Regional pollution related to photochemical smog and
dramatic changes in air quality and climate over this part ofhaze-fog has been recognized as one of the severe environ-
China in the 2000s and find their linkages with energy con-mental problems in China (Zhang et al., 2008; Ma et al.,
sumption and technology innovation. 2010). The most serious pollution regions are typically the
The emission inventory and its accuracy are importantHuabei region with the Beijing and Tianjin megacities in-
for the ability of modeling studies to characterize the his- cluded, the Yangtze River Delta region with the Shanghai
torical, present and future states of the atmospheric enmegacity included, and the Pear River Delta region (PRD)
vironment (Frey et al., 1999; Russell and Dennis, 2000;with the Guangzhou and Hong Kong megacities included.
Ma and van Aardenne, 2004). Global and Asian emis-Such air pollution not only has adverse effects on human
sion inventories naturally include the estimates for a spe-health and the ecosystems, but also has large impacts on
cific region, e.g. Huabei, China. Global emission invento-weather and climate in urban and regional scales. Accu-
ries, e.g. EDGAR (the Emission Database for Global At-rate and highly-resolved emission inventories are essential
mospheric Research) v32 (Olivier et al., 2002); EDGAR for understanding pollution formation and transport, plan-
v3.2 Fast Track 2000 (Olivier et al., 2005; data available ning abatement and control measures, and operating chemi-
at http://www.mnp.nl/edgar/model/v32ft2000edpgaiPCC-  cal weather forecasting in these regions. Wang et al. (2005b)
AR4 (Dentener et al., 2005; data availablé&pt/ftp-ccu.jrc. developed a source-specific, high-resolution emission in-
it/pub/dentener/IPCC-AR4/209(nd RETRO (Pulles etal., ventory for the Shandong region of eastern China for the
2007; data available dtttp://retro.enes.ojggenerally have year 2000 and implemented it to a regional chemical trans-
too low grid resolution (e.g.llatitude by 2 longitude) for  port model of 12 kmx 12 km horizontal resolution. Cao et
urban/regional model simulations. Moreover, there are veryal. (2006) presented a high-resolution emission inventory of
large differences (often a factor of two) between the emis-elemental carbon (EC) and organic carbon (OC) aerosols in
sions for individual cities, even when the total global emis- China for the year 2000 with ®?Jatitude x 0.2° longitude
sions are very similar (Butler et al., 2008). The use of anresolution. Recently, Zheng et al. (2009b) developed a highly
ensemble of inventories, increased attention to the geographresolved temporal and spatial emission inventory for the PRD
ical distribution of emissions and better integration of local for the year 2006 and allocated it onto grid cells with a res-
inventories into global emission inventories has been recomelution of 3kmx 3 km. They further established a speciated
mended (Butler et al., 2008). VOC emission inventory on the basis of this emission inven-
Several Asian emission inventories were developed fortory and local VOC source profiles and evaluated spatial pat-
the support of different projects and associated field cam+terns of ozone formation potential in the PRD (Zheng et al.,
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2009a). Although there have been many emission estimate: .
for Chinese regions, these studies were generally limited, ei-

ther focusing on one specific city (e.g. Liu and Shao, 2007, —
Pang and Mu, 2007; Bo et al., 2008; Zhao and Ma, 2008) T”ﬁ ’ 3
or one specific sector (Dai et al., 2010; Cai and Xie, 2007, i B
2009; Cao et al., 2008; Liu et al., 2011; Zhao et al., 2008) or  * ,j
on a special kind of pollutant (Bo et al., 2008; Lu et al., 2010; {K

Lei etal., 2011). To our knowledge, a highly-resolved, grid- T

ded emission inventory covering different years for the en-

tire region of China has not been available. Although almost \P\ \ﬁ

all the developers could give the uncertainties of their own . 1 ™
L . . U™ . (’L\VML\/
emission inventories (e.g. Streets et al., 2003; Zhang et al., Uﬁ \ S 3@ y
2009; Zhao et al., 2011), uncertainties in current estimates of B iz B toner Mongoiia el o]
X X ) . [ ] Tianjin [ Shandong XZK W/(' / N
Chinese emissions were not evaluated systematically as fol jepei Henan 5 - _ 7
North America and Europe (Frey et al., 1999; Zheng, 2002; [ shanxi Il Liaoning 7

Bobley et al., 2005).
In this paper, we present a high-resolution emission inven—ig. 1. The larger Huabei region (highlighted in colour) and its

tory of the major air pollutants developed for the Huabei re-gcation in China.

gion of China for the year 2003. Our inventory includes sul-

fur dioxide (SQ), nitrogen oxides (NQ= NO + NO,), VOC ) . ) _ o

(abbreviated from NMVOC, Non-Methane Volatile Organic pogenic emission rate of thieth chemical species in theth

Compounds), carbon monoxide (CO), ammonia gNHhar- ~ area.Qi . is calculated as

ticulate matter of diameter smaller than or equal to 10 um n

(PMyg), particulate matter of diameter smaller than or equal i.j = ZAJ'JC Fi jk @

to 2.5um (PMs), EC, and OC. In Sect. 2 we describe the k=1

methodology and data sources used in this study. In Sect. @hereA ; ; is the annual rate of the k-th activity or fuel use in

we present our emission inventory by sectors, provinces anthe j-th area,F; ; ; is the emission factor of theeth activity

fine-grid cells (with a horizontal resolution of O.1atitude  or fuel use for the-th species in thg-th area, and: is the

by 0.1° longitude). In Sect. 4 we estimate the uncertaintiestotal number of activities or fuel types in the area. The chem-

of our estimates in comparison with other emission invento-ical species or pollutants we consider are;SROy, VOC,

ries. A summary of our inventory is given in Sect. 5. CO, NHs, PM1g, PM; 5, EC, and OC. Molar or total masses
of each species or pollutant are calculated. As in previous
studies (e.g. van Aardenne et al., 1999; Zhang et al., 2009),

2 Methodology we use the equivalent N@nasses to represent the amount of
emitted NQ, although NQ from fossil fuel burning is gen-
2.1 General description erally released in the form of NG-00 %). In this study, we

present the emissions in the Huabei region for the year 2003,

Huabei is a part of eastern China, located approximatelywhich was the latest year for which Chinese statistical data
between 32N and 42 N latitude in a geographical sense. could be obtained when the IPAC-NC project started. Al-
Administratively it is a region including Beijing and Tian- though some new emission inventories have been available
jin Municipalities, Hebei and Shanxi Provinces, and Inner- for the years after 2003, e.g. INTEX-B for 2006 (Zhang et
Mongolia Autonomous Region. For model convenience, theal., 2009), we still believe that our emission inventory will
statistical data for Shandong, Henan and Liaoning Provincese very useful for model work on historical trend and field
are also taken into account in our inventory although theseexperimental data analyses.
provinces do not belong to Huabei currently in an adminis- The emission sources in our inventory are divided into
trative sense (Fig. 1). Table 1 gives a summary of social andour major categories including industrial, civil, traffic, and
economic index in Huabei, and Table 2 presents the energgtraw burning. Each major category has various sub-sectors
use by fuel type in the region. Beijing, Tianjin, Hebei, Shan- and associated activity types, as shown in Table 3. Com-
dong, and Liaoning together compose the main industrialpared to existing global or Asian emission inventories, an
base of China, Shanxi is an important energy base, Henaadvantage of our emission inventory is that we collected the
is a large agricultural province, and Inner-Mongolia is one of original data from the statistical yearbooks of local districts
the dust storm sources in northern China. (which have an administrative level between province and

We use a bottom-up approach to develop the emissiortounty in China), instead of only provinces. The major sec-
inventory for the Huabei region, considering only anthro- tors and activities included in our inventory are power gener-
pogenic emissions on an annual basis. The annual anthration, industrial energy consumption, industrial processing,

www.atmos-chem-phys.net/12/481/2012/ Atmos. Chem. Phys., 12, 48112012
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Table 1. Social and economic index of the larger Huabei region in 2003.

No. Administrative

Area

Population GDP Ind-P Agr-P Energy Use
region (16 km?) (1% @Py) @PY) @1PY) (1FtonSC)

1 Beijing 1.68 14.56 3663.1 4259.3 148.3 47.08
2 Tianjin 1.13 10.11 2447.7 4049.6 181.1 32.15
3 Hebei 18.77 67.69  7122.0 5708.8 958.3 134.77
4 Shanxi 15.63 33.14 2456.6 2414.4 249.5 103.87
5 Inner-Monglia 118.3 23.80 2150.4 2055.0 336.0 52.18
6 Shandong 15.38 91.25 124359 198915 1599.3 130.34
7 Henan 16.70 96.67 7048.6 3034.1 673.5 95.62
8 Liaoning 14.59 42.10 6002.5 2884.1 497.3 114.49

GDP: Gross domestic product; Ind-P: Industrial product; Agr-P: Agricultural prodtc€hinese currency, Yuan; SC: standard coal, and 1 kg SC is equivalent to any fuel that
produces 29.27 MJ of heat energy. Sources are from China Statistical Bureau .(2004a; 2004e).

Table 2. Annual energy use in the larger Huabei region in 2003.

No. Administrative Coal Coke Qil Natural Coal Gas LPG
region (1#tonSC) (1dtonSC) (1dtonSC) Gas (1®m3) (10°m3) (10* ton SC)
1 Beijing 2007.4 462.0 485.7 22.6 139.5 32.8
2 Tianjin 1642.3 140.6 271.2 5.0 2.3 79.7
3 Hebei 9873.0 300.0 145.7 2.2 189.3 22.4
4 Shanxi 13275.0 469.9 359.7 423.7 7.62 0.73
5 Inner-Monglia 5953.0 472.0 360.0 9.7 106.7 189.2
6 Shandong 12800.0 475.9 538.6 55.3 126.8 73.0
7 Henan 7691.9 128.0 233.9 0.01 13.8 4.6
8 Liaoning 7041.6 58.7 127.6 24.0 5.0 276.0

Oil includes gasoline, diesel oil, fuel oil, crude oil, and others excluding automobile usage. LPG: liquefied petroleum gas; SC: standard coal. Sources are from China Statistical
Bureau (2004a).

civil energy consumption, crop straw burning, oil and sol- 2.2 Activity rates
vent evaporation, manure, and motor vehicles. Another ad-
vantage of our emission inventory is that we have performedNe performed a detailed analysis of the statistical data of lo-
an intensive literature research on the emission factors andal districts in Huabei (e.g. China Statistic Bureau, 2004a;
tried to use the ones derived by local measurements in Chin&hina Statistic Bureau, 2004b; China Electric Power Year-
whenever possible. book Editorial Board, 2004; China Steel Industrial Associa-
We investigated the annual product of large power plantstion, 2004; China Traffic Yearbook Editorial Board, 2004).
iron and steel plants, cement plants, fertilizer plants, cokeThe pollution sources are separated into various sectors in-
plants, petrochemical plants, grains and oil plants, sulfu-cluding power generation, industrial energy consumption,
ric acid plants, and paint plants in Huabei (345 in total), industrial processing, civil energy consumption, crop straw
defined their geographical positions exactly by latitude andburning, central heating, oil and solvent evaporation, major
longitude, and estimated the emissions obSROy, VOC, ammonia sources, major particle sources, cooking, and mo-
CO, NHg, PM;q, PMy5, EC, and OC from these plants as tor vehicles. The industrial energy sector is subdivided into
point sources. The total emissions in the districts or coun-different fuel types including coal, coke, gasoline, diesel oll,
ties were deduced by the emissions from these point sourcesiel oil, crude oil, liquefied petroleum gas (LPG), coal gas,
correspondingly, and the rest were mapped into the gridde@nd natural gas. The industrial processing sector refers to
cells using geographical information system (GIS) to get theemissions during the production of fertilizer, sulfuric acid,
emissions of area sources. A gridded emission inventory oammonia, cement, iron, steel, coke, paints, vegetable oil and
Huabei with a 0.1 latitude x 0.1° longitude resolution was crude oil excluding fuel burning. The emissions from these
derived based on these point and area source emission ratesvo industrial sectors (energy consumption and processing)

are distributed according to the industrial production quantity
of the counties.

Atmos. Chem. Phys., 12, 481501, 2012 www.atmos-chem-phys.net/12/481/2012/
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Table 3. Emission source categorization in the larger Huabei region.

Major Category  Sub-category Fuel or activity types
Industry
Power generation Coal
Industrial fuel use Coal, coke, gasoline, diesel olil, fuel oil, crude oil, other
oil natural gas, LPG, coal gas
Industrial processing Fertilizer, sulfuric acid, ammonia, cement, sintering,
iron, steel, roller steel, coke, crude oil, paints, vegetable
oil
Civil
Civil fuel use Coal, LPG, coal gas, natural gas, coal gas, coal gas BS
Other civil activities Central heating, solvent & oil evaporation, cooking,
manure (man, animal and soil fertilization), traffic dust
Traffic
Passenger vehicles Large, middle, small, mini (gasoline and diesel)
Goods vehicles Large, middle, small, mini (gasoline and diesel)
Other vehicles Motorcycles, tractors (gasoline and diesel)
Straw burning
Straw burning Wheat, corn, rice, cotton, oil, others

The civil energy sector is also subdivided into different 2.3 Emission factors

fuel types including civil coal, civil LPG, civil natural gas,

and civil coal gas for benefit stove (BS). The emissions fromThe emission factors are very important for the accuracy of
the civil energy sector, central heating, oil and paint evap-an emission inventory. The emission inventories developed
oration, and motor vehicles are distributed according to thepreviously for China were mostly based on the emission fac-
population of the counties. The emissions from the strawtors measured abroad, which may not be completely suitable
burning sector are distributed according to the agricul’[ura|f0rthe situation in China. Since some measurements of emis-
production of the counties. Table 4 presents the annual crogion factors, especially in the Huabei region of China, have

straw masses burned for each province in Huabei in the yedpeen performed (e.g. Jiang and Tang, 2002), we try to use
2003. these local emission factors in our calculations as much as

The major ammonia sources include animal, man, andossible. Tables 6-11 show the emission factors of various

fertilizer applications, which are estimated based on animafuel composition and activities adopted in our inventory. Be-
husbandry production, population, and sowing areas, respedOW we give a general description of the selection or estima-
tively. While the emissions due to traffic blowing dust are tion of the specific emission factors of our inventory.
estimated, particle sources from building construction and )

bare land are not taken into account in this study. Motor2-3:1 Coalburning

vehicles are subdivided into passenger vehicles (large, mid- . . - . .
dle, small, and mini), goods vehicles (heavy, middle, light, Due to high coal burming efficiency-80 %) for boilers in

and mini), motorcycles, and tractors. The numbers of gasoEhe power plants, the CO and EC emission factors for power

line and diesel vehicles in each type are taken into accoun generation are much lower than those for other coal-burning
ctivities (Table 6). Although sulfur burning efficiency is

The emissions of motor vehicles are estimated as the rodu(ﬁ. . . o
P igh under such boiler conditions, the $@mission factor

of numbers of vehicles in a county or district, annual dis- SR .

tance traveled in km, and emission factor in g#nof pollu- for power generation I also lower since Iow-su!fur—conten't

tant emitted. Table 5 provides the motor vehicle numbers b)FoaI and desulfurization technology hav.e .been \.N'dely. useq n

province in Huabei in the year 2003. the power plants. The coal-burning _eff|C|en_cy in _reS|dent|aI
use is much lower than that80 %) for industrial boilers. As

a result, the S@and NQ, emission factors for coal burning

www.atmos-chem-phys.net/12/481/2012/ Atmos. Chem. Phys., 12, 48112012
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Table 4. Annual straw masses burned in the larger Huabei region in 2003.

No. Administrative Wheat Straw Corn Straw  Rice Straw Cotton Straw  Oil Straw  Other Straw
region (1¢ ton) (16* ton) (1¢* ton) (106t ton) (10" ton) (16* ton)

1 Beijing 25.1 64.4 0.6 1.0 6.6 4.2

2 Tianjin 49.1 129.6 0 28.4 6.2 18.6

3 Hebei 1391.7 2147.2 25.6 156.6 326.2 151.6

4 Shanxi 349.7 953.9 23.9 275 72.7 143.2

5 Inner-Monglia 127.8 1777.4 44.8 0.78 217.8 131.1

6 Shandong 2137.8 2822.0 57.9 263.0 723.6 268.8

7 Henan 3131.6 1532.6 183.5 113.0 619.8 187.3

8 Liaoning 8.3 1861.0 208.7 1.0 122.8 204.0

Sources are from the China Ministry of Agriculture/US Department of Energy Project Panel (1998) and China Statistical Bureau (2004a).

Table 5. Numbers of motor vehicles in the larger Huabei region in 2003.

No. Administrative region Passenger Vehicles¥)10 Goods Vehicles (1%) Motorcycles (18)  Tractors (16)
Large Middle Small  Mini Heavy Middle Light ~ Mini

1 Beijing 3.24 10.59 106.73 20.84 3.04 6.89 16.39 0.53 27.68 3.11
2 Tianjin 1.38 2.97 22.78 11.11 3.45 3.88 11.57 1.68 36.39 5.34
3 Hebei 2.85 2.15 59.02 23.37 29.90 17.30 107.77 3.99 425.81 142.07
4 Shanxi 1.37 2.28 26.30 10.72 12.55 10.73 76.58 4.08 73.29 21.54
5 Inner-Monglia 1.27 1.84 19.67 5.87 10.91 9.18 50.20 0.97 87.41 54.11
6 Shandong 3.86 7.55 64.85 27.94 13.83 21.22 423.44 7.24 749.08 183.40
7 Henan 4.22 6.29 41.38 17.40 19.91 15.27 148.13 6.78 290.01 198.54
8 Liaoning 5.20 4.91 48.08 6.39 13.65 12.37 4586 1.02 99.13 10.38

Buses are included in the middle passenger vehicles, and cars and taxi in the mini passenger vehicles.

Trailers and farm transporters are included in the heavy and light good:
vehicles, respectively. Sources are from the China Statistical Bureau (2004a).

are lower, and the CO and EC emission factors are muchable mechanical coking, have large effects on the amount of
higher in the civil sector than those in the industrial sector.EC and OC emitted during the coke processing. The EC and
The sulfur content of the coal used in the larger Beijing, OC emission factors for the coking process are estimated ac-
Tianjin, and Tangshan areas (called Jing-Jin-Tang in Chi-cording to the work of Bond et al. (2004) with a mechanical
nese) is lower{0.6 % in average) than in the rest of Huabei coking method assumed.

(~0.92%) (Bai, 1996; Jiang and Tang, 2002). Moreover,

more advanced production technology has been adopted i8 3 3 giraw burning

Jing-Jin-Tang than in the other areas. Therefore, lower SO

emission factors for coal burning are used for Jing-Jin-Tang L . -

and its nearby areas than for the rest of Huabei in our inven-CrOp straw burning is an important way of obtaining en-

tory ergy for cooking and heating in the countryside of China.
' Since the residential stoves used for burning straw are small
) and the water content of straw burned is high, the burning
2.3.2 Industrial processes

temperatures and burning efficiency are generally low and
the emission factors of major pollutants are large. With in-
In addition to fuel combustion, some pollutants are emittedcreasing crop yields and the possibility of using other en-
during industrial processes (Table 7). The emission factorgergy sources, open-air straw burning in the field has occurred
of SOy, PMy0, and PM 5 for the steel processing are taken more frequently in the developed areas of Huabei, e.g. Bei-
from local experimental results (Jiang and Tang, 2002). Theging and Tianjin. The N@Q and SQ emission factors for crop
CO emission factor for steel processing is determined using atraw burning are taken from the work of Tian et al. (2002),
CO emission factor reported by previous work (Wang et al.,with wheat straw, corn straw, rice straw, and oil straw as
2005a), weighted by the fraction of steelmaking processe$erbal straw and cotton straw as core wood. The CO and
(e.g. converter and electric furnace). The methods of coke/OC emission factors are taken from the work of Fine et
making, including uncontrollable heap coking and control- al. (2001), which are typically applicable to the traditional

Atmos. Chem. Phys., 12, 481501, 2012 www.atmos-chem-phys.net/12/481/2012/
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Table 6. Emission factors for power generation, industrial and civil fuel combustion.

Fuel sSG NOx VOC CO NH; PMjg PM,gs EC ocC Units

Power Generation

Coal 8.46-16.56 6.58 0.033 248 0 0870 0.620 0.0 0.25¢ gkg?

Industrial Fuel

Coal 10.0-15.38 4.00 0.032 150 0O 1.61 0.74 0.15b 0.50¢ gkg?!
Coke 19.8 4800 0032 660 O 0.28% 0.144 0.03¢ 0.008 gkgl
Gasoline 1.60 16% 0.08%2 0473 o0 0.25¢ 0.12% 0.026 0.004 gkgl
Diesel oil 2.24 9.62 0093 0780 © 0.310 0.310 0.0%6 0.004 gkgl
Fuel oil 2.24 582 0.0938 0780 0 0.310 0.310 0.040 0.018 gkg?!
Crude oil 2.75 509 0.093 0860 O 1.60 0.060 0.040 0.018% gkg!
Other oil 2.24 748 0093 0780 0 0.310 0.310 0.040 0.018 gkg?!
Naturalgas  0.180 176 0285 0350 O 0.240 0170 O 0 gms
LPG 0.180 210 0185 0420 O 0220 0150 O 0 gkd
Coal Gas 0.080 0.800 0.243 0.160 0 0.240 0170 O 0 g™
Civil Fuel

Coal 8.62 1.88 0032 52% 0 1.62 0770 0.280 0.47¢ gkg?!
LPG 0.180 210 0.088 0420 O 0220 0150 O 0 gkd
Natural gas  0.180 1.76 0.088 0.350 O 0.240 0100 O 0 gms
Coal gas 0.080 0.800 0.088 0.160 0 0240 0170 O 0 g™
Coalgas BS  0.008 0.800 0.088 0.160 0O 0240 0150 O 0 g™

* The values are used for different regions. Sources are from Jiang and Tang (2002) exédpKANAEI (2006b); 2 Wang et al. (2005a)* Reddy and Venkataraman (2003),
Bond et al. (2004)° U.S. EPA (2006a)° Tian et al. (2001)7 Cao (2005), ané Cooke et al. (1999).

straw-burning stoves in China. The BMemission factor emissions, and the emission factors of typical animals are
is adopted according to the measurement work of Zhu eshown in Table 10. The Nfemission factor for soil fer-
al. (2005). As no relevant literature for the Rivemission tilization is determined mainly by the amount of fertilizers,
factor was found, we assume that the value of thgddhis-  their types and application ways and soil characters accord-
sion factor is twice as much as that of the PMn this study.  ing to the work of Sun and Wang (1997) (Table 7). Note
The EC and OC emission factors are given based on analyséhat a lower NH emission factor (0.17 ggf) for soil fertil-
of literature (Andreae and Merlet, 2001; Cao, 2005; Cookeization was used to estimate Mimissions in the Yangtze
et al., 1999; Jenkins et al., 1996; Reddy and VenkataramarDelta (Dong et al., 2009). Such difference can be attributed
2002; Streets et al., 2001) (Table 8). to both the difference in soil character between different re-
gions and the large uncertainty in measurements.
2.3.4 Solvent and oil evaporation
2.3.6 Traffic
The evaporation of paint solvents and petroleum products
is an important source of VOC in the atmosphere. TheChina began to implement the National | Standard (refer-
VOC emission factors measured in the work of Jiang andring to Euro | Standard) for automobile exhaust emissions
Tang (2002) have been adopted in this study (Table 7). Orin 1999, National Il Standard (referring to Euro Il Standard)
ganic solvent is assumed to take up 50 % of the solvent-baseith 2003, and National Ill Standard (referring to Euro Il Stan-
paints, i.e. 500 g VOC can evaporate from 1 kg paints. Thedard) in 2006. Beijing does better in air quality control, with
VOC emission factors for the evaporation of petroleum prod-National 1l Standard implemented in 2002 and National 111

ucts are also used in our emission estimates (Table 9). Standard implemented in 2005. The S€&mission factors
for traffic are determined by the product of the sulfur con-
2.3.5 Fertilizer application tent of various fuel types and the fuel usage per kilometer.

The ratio of the large passenger and heavy goods vehicles
Ammonia is emitted into the atmosphere mainly from ani- using gasoline to those using diesel fuel is 1:9, and the ra-
mals, fertilizer production, soil fertilization, and man. Sev- tio of the middle passenger and heavy goods vehicles using
eral kinds of animals are considered in our estimates of NH gasoline to those using diesel fuel is 1:3. These statistical
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Table 7. Emission factors for industrial processing and other civil activities.

Activities SO NOx VOC CO NHs PMyg PMys EC ocC Units
Industrial Processing

Fertilizer 0 0 0 0 500 0.400° 0.0439 0008 00168 gkg?!
Sulfuric acid 6.750 0 0 0 0 0.3759 03750 0.008 0.0168 gkg?
Amonia 3.049 0.90d% o 0.03¢° 1.0° 0O 0 0 0 gkgl
Cement 0.043 1.037 0012 22¢% 0 0.801 0401  0.0883 0278 gkg?
Sintering 0.850 0 0 220 0 0270 0190 O 0 g kgt
Iron 0.070 0 0 405 0 0.160  0.080  0.0162 0.0548 gkg?
Steel 2.53 0 0 464 0 0.1481 0.13¢1 0.0268 0.0878 gkg'!
Rolled steel 0.430 0 0 0 0 0.046 0.046 0 0 akg
Coke 0.910 1.23 0 6.66 0 1.45 1.20 0.660 0.4302 gkg?!
Crude oil 3.68 056 0459 0 0 0 0 0 0 gkgl
Paints 0 0 159 0 0 0 0 0 0 gkg?
Vegetable oil 0 0 3 0 0 0 0 0 0 gkgl
Other Civil Activities

Central heating ~ 10.0-15.38 4.00 0.032 152 © 1.61 0.74 015 0500* gkgl
Oil & paints 0 0 500 0 0 0 0 0 0 gkdt
Cooking 0 0 1.04 0 0 1.18 0701 0 0 gky
Man 0 0 0 0 138 o0 0 0 0 kglyr
Soil fertilization 0 0 0 0 0291 o 0 0 0 gg!
Traffic dust 0 0 0 0 0 0.784 0.332 0 0 gkrh

Sources are the same as in Table 6 except Bun and Wang (199732 UNEP (1996)11 Zhang et al. 2006), ant? Bond et al. (2004) and Streets et al. (2001).

Table 8. Emission factors for crop straw burning (units: g#g.

Crop Straw SG NOx VOC CO NHz PMgpg PMo 5 EC ocC

Wheat 0.53%3 1.2913 354 61.114 0 60185 30.08°5 0846 3026
Corn 05383 1293 2934 4034 0 4745 2375 0836 20116
Rice 05383 1293 9.3d4 4874 0 196° 9805 0636 1076
Cotton 0.6363 0.70d3 o0.1424 2364 0 2007 1007 082 183
Oil 0.530t3 1293 8494 65.64 0 2528 1268 10070 3550
Other 05363 1293 2034 4034 0 240° 1209 1000 3550

Sources are fromh3 Tian et al. (2002)14 Zhu (2004) 1° Zhu et al. (2005)16 Cao (2005), Cooke et al. (1999), Jenkins et al. (1996), and Streets et al. (2061 et al. (2001),
18 Crutzen and Andreae (199@?, Seiler and Crutzen (198039 Reddy and Venkataraman (2002), Streets et al. (2001), Jenkins et al. (1996), and Andreae and Merlet (2001).

data are used in our calculations of the CO emission factor8 Results

for the passenger and goods vehicles. Table 11 gives a list of

the emission factors for motor vehicles used in our inventory.3.1 Emissions by province and sector

These parameters are determined mostly according to the lo-

cal measurements as reported by literature (e.g. Jiang anfiable 12 and Table 13 show the calculated anthropogenic

Tang, 2002; Cao, 2005; Li et al., 2003b; Wang, 2002) andemissions in the larger Huabei region in the year 2003 by

partly refer to the experimental results abroad (e.g. Reddysector (Table 12) and by province (Table 13), respectively.

and Venkataraman, 2002). The percent contributions to the total emissions of different
pollutants in the region are shown in Fig. 2 for each sector
of the region and in Fig. 3 for each sector of the provinces.
Although our estimates are based on various sectors, we pro-
vide a gridded emission inventory only for four sectors, i.e.
industrial, civil, traffic, and straw burning. The industrial
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Table 9. VOC emission factors of oil depot.

Type Breath Coefficient Working Submerged Splashed Discharge in
(kgm~3yrl) Loss (gkg1) Discharge (gkgl) Discharge (gkgl) Average (gkgl)

Gasoline 7.01 1.36 1.08 1.95 1.52

Disele QOil Neglected 0.017 0.014 0.024 0.019

Sources are from Jiang and Tang (2002).

. L. . . Beijin: Tianjin
Table 10. Ammonia emission factors of animals (units: kgy). 10 4ne 10 =
g g ¢ 1
Animals Cow Horse Pig  Sheep Poultry g s 6 1
2 2 4 i
NH3 21.1 169 502t 3101 0.256° 5 5, |
oA
Sources are froM Sun and Wang (1997) arfd Van Aardenne (2002). SOz NOx CO VOC EC OC SOz NOx CO VOC EC OC
30 Hebei 30 Shanxi
[ ] Straw burning g g T
_ Traffic c c 20+ _
1 | 2 civil % %
= [ Industrial 2 2 i
& E E 10
é [&] (8] |
3 802 NOx CO VOC EC OC S02 NOx CO VOC EC OC
1o Inner-Mongolia 30 Shandong
802 NOx CO VOC NHz PMi PM2s EC OC *g E’
o o
2 2
Fig. 2. Percent contributions from different sectors to the total emis- § %
sions in the larger Huabei region for the year 2003. © ©

S0z NOx CO VOC EC OC 802 NOx CO VOC EC OC

Henan Liaoning

sector includes the power generation, industrial energy, in- 30 20

dustrial processing, and the civil sector includes civil energy

(including central heating), oil and solvents, and manure.

Power generation is an important emission source and was: .

generally considered as a separate sector in previous inven

tories (e.g. Zhang et al., 2009). In our inventory, the indus- o+ 0

trial sector is further separated into the industrial area and 502 NO €O vbe EC 0e 502 NO €O VoG EG 08

point sub-sectors, with the most important emission Source?:ig 3. Percent contributions from each province to the total emis

B Al el o in e e bt ey o e e 203, i
. S . . olours refer to the same sectors as indicated in Fig. 2.

gridded emission inventory. Straw burning for heating and

cooking might be considered as a part of the residential sec-

tor in other inventories (Zhang et al., 2009). In this study

straw burning is treated as one sector exclusively, mainly becontribution ¢-83 %) of the total S@ emission, with 12 %

cause it has unique emission factors and its activities occur ifior power generation, 61 % for industrial energy, and 10 %

the countryside. This separation strategy may be useful fofor civil energy. In addition, the amount of S(roduced

ntribution (%)
Contribution (%)
S
1

¢o

emission updates and model applications in the future. during industrial processing, e.g. the sintering and smelting
of iron minerals during steel production, is also considerable,
3.1.1 SO comprising~15 % in the total S@ emission. Shandong is a

developed province in economy with a huge amount of en-
The total SQ emission is estimated to be 9.55Tg in the ergy consumed, mostly from coal burning. Shanxi is a devel-
larger Huabei region (4.73Tg in the Huabei administrative oped province in coal industry with many power generation
region) in the year 2003. Coal burning makes a dominantand coking enterprises. Therefore, Shandong and Shanxi are
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Table 11.Emission factors for motor vehicles (units: g kH).

B. Zhao et al.: An emission inventory for Huabei, China

Vehicles SG  NOy VOC CO NH; PMyg PMys EC ocC Mileage (18kmyr—1)
Passenger Vehicles

Large 1.20 21.0 4.28 122 0 0.146  0.113 0.0243 0.0191 3.00
Middle 0.800 4.61 1.51 204 0 0.140 0.110 0.0237 0.0186 2.80
Bus 1.20 100 1.51 5.00 0 4.34 4.15 0.891 0.702 6.57
Small 0.400 1.30 7.96 2128 0 0.0153 0.0119 0.006 0.004 2.00
Mini 0.400 1.30 7.96 21% 0 0.0153 0.0119 0.006 0.004 2.00
Taxi 0.096 0.843% 6.08 16.8% 0 0.0153 0.0119 0.006 0.004 9.32
Car 0.096 1.9% 6.08 39.85 0 0.0153 0.0119 0.006 0.004 2.00
Goods Vehicles

Heavy 1.00 200 4.28 10.0 0 4.82 4.61 0.99 0.78 3.00
Trailer 1.60 35.0 4.28 17.5 0 8.44 8.07 1.10 0.83 3.00
Middle 0.700 4.6%6 151 2042 0 0.140 0.110 0.023 0.018 2.80
Light 0.600 2.752 4.68 21.82 0 0.0537 0.0417 0.021 0.016 2.00
Farm 0.120 2.7% 468 53.0 0 0.0537 0.0417 0.021 0.016 1.00
Mini 0.096 0.830 6.08 6% 0 0.0153 0.0119 0.006 0.004 1.50
Other Vehicles

Motorcycles  0.032  0.100 535 17.0 0 1.15 1.11 0.05 0.35 1.00
Tractors 0.700 4.00 152 2.00 0 1.90 1.82 1.10 0.83 0.10

The emission factors of VOC are from Li et al. (2003), and the factors for EC and OC are from Cao (2005), Reddy and Venkataraman (2002), and Wang (2002). Mileage data are

from Tang et al. (1999). The rest are from Jiang and Tang (2002) exceft foret al. (2003),23 Wang et al. (2002)24 Zhao and Ma (2008), angP Yang et al. (2003)26 He et

al. (1998).

Table 12. Anthropogenic emissions by sector in the larger Huabei region in 2003 (unftsoagr1).

Sectors S@ NOx NMVOC CO NH; PMyg PMog EC OC
Power generation 115.6 51.4 3.51 194 0 6.79 484 0.077 1.93
Industrial enegery 578.0 187.0 3.29 593.4 0 64.9 30.5 6.29 19.0
Civil energy 97.4 28.0 0.519 355.0 0 15.8 7.49 3.17 5.13
Industrial processing 142.0 75.7 6.37 1782.2 7.61 55.4 36.6 9.54 18.0
Straw burning 101 240 69.1 876.2 0 854.7 4273 16.0 44.6
Oil and solvents 0 0 87.9 0 0 0 0 0 0
Manure 0 0 0 0 527.7 0 0 0 0
Traffic 13.4 161.2 210.9 10335 0 78.9 56.5 6.06 10.2
Total 955 527 382 4658 535 1074 562 41 99

larger SQ emission sources than the other administrative re-tive region) in the year 2003. The estimated regionabNO
gions in larger Huabei. Nevertheless, Tianjin is the admin-emissions are about 2—-3 % (administrative Huabei region)
istrative region with the highest S@mission strength (the or 5% (larger Huabei region) of the global anthropogenic
emission rates per unit area) due to many power and stedNlO, emissions. Coal burning makes a major contribution
plants there. (~50%) to the total NQ@ emissions, with up to 10% for
power generation, 35% for industrial energy, and 5% for
civil energy. The industrial processing and traffic sectors
contribute 14 % and 31 % to the total N@missions in the

The total NG emission is estimated to be 5.27 Tg in the IargerHuabe_i region, respectively. Industrial act.ivity (energy
larger Huabei region (2.72Tg in the Huabei administra-@nd processing together) makes a 50 % contribution to the

3.1.2 NG
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Table 13. Anthropogenic emissions by province in the larger Huabei region in 2003 (unftsoagr—1).

No. Administrative region S® NOx NMVOC CO NH3 PMig PMog EC OC

1 Beijing 18.7 30.9 34.6 258.0 8.7 16.8 9.0 245 2.60
2 Tianjin 25.9 17.7 224 132.6 7.4 18.6 10.0 0.982 2.12
3 Hebei 162.2 109.2 75.7 1220.2 103.1 229.1 1214 795 21.2
4 Shanxi 205.7 80.7 224 536.9 34.7 98.1 52.4 6.62 12.9
5 Inner-Monglia 60.8 33.1 219 266.7 49.3 94.6 49.0 293 6.9
6 Shandong 245.7 110.6 925 10089 1343 2684 138.7 841 241
7 Henan 133.5 87.4 64.3 694.8 1473 228.4 1195 7.48 18.8
8 Liaoning 102.8 57.4 48.6 540.4 50.8 120.3 62.1 439 103

Total 955 527 382 4658 535 1074 562 41 99

total NO; emission in the region. Straw burning makes atal CO emission in larger Huabei. The contribution of coal
relatively small contribution~5 %) to the total NQ emis-  burning to the total CO emission is about 21 %. Hebei is
sion in larger Huabei. Shandong and Hebei have highethe largest CO emission source in larger Huabei, followed by
NOx emission sources than the other administrative regionsShandong.

in larger Huabei. There are many power, steel, coking, and

petroleum plants as well as motor vehicles in Hebei Province3.1.5 NH;

The emission strength of NQs very strong in Beijing and . i .
Tianjin mainly due to numerous automobiles accumulated in N€ total NH emission is estimated to be 5.36Tg in the
larger Huabei region (2.03 Tg in Huabei) in the year 2003.

small areas. ale! e YE
The contribution of manure to the total Niemission is pre-
31.3 VOC dominant (98 %), with 48 % from animals, 41 % from agri-
cultural fertilizers, and 9% from man, respectively. As both
The total anthropogenic VOC emission is estimated to be2dricultural and animal husbandry activities are strong in
3.82Tg in the larger Huabei region (1.77 Tg in the Huabei i€nan, Shandong and Hebei, these three provinces together
administrative region) in the year 2003, with a predominant2® the main sources (56 %) of the total Nemission in the
contribution (~96 %) from non-industrial activities. Traffic |arger Huabei region.
makes a major contribution (55 %) to the total VOC emis-
sion, and the contributions of other non-industrial activities

are 23 % for evaporation of oil and paint solvents, and 18 %rq total anthropogenic PMand PM s emissions are esti-
for straw burning. General industrial activities including ,5i0d to be 10.74Tgand 5.62Tg in the larger Huabei region
power generation, industrial energy and industrial processyy 57 1g and 2.42 Tg in the Huabei administrative region) in
ing, make a small contribution{3 %) to the total VOC emis- 5 year 2003, respectively. Note that the particle sources
sion in larger Huabei. The VOC emissions in Shandong arg,m pyiiding construction and natural dust are not taken into
the largest because of many traffic, straw-burning, and crude,cont in this study. The sources from straw burning are the
oil-processing activities. The emission strength of VOC in strongest, contributing 80 % and 76 % of the total 3¥nd
Beijing and Tianjin is very strong mainly due to the highly pyy, ."emissions, respectively. The traffic sector with traf-

3.1.6 PMygand PMz5

concentrated number of vehicles. fic blowing dust included contributes 7 % of the total RM
and 10% of the total Plk, and the industrial energy and
314 CO processing together contributes 11 % of the totalpihd

o ) ] 12 % of the total PM 5, respectively. Shandong is the largest
The total CO emission is estimated to be 46.59Tg in thePM10 and PM s emission source in the larger Huabei, and

larger Huabei region (24.14 Tg in the Huabei administrativesq|owed are Hebei and Henan. Tianjin is the second with

region) in the year 2003. The contributions are from indus—respect to the emission strength followed by Shandong.
trial processing (38 %), traffic (22 %), straw burning (19 %),

industrial energy (13 %) and civil energy (8 %), respectively. 3.1.7 EC and OC

Large amounts of CO can be emitted during industrial pro-

cessing in the coke, steel, and cement production. Industrialhe total EC and OC emissions are estimated to be 0.41 Tg
activities, including industrial energy and industrial process-and 0.99 Tg in the larger Huabei region (0.21 Tg and 0.46 Tg
ing together make a dominant contribution (51 %) to the to-in the Huabei administrative region) in the year 2003,
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respectively. The industrial sector contributes 38% andNote that the emissions in industrial processes are also taken
37 % of the total EC and OC emissions, respectively. Theinto account in the calculations, leading to rather higher CO,
contributions from straw burning are 39% and 45%. The EC and OC emissions estimated from steel plants than from
traffic sector contributes 15% and 10 %, respectively, to ECpower plants. Figure 6 presents the percent contributions of
and OC. Shandong is the largest EC and OC emission sourdée point sources to the 0.latitude x 0.1° longitude gridded

in the larger Huabei followed by Hebei and Henan. The emissions of primary pollutants in Huabei. The point sources
emission strength of EC and OC in Beijing and Tianjin are are widely distributed in the region. Note that for a specific

very high compared to other provinces. grid the percent contributions from the point source(s) can be
rather different for different pollutants, depending on what
3.2 Spatially gridded emissions kind of plant(s) is located in the grid. For example, the con-

tributions to the S@and NG emissions in a number of grids
Figure 4 shows the spatial distributions of primary pollutant can reach up to more than 90% owing to the large power
emissions in larger Huabei in 2003 at aOlatitude x 0.1° plants.
longitude resolution. The polluted areas in Huabei are clearly
visible with 1-2 order of magnitude higher emission rates in
the central and southern Huabei (e.g. 1-10 G¢ yrer grid
for SO and NQ,) than those in the northern Huabei (e.g. 4.1 Comparison with other inventories
~0.1Ggyr ! per grid for SQ and NQ,). Three major emis- , L )
sion source areas can be identified in the region: the first iS€Veral global or Asian emission inventories for the pe-
the larger Beijing-Tianjin-Tangshan area in the northern parts.rIOd from 2000 to 2996 are available, e.g. EDGAR v3.2
of Hebei Province, the second is the larger Shijiazhuang-':aSt Track 2000 (Olivier et al., 2005), TRACE-P (Streets

Handan-Taiyuan area in the south parts of Hebei Provinc&! &l 20003), and INTEX-B (Zhang et al., 2009). How-
and the central parts of Shanxi Province, and the third jcever, these inventories do not provide an emission estimate

the larger Zibo-Zaozhuang area in the central and southerf" the year 2003 specifically. Here we compare our in-

parts of Shandong Province. The hot spots due to emissionEntory with a global emission inventory for the year 2005,

in the Beijing and Tianjin megacities and other large indus-EDGAR'ClRCE’ and an Asian emissi.on' inyentory for the
trial cities, e.g. Tangshan, Shijiazhuang and Taiyuan, are als§®ar 2006, INTEX-B. The INTEX'B emission Inventory was
clearly visible (e.g. larger than 10 Ggyr per grid for SQ developed b)_/ Zhang et al._ (20009) initially for the support of
or NOy). Although the emission spatial distributions of dif- thg Intfercontlnent.al Chemical Transport Experiment-B cam-
ferent pollutants are very similar to each other in general,P2i9N in 2006 (Singh et al., 2009). The gridded emissions
some difference can also be seen. For example, while SOof INTEX-B were estimated initially by province for China

has peak emissions (larger than 20 Gglyper grid) in some and by c_ountry for the rest of Asia with a 0.fatitude x
industrial cities such as Taiyuan in Shanxi Province, voc 2-5 longitude resolution (Zhang et al., 2009). The EDGAR-

has peak emissions (larger than 10 Gglyper grid) in the QIRCE emission inventory used in. this study was prepared
Beijing and Tianjin megacities, indicating the variations of I the framework of the CIRCE Project (No. 036961) by the

pollution source types in these different regions. E[_)GAR group of th? EC—Jojnt Research Center Isp_ra (italy),
Climate Change Unit (Doering et al., 2009a, b). This dataset

includes greenhouse gases, NGO, VOCs, NH, and SQ
from fossil fuel and bio fuel related emissions with a°0.1

Three-hundred-and-forty-five large point sources indudinglatitudex 0.71° longitude resolution. Although emissions are
power plants, steel plants, cement plants, and other industridesent for th,ef year 1990-2005, only the last year presents
plants in Huabei are included in our inventory. Therefore, ourmonthly specification and has been evqlua}ted ,W'th the'model
inventory has an advantage in the spatial distributions of theeMAC (Pozzer et al., 2011). The emission inventories of

emissions with respect to other inventories. Figure 5 showEPCGAR v3.2 Fast Track (Olivier et al., 2005) and TRACE-

the percent contributions of these point sources to the total’ (Streets et al., 2003) have not been selected for this study,

emissions of primary pollutants in larger Huabei. The point because they were developed for the emissions in 2000 at

sources contribute-10-20 % to the total emissions of 50 & low grid resolution (1 latitude x 1° longitude). Satel-
NOy, CO, EC and OC, ané-1-5% of VOC, NH, PMy s lite measurements indicated that pollutant emissions in China

increased dramatically from 2000 to 2003 (Richter et al.,
2005). Moreover, model studies showed that the TRACE-P
inventory underestimates the troposphericN©lumn den-

both SQ and NQ.. Steel plants make a major contribution sity in all the regions of China with respect to the satellite
(17 %) to the total CO emission, followed by cement pIantsObservat'O”S (Maetal.,, 2006). The TRACE-P inventory was

(4%). The steel pants also make large contributions to the?®MPared with the INTEX-B inventory and revised accord-

total EC and OC emissions, by 7% and 10 %, respectively!"9!Y (Zhang etal., 2009).

4 Discussions

3.3 Point source emissions

and PMyo. Power plants dominate the contributions to the
total SG@ and NQ, emissions, by 11 % and 8 %, respectively.
Followed are steel plants, with a contribution 6 % for
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lement.

Figure 7 presents the spatial distributions of major pol-
lutant emissions in Huabei estimated by our 2003 inven-
tory (denoted as IPAC-NC), the 2005 EDGAR-CIRCE in-
ventory (denoted as EDGAR), and the 2006 INTEX-B in-
ventory (denoted as INTEX-B), and Fig. 8 shows the emis-
sion ratios of IPAC-NC to EDGAR and IPAC-NC to INTEX-

B for each 0.2 latitude x 0.1° longitude grid cell. Note
that with respect to Fig. 4 we select a smaller Huabei re-
gion including Beijing, Tianjin, Hebei, Shanxi, Shandong,
and parts of Inner-Mongolia, Henan and Liaoning for the
comparison. Although the IPAC-NC is generally in agree-
ment with the EDGAR-CIRCE and INTEX-B in the emis-
sion distribution patterns, e.g. high emissions in the Huabei
Plain and peak emissions in Jing-Jin-Tang, differences are
present. The EDGAR-CIRCE and INTEX-B inventories
rovide more homogeneously distributed emissions. They
underestimate the emissions in two highly-polluted areas
(the larger Shijiazhuang-Handan-Taiyuan area in Hebei and
Shanxi Provinces and the larger Zibo-Zaozhuang area in
Shandong Provinces) other than Jing-Jin-Tang and overes-
timate the emissions in the background areas located in the
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Fig. 6. Percent contributions of the point sources to the total emissions in each gfidgfitdde x 0.1° longitude) in Huabei for the year
2003.

north and northwest of Huabei. It should be noted that “un-where the IPAC-NC data are available. For a consistency in
derestimate” or “overestimate” is with respect to the datasecomparisons, the EDGAR-CIRCE and INTEX-B emissions
compared and we cannot establish which inventory is then the grid cells where the IPAC-NC has a default value are
correct (or closer to reality) in the present study. Comparedot taken into account. It can be seen that except fortB®

to the IPAC-NC inventory, EDGAR-CIRCE estimates more IPAC-NC and EDGAR-CIRCE inventories estimate nearly
small hot spots, i.e. higher emissions from small cities, due tahe same total emissions of major pollutants in the Huabei
the distribution of the emissions based on power plant presfegion. The total emissions estimated by the INTEX-B in-
ence and population density. While IPAC-NC underestimates/entory are generally higher for most pollutants, by a fac-
pollutant emissions in relative clean rural and background artor of 2 for VOC and 3 for EC. The largest total emission
eas such as Inner-Mongolia region, strong point sources corrate of SQ is estimated by the EDAGR-CIRCE inventory.
sidered in IPAC-NC are clearly visible as shown in Fig. 8.  The Beijing region in Fig. 9b (the Tianjin region in Fig. 9c)

The total emissions in the smaller Huabei region estimated€fers to the 16 grid cells that have a distance of less than
by the three inventories are shown in Fig. 9. For the pur-0-Z from the city center, i.e. 39.9N, 116.46 E (39.02 N,

pose of comparison, the INTEX-B emissions are distributedL17:02 E). The total area of these grid cells is smaller than
into the same finer grid cells (0. latitude x 0.1° longitude) the real area under the jurisdiction of the municipality, but it

as the IPAC-NC and EDGAR-CIRCE inventories have. The'S representative for the normal size of a megacity. Larger
Huabei region in Fig. 9a refers to all the grid cells in Fig. 7 differences exist between the inventories for the Beijing and
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Fig. 8. Spatial distributions of pollutant emission ratios of IPAC-NC to EDGf@lRand IPAC-NC to INTEX-B(b) based on 0latitude x
0.1° longitude grid cell.

Tianjin areas, in contrast to the Huabei region. For examplegmission factors and are very reliable for the emission esti-
IPAC-NC estimates higher emissions of VOC by a factor of mates at the national and provincial levels. Therefore, it has
2-3 than the other two inventories, and EDGAR-CIRCE es-been concluded that the variations in activity rates (e.g. en-
timates higher emissions of $@y a factor of 2—4 than the ergy consumption or industrial production) are not the main

other two inventories. source of emission uncertainties at the national level (Zhao
et al., 2011). The uncertainties in emission inventory can
4.2 Uncertainty analysis also be estimated by comparing different emission invento-

ries for the same region and period (Ma and van Aardenne,
The uncertainties of the national emissions of major air pol-2004). With this method, the uncertainties represented by
lutants in China have been estimated based on the uncertaiff?€ Pias between existing emission inventories can be esti-
ties in emission factors and activity rates (Streets et al., 2003Mated at various spatial levels including nation, region, city
Zhang et al., 2009; Zhao et al., 2011). For example, the un@nd gridded cell. An investigation of the distribution of total
certainties of Chinese emissions of SO0y, EC, and OC emissions is also important since distributing the activation
in 2005 were estimated to bel4 % to 13%—13%to 37 %, rates from provincial levels to local areas and then onto fine
—259% to 136 %, and-40 % to 121 %, respectively, accord- grid (?ells generally results i.n large bias dye to usage of im-
ing to the work of Zhao et al. (2011) based on Monte CarloPractical methods, e.g. scaling by population.
simulations. Such a method was also used to estimate un- In this study, we investigate the differences in emission
certainties in regional inventories, e.g. for the PRD (Zhengestimates of our inventory from the EDGAR-CIRCE and
et al., 2009b, 2010). For the Chinese inventories, almostNTEX-B inventories. Pollutant emissions in China in-
all the activity data are from the governmental yearbooks.creased dramatically from 2003 to 2006 (or 2005), as shown
These statistical data have relatively fewer errors than thén the work of Zhang et al. (2009) for NQLu et al. (2010)
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Fig. 10. Ratios of the EDGAR-CIRCE-2005 (1) and INTEX-B-
2006 (2) emission rates to the IPAC-NC-2003 (reference) emission
rate of each pollutant (yellow bars), in comparison with the relative
Fig. 9. Comparisons of the 2003 IPAC-NC inventory developed in increase in energy use from 2003 to 2005 and 2006, expressed by
this study with the 2005 EDGAR-CIRCE inventory and the 2006 the ratios of the coal (red lines) and gasoline (blue lines) consump-
INTEX-B inventory in respect of total emissions in the Huabei area tion, in the larger Huabei regioga), the Beijing Municipality(b),

(a), the Beijing megacity arefd), and the Tianjin megacity ar¢e). and the Tianjin Municipality(c).

See the text for detailed descriptions of the areas. Note that different

scaling factors are used for CO, EC and OC in all the cases and for

SO, in the EDGAR-CIRCE inventory for the Tianjin area.

SOz NOx COx0.1 VOC ECx10 OCx10

factors and the same sources of statistic dataset have been
adopted in the inventories, the emission ratios fop 3Ty,

CO and VOC, which are mainly from industrial and traffic
for SOy, and Lei et al. (2011) for PM. The activity rates in activities (Fig. 2), should be close to the relative increase in-
China changed significantly between 2003 and 2006. Foudices. If the relative increase indices are large enough, the
example, from 2003 to 2006 the energy consumption in theemission ratios for EC and OC might also be much higher
larger Huabei increased by 48 %, with the coal and gasothan unit, since more than half of the EC and OC come from
line consumption increasing by 42 % and 66 %, respectivelyjndustrial and traffic activities (Fig. 2). For example, with the
(China Statistic Bureau, 2004e). Coal and gasoline dominatéelative increase index values of 1.5 for industrial and traffic
the energy supply in industrial and traffic activities, respec-activities, the emission ratios for EC and OC could be 1.25,
tively, providing the main sources of most primary pollutants if the straw burning emission would keep constant.

in Huabei. Therefore, we use the ratios of the coal (gaso- Figure 10al and 10a2 show the emission ratios and the
line) consumption in 2005 and 2006 to the coal (gasoline)relative increase indices for the larger Huabei region in 2005
consumption in 2003 as indices for the relative increases irand 2006, respectively. The relative increase indices for the
the emissions from 2003 to 2005 and 2006. As shown incoal and gasoline consumption in 2005 are 1.42 and 1.66, re-
Fig. 10, the ratios of the EDGAR-CIRCE-2005 and INTEX- spectively. The emission ratio of EDGAR-CIRCE-2005 to
B-2006 emission rates to the IPAC-NC-2003 emission rate ol PAC-NC-2003 for SQ@ is 1.37 in 2005, very close to the
each pollutant are compared with these relative increase inrelative increase index for the coal consumption, resulting in
dices for selected regions. Assuming that the same emissioa bias of less than +4 % for the total @mission in the
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IPAC-NC inventory with respect to the EDGAR-CIRCE in- the emission factors used in the EDGAR-CIRCE for China
ventory. Not ideally expected, the emission ratios for otherare variable by regions, but on average equal to 10.8¢ kg
pollutants are much lower than the relative increase indicegplus some reduction factors). The uncertainties due to emis-
for coal and gasoline consumption. For example, the emission factors are larger for other pollutants like EC and OC;
sion ratios for NQ, CO and VOC are 1.02, 0.97 and 0.87, this is mainly due to the wide ranges of emission factors re-
respectively. Correspondingly, the biases of the total emisported in the literature for these pollutants. Note that in our
sions in the IPAC-NC inventory with respect to the EDGAR- inventory we use a lower value for the EC and OC emission
CIRCE inventory are about +38 % for NO+439% for CO,  factors than what is used in other inventories. For example,
and +42 % for VOC. The relative increase indices for coalthe emission factor of EC used in our inventory is 0.15g%g
and gasoline consumption in 2006 are 1.57 and 1.86, respeder industrial coal burning and 0.03 g kg for coke produc-
tively. The emission ratios of INTEX-B-2006 to IPAC-NC- tion (see Table 6), an order of magnitude lower than the val-
2003 for SQ, NOy and CO are lower, with values of 1.18, ues used in the INTEX-B inventory (ca. 15.4 gig Zhang
1.32 and 1.31, respectively. The biases for the total emiset al., 2009). However, the uncertainties in the EC emission
sions in the IPAC-NC inventory with respect to the INTEX- factors for straw burningf20 %) and traffic sectors{70 %)
B inventory are estimated to be about +28 % for,S€&3%  are not so large. Note that while the economy and energy
for NOy, and +24 % for CO. The emission ratio for VOC use increased dramatically in the 2000s in China, Chinese
is 1.94, higher than the relative increase index for the gasogovernment has intensified the effort in energy saving and
line consumption. A bias 0f26 % is estimated for the total emission reduction since then. Some anti-pollution laws and
VOC emission in the IPAC-NC inventory with respect to the regulations have been released (e.g. SEPA, 2003). For exam-
INTEX-B inventory. ple, the efforts to reduce the emissions of air pollutants from
The activity rates and emission factors of biomass burningthermal power plants have been stepped up by using the de-
used in the different inventories can be very large. Since avices for wet flue gas desulfurization, denitrification and dust
substantial fraction of total EC and OC emissions may orig-removal. These measures have been implemented in differ-
inate from biomass burning, it is rather difficult to evaluate ent years for different regions, increasing the variability in
the year-to-year variations in EC and OC using the relativethe emission factors from year to year and the uncertainties
increase indices for the coal and gasoline consumption. Arin the inventories.
extremely high emission ratio of INTEX-B-2006 to IPAC-  Although monthly emissions are not available in our in-
NC-2003 for EC is present in Fig. 10a2, with a value of ventory, we consider the seasonal variation in the esti-
3.67. Assuming that the total EC emission from industrial mated emissions by separating the entire year into heating
biomass burning keeps constant, a bias-@6 % is roughly (1 January—15 March and 15 November—31 December) and
estimated for the total EC emission in the IPAC-NC inven- non-heating (16 March—14 November) periods. Central heat-
tory with respect to the INTEX-B inventory. Above all, ex- ing is taken into account only for the heating period. There
cept for EC, the biases of the total emissions of most pri-are large uncertainties in the ratios of the civil coal used and
mary air pollutants estimated in our inventory with respect tostraw burned during the heating period over those during
EDGAR-CIRCE and INTEX-B generally range fror80%  the non-heating period, and we assume a ratio of 2 between
to +40%. As can be seen from Fig. 10b—c, much larger bi-them. The emissions from other activities, e.g. industrial and
ases for the emissions in different areas of the region, e.gtraffic, are assumed to be seasonally independent.
Beijing and Tianjin, are estimated. Even for §@hich has
been thought to have the smallest uncertainty in the Chinese
emission estimates (Streets et al., 2003; Zhang et al., 200% Summary
Zhao et al., 2011), the bias between different inventories is
very large for Beijing and Tianijin. In this study we have estimated the emissions of primary
Emission factor uncertainties are generally the largestpollutants S@, NOx, VOC, CO, NH;, PMig, PMy5, EC,
source of uncertainties in the emission estimates. For exand OC in the Huabei region of China in 2003. In an ad-
ample, the S@emission factors of coal burning used for the ministrative sense, Huabei includes the Beijing and Tian-
power plants in our inventory are 8.46 gkgfor the larger  jin Municipalities, the Hebei and Shanxi Provinces, and the
Jing-Jin-Tang area and 16.56 gkdor the rest (see Table 6), Inner-Mongolia Autonomous Region. The estimated total
which are 55 % lower and 7.5 % higher than the one used iremissions in the Huabei administrative region in 2003 are
the INTEX-B inventory (ca. 15.4 gkd', Zhang et al., 2009), 4.73Tg SQ, 2.72Tg NG (in equivalent NQ), 1.77 Tg
respectively. For countries in Asia, implied emission factorsVOC, 24.14 Tg CO, 2.03Tg N§l 4.57Tg PMy, 2.42Tg
from the REAS inventory (Ohara et al., 2007) were selectedPM, 5, 0.21 Tg EC, and 0.46 Tg OC. For model convenience,
in the EDGAR-CIRCE inventory. Because $@missions we consider a larger Huabei region with Shandong, Henan
in China depended strongly on the sulfur content of coal,and Liaoning Provinces included in our inventory. The es-
province-by-province data for power plants and other sectorgimated total emissions in the larger Huabei region in 2003
were used in their estimation. Hence, we would expect thatare 9.55Tg S@, 5.27 Tg NQ (in equivalent NQ), 3.82 Tg
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VOC, 46.59Tg CO, 5.36 Tg N§ 10.74Tg PMg, 5.62Tg from megacities in global emission inventories, Atmos. Environ.,

PMys, 0.41Tg EC, and 0.99 Tg OC. 42,703-719, 2008.
The estimated emission rates have been projected int&ai, H. and Xie, S. D.: Estimation of vehicular emission inventories
fine-grid cells at a horizontal resolution of 0.latitude by in China from 1980 to 2005, Atmos. Environ., 41, 8963-8979,

doi:10.1016/j.atmosenv.2007.08.02907.

0.2° longitude. Our gridded emission inventory includes the _ ~ : : L o
Cai, H. and Xie, S. D.: Tempo-spatial variation of emission in-

area sources from industrial, civil, traffic, and straw burning : . : .
ventories of speciated volatile organic compounds from on-

act|V|t|e§ plus 345 large industrial point sources from pOWer -4 vehicles in China, Atmos. Chem. Phys., 9, 69837002,
plants, iron and steel plants, cement plants, and chemical doi:10.5194/acp-9-6983-2008009.

plants. Except for a factor of 3 lower EC emission rate in cao, G. L.: Inventory of black carbon and organic carbon emis-
comparison with INTEX-B, the biases of the total emissions  sjons for mainland China, PhD, Institute of Earth Environment,
of most primary air pollutants in Huabei estimated in our in-  Chinese Academy of Sciences, Xi'an, 112 pp., 2005.

ventory, with respect to EDGAR-CIRCE and INTEX-B, gen- Cao, G. L., Zhang, X. Y., Wang, Y. Q., and Zheng, F. C.: Estimation
erally range from—30 % to +40 %. Large differences up to  of emissions from field burning of crop straw in China, Chin. Sci.
a factor of 2-3 for local emissions in some areas (e.g. Bei- Bull., 53, 784-790d0i:10.1007/s11434-008-0145-2008.

jing and Tianijin) are found. Our inventory will be likely to Carmichael, G. R., Tang, Y., Kurata, G., Uno, 1., Streets, D. G.,
provide more practical spatial distributions of pollutant emis- 11ongboonchoo, N., Woo, J. H., Guttikunda, S., White, A.,

. . . . . Wang, T., Blake, D. R., Atlas, E., Fried, A., Potter, B., Avery,
SIO.I’IS fort_he_yea}r 2003 |_n comparison with existing global or M. A. Sachse, G. W.. Sandholm, S. T.. Kondo, Y., Talbot, R.
Asian emission inventories.
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