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AB STRACTS

Mer cury (Hg) emis sion from coal com bus tion in China is es ti mated in this study and its de po si tion cal cu lated us ing the

Mod els-3 Com mu nity Multi-scale Air Qual ity (CMAQ-Hg) mod el ing sys tem with me te o ro log i cal fields cal cu lated by MM5.

Three kinds of Hg speciation were in cluded in the mod els: par ti cle-bound mer cury (PHg), gas eous el e men tal mer cury (GEM)

and gas ox i dized mer cury (RGM). Much of the Hg was re leased as RGM from coal com bus tion in China, ac count ing for 58.4

- 66.8% of to tal emis sions. The large pro por tion of RGM in over all Hg emis sion also led to large Hg de po si tion. Based on

sim u la tions, Hg de po si tion orig i nat ing from coal com bus tion reaches as high as 2 - 6 mg m-2 month-1 in south west ern China

(par tic u larly Guizhou Prov ince), the in dus tri al ized and pop u lated re gions of east central and coastal China, and Liaoning

Province in the northeast.
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1. IN TRO DUC TION

Hu man ac tiv ity, in clud ing: the com bus tion of fos sil

fuels, in cin er a tion of waste, gold min ing and other ap -

plications of Hg have sig nif i cantly in creased the emis sion of

Hg into the at mo sphere. De ter mi na tion of Hg in peat cores in 

Nor way has proved that the Hg ac cu mu la tion over the last

100 years has been about 15 times higher on av er age than

pre-in dus trial lev els (Steinnes and Sjobakk 2005). Coal

com bus tion is the ma jor Hg sources from hu man ac tiv ity

(US EPA 1997; Eu ro pean Com mis sion 2001), es pe cially in

China where coal is the main en ergy source ac count ing for

68% of en ergy pro duc tion in 2003 (CESY 2005). There fore,

Hg emit ted from coal com bus tion is an im por tant con -

tributor to at mo spheric mer cury bud gets and plays im -

portant role in the Hg cy cle in China.

Hg emit ted from coal com bus tion mainly con sists of

gas eous el e men tal mer cury (GEM), gas ox i dized mer cury

(RGM) and par ti cle-bound mer cury (PHg). The de gree of

Hg speciation in power gen er a tion de pends on op er at ing

con di tions such as: the type of coal, flue gas tem per a ture

and com po nents, and the con fig u ra tion of air pol lu tion

control de vices etc. The at mo spheric res i dence time of

GEM is 0.5 - 2 yr, which makes trans por ta tion on a hemi -

spher i cal scale pos si ble and emis sions in any con ti nent can

thus con trib ute to de po si tion in other con ti nents. Any RGM 

that is di rectly emit ted to the at mo sphere is ex pected to de -

posit ef fi ciently on a lo cal or re gional scale near ma jor

sources be cause of its sol u bil ity (Schroeder and Munthe

1998; Lin and Pehkonen 1999). PHg has a shorter at mo -

spheric life time than GEM and will de posit via wet or dry

pro cesses within roughly 100 to 1000 ki lo me ters (Keeler et 

al. 2005). So the com po si tion of Hg speciation de cides its

pro cesses in the at mo sphere.

In this study, we es ti mate Hg emis sion from coal com -

bus tion in China and cal cu late its de po si tion by CMAQ-Hg

(Byun and Ching 1999; Bull ock and Brehme 2002). The

impact of me te o ro log i cal pro cesses, gas-phase chem is try,

aque ous-phase chem is try, aero sol pro cesses, het er o ge neous

chem is try and de po si tion pro cesses upon Hg trans port,

trans for ma tion and de po si tion are con sid ered com pre hen -

sively. Two cases of Hg speciation sce nar ios for coal-fired
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power plants are used to study their in flu ence on Hg

deposition.

2. MER CURY EMIS SIONS

Coal con sump tion was 1.637 bil lion tons in China in

2003. The av er age Hg con cen tra tion in Chi nese coal ranges

from 0.02 to 0.54 mg kg-1 (Zhang et al. 1999; Wang et al.

2000; Feng et al. 2002; Huang and Yang 2002; USGS 2004). 

In this work, Hg con tent of raw coal in China by prov ince is

from the US Geo log i cal Sur vey (USGS 2004) (see also

Jiang et al. 2005; Streets et al. 2005). The cal cu la tion of Hg

emis sion from coal com bus tion is based on the work of

Wang et al. (2000) and Jiang et al. (2005). The ba sis of Hg

emis sion cal cu la tion is de scribed by the equa tion:

(1)

Where Q is the Hg emis sion; ci, j is the Hg con tent of coal as

burned; Mi, j is the amount of fuel con sump tion; Ri, j is the

frac tion of Hg re leased to the at mo sphere; Pi, j is the frac -

tion of Hg re moved by emis sion con trol de vices; j is the

combustor type with/with out emis sion con trol de vices; and 

i is the prov ince. Data re lat ing to coal con sump tion is from

the China En ergy Sta tis ti cal Year book for 2003 (NBSC

2005), which is com piled by dif fer ent sec tors at a pro -

vincial level. Two Hg speciation sce nar ios for coal-fired

power plants are used: one is from the field mea sure ment

work of Chen et al. (2007) (Case 1 in Ta ble 1); an other is

from US EPA (2002) (Case 2 in Ta ble 1). The com po si tions

of Hg speciation from other types of combustors all come

from the US EPA (2002) (Ta ble 1). The dis tri bu tion of es ti -

mated Hg emis sion from coal con sump tion in China is

shown in Fig. 1. To tal Hg emis sion from coal com bus tion

in China is es ti mated to be 182.2 t in 2003 (Ta ble 2). RGM

takes up 58.4% (Case 1) to 66.8% (Case 2) among the to tal

emit ted Hg. PHg emis sion is also large in China due to

heavy burn ing of coal in res i den tial and small in dus trial

set tings with out PM con trols. Hg emis sion from coal-fired

power plants is 72.4 t, ac count ing for 39.7% of to tal Hg

emis sion.

3. MOD ELS DE SCRIP TION

CMAQ (Byun and Ching 1999) is an Eulerian-type

model de vel oped in the US En vi ron men tal Pro tec tion

Agency to ad dress tro po spheric ozone, acid de po si tion, vis i -

bil ity. In this model, par tic u late mat ter and other pol lut ant

issues in the con text of a “one at mo sphere” per spec tive are
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Fig. 1. Dis tri bu tion of mer cury emis sion from coal con sump tion in

China in 2003.



con fronted in a man ner that en cap su lates the com plex in ter -

ac tions be tween at mo spheric pol lut ants on re gional and

urban scales. The CMAQ model was mod i fied by Bull ock

and Brehme (2002) to in clude chem is try, trans port and

depo si tion of GEM, RGM, and PHg. Trans for ma tions of

Hg are sim u lated with four new chem i cal re ac tions within

the stan dard CMAQ gas eous chem is try frame work and a

highly mod i fied cloud chem is try mech a nism which in cludes 

a com pound-spe cific speciation for ox i dized forms of Hg,

seven new aque ous-phase Hg re ac tions, six aque ous Hg

chem i cal equi lib ria, and a two-way mech a nism for the

sorption of dis solved ox i dized Hg to el e men tal car bon

particles (Bull ock and Brehme 2002). This ear lier ver sion is

updated in a num ber of ar eas to im prove the un der ly ing sci -

ence and to ad dress com ments from peer re views (CMAS

2006; Gbor et al. 2006). The three-di men sional me te o ro log i -

cal fields used in this study are pro vided by the Fifth-Gen er -

a tion NCAR/Penn State Mesoscale Model (MM5; Dudhia et 

al. 1998). The three-di men sional me te o ro log i cal fields for

MM5 were ob tained from the Eu ro pean Cen ter for Me -

dium- Range Weather Fore casts (ECMWF) an a lyzed data -

sets, and were avail able ev ery 6 h with 1° ´ 1° res o lu tion.

Wet and dry de po si tion is sim u lated for each of the three

forms of Hg. Wet de po si tion rate is cal cu lated based on

precipitation in for ma tion from the CMAQ me te o ro log i cal

processor and physicochemical Hg speciation in the cloud

chem is try mech a nism. The cloud-wa ter con cen tra tion of

each pol lut ant is de pos ited to the sur face based on the sim u -

lated rate of pre cip i ta tion fall ing from each clouded grid

volume dur ing the cloud chem is try time split ting op er a -

tion. The scav eng ing of GEM and RGM is based on Henry’s

Law equi lib rium (Bull ock and Brehme 2002). The cloud-

 wa ter con cen tra tion of PHg is cal cu lated as the sum of the

con cen tra tions of all sorbed RGM spe cies. The cloud-wa ter

con cen tra tion of GEM is rel a tively low com pared to the to tal 

dis solved and sorbed RGM, and the sim u lated wet de po si -

tion of GEM is mi nor com pared to that of RGM and PHg.

Dry de po si tion rate is cal cu lated based on dry de po si tion

velocity and air con cen tra tion in for ma tion for each of the

three forms of Hg. For the Henry’s law con stant and dif -

fusivity of GEM, we chose 0.11 M atm-1 (Lin and Pehkonen

1999) and 0.1194 cm2 s-1 (Massman 1999), re spec tively. The 

stan dard CMAQ dry de po si tion parameterization for ga -

seous ni tric acid is also used for RGM. PHg dry de po si tion

is sim u lated based on pre-ex ist ing de po si tion ve loc ity for -

mu la tions in the stan dard CMAQ for sul fu ric acid. The

complete mech a nisms with lists of spe cies and re ac tions in

the model are de scribed in de tail by Bull ock and Brehme

(2002) and CMAS (2006).

Hg emis sion is from coal com bus tion as stated in the

above sec tion, other emis sions (in clud ing: ni tro gen ox ides,

car bon mon ox ide, vol a tile or ganic com pounds etc.) come

from the emis sion in ven tory of 1° ́  1° spe cially pre pared by

sci en tists at the Cen ter for Global and Re gional En vi ron -

men tal Re search at the Uni ver sity of Iowa (Streets et al.

2003) to sup port TRACE-P (Trans port and Chem i cal Evo -

lution over the Pa cific) and ACE-Asia (Aero sol Charac -

terization Ex per i ment in Asia). VOCs emis sions were ap -

por tioned ap pro pri ately among the lumped-car bon cate -

gories used in CB-IV.

The model do main (shown in Fig. 1) is 5427 ́  4455 km2

for CMAQ cen tered at (36°N, 105°E) with an 81-km mesh.

MM5 and CMAQ have the same model height. For MM5,

there are 23 ver ti cal lay ers in the sz co or di nates sys tem

unequally spaced from the ground to ~23 km, with about 9

layers con cen trated in the low est 2 km of the at mo sphere in

Hg Emis sion and De po si tion from Coal Burn ing in China 327



or der to re solve the plan e tary bound ary layer, while there are 

12 lev els for CMAQ with the low est 7 lay ers be ing the same

as those in MM5.

4. RE SULTS AND DIS CUS SION

4.1 Sim u la tion Re sults Anal y sis

RGM is the main com po nent of sim u lated Hg de po si -

tion in July 2003 (Ta ble 3). It could con trib ute more than

90% of Hg de po si tion (Ta ble 3). Two po ten tial rea sons for

this are: (1) RGM be ing the main com po nent of Hg emis -

sions from coal con sump tion; and (2) both dry ve loc ity and

wet scav eng ing of RGM be ing much higher than that of

GEM (Bull ock and Brehme 2002; Poissant et al. 2004).

After be ing re leased into the at mo sphere some GEM would 

be con verted to RGM by at mo spheric ox i dants. The ox i -

dants re spon si ble for such an ox i di za tion pro cess in clude:

ozone, hydroxyl rad i cal, hy dro gen per ox ide, and re ac tive

halo gens such as Cl2, Br2, BrO, and I2. How ever, the rate

con stants are very low (Hall 1995; Tokos et al. 1998;

Calhoun and Prestbo 2001; Sommar et al. 2001; Ariya et al.

2002; Pal and Ariya 2004a, b), which means GEM has a long 

at mo spheric life time (0.5 - 2 yr). There fore, it is likely that

most de pos ited RGM co mes di rectly from emis sions. This

means that the greater the pro por tion of RGM in to tal Hg

emis sions, the greater the ra tio of Hg de po si tion to emis sions 

is (Ta ble 3). The ra tio of Hg de po si tion to emis sion is 38.4%

in Case 1, and 43.4% in Case 2.

Sim u lated dis tri bu tion of Hg de po si tion in July 2003 is

shown in Fig. 2, to gether with the monthly mean sur face

wind field and pre cip i ta tion map. The re sults shown in Fig. 2 

were ob tained from the sum of hourly de po si tion in July

using the emis sion in Case 1 of Ta ble 2. The pat terns of

Cases 2 are sim i lar and there fore not shown. Dis tri bu tion of

Hg de po si tion is the com bined ef fects of Hg pol lu tion lev els

along with me te o ro log i cal fac tors (e.g., wind and pre cip i ta -

tion), es pe cially for wet de po si tion, which is de cided mainly

by pre cip i ta tion. The dis tri bu tion of Hg dry de po si tion is

sim i lar to that of Hg emis sion, while the dis tri bu tion of wet

de po si tion is sim i lar to that of pre cip i ta tion. In July 2003,

pre cip i ta tion in the ar eas to the north of the Yang tze River is

on the high side or close to that of con ven tional years and

severe floods hap pened in the Huaihe River, while preci -

pitation in the ar eas to the south of the Yang tze River is on

the low side (see also Dong 2003). High pre cip i ta tion in the

Huaihe River led to high wet Hg de po si tion in these re gions

(Fig. 2). Re gions with high to tal Hg de po si tion in clude:

south west ern China (par tic u larly Guizhou Prov ince), the

pop u lated and in dus trial re gions of east cen tral and coastal

China, and Liaoning Prov ince in the north east. Hg de po si -

tion reached as high as 2 - 6 mg m-2 month-1 in these re gions.

Ob served Hg de po si tion in China is at a very high level,

es pe cially in cit ies which pro duce large Hg emis sions (Tan

et al. 2000; Feng et al. 2002, 2003). Hg de po si tion at two

environmental back ground sites in south west ern China is

4.5 - 4.7 mg m-2 month-1 (Tan et al. 2000), which is higher

than Hg de po si tion ob served in North Amer ica (Landis and

Keeler 2002; NADP 2004) and Ja pan (Sakata and Maru moto 

2005), where Hg de po si tion is only 1 - 2 mg m-2 month-1.

Simulated Hg de po si tion is in the same or der of mag ni tude

with ob served Hg de po si tion at en vi ron men tal back ground

sites though de tailed com par i son is not ap pro pri ate be cause

sim u lated Hg de po si tion in this study is only from coal com -

bus tion. Based on the sim u la tions, re gions with Hg de po si -

tion ex ceed ing 2 mg m-2 month-1 ac count for about 20% of

the to tal ter ri tory. From the work of Streets et al. (2005) we

know that Hg emis sion from coal con sump tion in China

accounts for about 38% of to tal anthropogenic Hg emis -

sions. There fore, Hg de po si tion in China might be at very

se ri ous lev els.

4.2 Un cer tain ties

There still ex ist un cer tain ties in es ti mat ing Hg emis sion

from coal com bus tion and the sim u la tion of its de po si tion in

this study. The un cer tain ties are mainly caused by the fol -

low ing fac tors: (1) Hg con tent in coals. A num ber of stud ies

have been car ried out to un der stand Hg emis sion from coal

com bus tion in China (e.g., Wang et al. 2000; Huang and

Yang 2002; Jiang et al. 2005; Streets et al. 2005; Wu et al.

2006), but there still ex ist great dif fer ences among these

works. Wang et al. (2000) has es ti mated that the av er age

mer cury con cen tra tion in Chi nese coals is 0.22 mg kg-1;

while USGS has also mea sured 331 coal sam ples from dif -

fer ent Chi nese re gions, sug gest ing that the mer cury con -

centration ranges from 0.02 to 0.54 mg kg-1, av er aged at

0.15 mg kg-1. Based on these in ves ti ga tions, Wang et al.

(2000) and Jiang et al. (2005) have cal cu lated the to tal mer -

cury emis sions from coal com bus tion in China as 213.8 tons

(in year 1995) and 161.6/219.5 (based on dif fer ent da ta -

bases) tons (in 2000), re spec tively; (2) Hg speciation from

coal com bus tion. Few field mea sure ments on Hg speciation

from coal com bus tion have been car ried out in China, so Hg

speciation com po si tion for many source types in this study

come from US EPA (2002). Field mea sure ments of Chen et
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al. (2007) in six power plants of China showed that coal

types, es pe cially the chlo rine con cen tra tion and the ba sic ash 

com po si tions in coal play im por tant roles in the com po si tion 

of Hg speciation. There fore Hg speciation com po si tion

calculated by the US EPA data does not rep re sent the real

situation in China very well; (3) CMAQ-Hg mod els. Hg

chem is try, to gether with dry and wet de po si tion pro cesses,

might in tro duce un cer tain ties into mod els due to in con sis -

tent ki netic data and a lack of de ter min is tic prod uct iden -

tificat ion in the at mo sphere (see also Lin et al. 2006).

4.3 Con trol Mea sures Dis cus sion

From the above anal y sis, we know that RGM is the main 

com po nent in Hg emis sion from coal com bus tion and the

dom i nant com po nent in sim u lated Hg de po si tion. RGM is

sol u ble and can be re moved by 60 - 90% with lime-slurry

scrub ber so lu tion (Fahlke and Bursik 1995; Lee et al. 2006),

so con trol ling RGM emis sion might be the most con ve nient

way to de crease Hg emis sion and de po si tion. Up to now,

most coal combustors are not equipped with wet flue gas

desulfurization (FGD) in China, which tend to dis solve the

sol u ble di va lent mer cury. There fore, both Hg emis sion and

de po si tion would be de creased sub stan tially with the in -

stalling of FGD equip ment. Based on the Elev enth Five-

 Year plan of the Na tional Econ omy and So cial De vel op -

ment, more FGD equip ment will be in stalled in coal-fired

power plants to con trol SO2 emis sions (Zhang 2006). So

RGM emis sion from coal com bus tion should de crease

greatly in the near fu ture and Hg de po si tion will de crease

cor re spond ingly.

5. CON CLU SIONS

Hg emis sion form coal com bus tion is large in China due

to coal con sump tion, and RGM is the main com po nent in Hg 

emis sion from coal com bus tion. High Hg emis sions lead to

high Hg de po si tion. Sim u lated Hg de po si tion due to coal

com bus tion reaches 2 - 6 mg m-2 month-1 in south west ern

China (par tic u larly Guizhou Prov ince), the pop u lated and
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de po si tion; (d) is the monthly mean sur face wind field and pre cip i ta tion map of July 2003.
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in dus tri al ized re gions of east cen tral and coastal China, and

Liaoning Prov ince in the north east. RGM is the pre dom i nant 

com po nent in sim u lated Hg de po si tion from coal com bus -

tion. Its con tri bu tion could be above 90%. Most de pos ited

RGM co mes from di rect emis sions. There fore con trol ling

RGM emis sion should be the most con ve nient way to de -

crease Hg emis sions and de po si tion as lime-slurry scrub ber

so lu tion can re move RGM by 60 - 90%. Of the to tal emit ted

Hg from coal com bus tion, ap prox i mately 40% is de pos ited

in the stud ied re gions in the sim u la tion pe riod and about

60% trans ported to other re gions.
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