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1 Coal-fired power plantsand industrial boilers

Boilers are facilities designed to burn fuel totheater or to produce steam. The
steam produced from the boiler can be used fortredégg production or used in
industrial processes; likewise hot water can bel useindustrial processing, or for
domestic and industrial heating. Although mercuoptent of coal is low, the total
atmospheric mercury emission from coal-fired powtants and industrial boilers
could be large due to the large amount of coalibgrn

1.1Boiler types

1.1.1 Utility boilers

Utility boilers are very large in comparison to neod industrial boilers. A
typical large utility boiler produces in the orddrl,600 tons of steam per hour.

Utility boilers are usually designated by the costimn furnace configuration:

Tangentially fired: Commonly used for pulverizecateombustion but may
be used for oil or gas; single flame zone withfaét mixture projected from
the four corners of the furnace tangential to faeneentre line;

Wall fired: Multiple burners located on a singlel@ on opposing furnace
walls can burn pulverized coal, oil or natural gas;

Cyclone fired: Typically crushed coal combustiomene the air-fuel mixture
is burnt in horizontal cylinders;

Stoker fired: Older plants burning all solid fugpés; spreader stokers feed
solid fuel onto a combustion grate and remove asilue;

Fluidized bed combustion: Lower furnace combusteEmperature, efficient
combustion promoted by turbulent mixing in the caistion zone, crushed
coal feed with the potential for sorbent additicios remove pollutants,
particularly sulphur dioxide;

Pressurized fluid bed combustion: Similar to flaell bed combustion, but at
pressures greater than atmospheric, and with higffierency.



1.1.2 Industrial boilers

Industrial boilers are normally identified by theetinods of heat transfer and
combustion system utilized. In summary, the heatsfer systems are:

Water tube boilers: Heat transfer tubes containmgter are directly
contacted by hot combustion gases. Commonly usedcaal-fired
installations but can accommodate almost any cotitideiguel including oil,
gas, biomass, municipal solid waste and tyre-ddriuvel,

Fire tube boilers: Water surrounds tubes througlthvhot combustion gases
are circulated. The application is more commonpigverized coal, gas and
oil-fired boilers, but various types can also blwiomass and other fuels.

Generally used for lower-pressure applications;

Cast-iron boilers: Cast sections of the boiler aompassages for both water
and combustion gas. Used for low-pressure steanhanaater production,
generally oil or gas fired with a smaller numbercoél-fired units.

And the combustion systems are mainly:

Stokers: There are a variety of different stokepety and functions.
Underfeed stokers supply both fuel and combustiofran below the grate,
discharging ash to the side or rear. Overfeed sfokehich may be mass
feed or the more popular spreader stoker, supmyctimbustion air from
below the grate, with the fuel for combustion belgtributed above the
grate. Spreader stokers with a stationary grateuseel extensively in the
sugar industry to combust bagasse;

Burners: This diverse group of devices managesdilesery of air-fuel
mixtures into the furnace under conditions of véjgcturbulence and
concentration appropriate to maintain both ignitoa combustion.

1.2Mercury emission from coal combustion

Coal contains trace amounts of mercury. Mercurnytemanof coal varies largely
among different coal producing areas, usually enrimge of 0.01-0.3 mg/kg. Because
the combustion temperature of coal in boiler isvab®000°C, more than 99% of the
mercury releases into the flue gas during coal emtibn in the form of elemental
mercury (H@). With flue gas temperature decreasing from thve toirning area to the
flue gas outlet of the boiler, Iglgeacts with other components in the flue gasg#k)
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and partially converted to gaseous oxidized merc(lhfgz*). Part of the gaseous
mercury adsorbs onto the surface of fly ash andh$oparticulate-bound mercury
(Hgp). The mercury transformation process during caahloustion is shown in
Figure 1-1.
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Figurel-1 Mercury transformation on coal combustion

Hg2+ includes HgG, HgO, HgSQ, etc. Hg exists in elemental or oxidized form.
Post-combustion NQOcontrol measures can also cause mercury oxidafiom.degree
of mercury oxidation and the mercury species gdedrahave impacts on the
synergistic mercury removal efficiency.

Compared with the measurements of ,SAO, and PM emissions, that of
mercury is more challenging and expensive due ¢oldlv concentration level of
mercury in flue gasug/m® level). Although onsite measurements of mercurjssion
from a single boiler to the atmosphere are encagag improve understanding of
atmospheric mercury emission, it is impossible agure all the coal-fired facilities.

Another approach instead of direct measurement iss¢ the mercury content of
coal, the amount of coal burned and the mercuryowaefficiency of air pollution
control devices (APCDs) to calculate the atmosghernission of mercury. The
commonly used equation is as follows:
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whereE is the total mercury emissio is the mercury content of coak is the
amount of coal consumptio® is the application rate of coal washing;is the
mercury removal efficiency of coal washirfigis the mercury releasing rate of boiler;
C is the installation rate of a certain APCpis the mercury removal efficiency of a
certain APCDj is the provincej is the boiler typek is the type of APCD.

1.3Best environmental practices
The best environmental practices described in $leistion constitute general

guidance applicable to any kind of boiler, regasdlef its size or type:

» lIdentify key process parameters, either from giecgic investigations or
research undertaken on similar facilities elsewhere

* Introduce measures that enable control of key o©parameters;
* Introduce monitoring and reporting protocols foy kgocess parameters;

* Introduce and follow planning cycles, implement @gpiate inspection and
maintenance cycles;

* Introduce an environmental management system thearlg defines
responsibilities at all levels;

* Ensure adequate resources are available to imptearah continue best
environmental practices;

» Introduce process improvements to reduce techha#lenecks and delays;

* Ensure all staff are appropriately trained in thgpl&ation of the best
environmental practices relevant to their duties;

» Define a fuel specification for key fuel parametemsd introduce a
monitoring and reporting protocol,

» Ensure the environmentally sound management ofsly, coarse ash and
flue gas treatment residues;

» Ensure that, when co-firing biomass or waste, #teyuld not be added until
the boiler furnace combustion conditions are stalrid it has reached its
operating temperature.



1.4 Best available techniques

1.4.1 Adjustment of energy structure and improvement of plant efficiency

1.4.1.1 Adjustment of energy structure

Atmospheric mercury emission is not involved in {@ducing processes of
wind power, solar power, hydro power and other wexi#e energy. Therefore, energy
restructuring is an important way to reduce meramyssions. Development of clean
energy and control of the total coal consumption ceduce atmospheric mercury
emissions from the origin.

In addition, the use of alternatives such as nhtgas can also significantly
reduce mercury emissions.

1.4.1.2 Improvement of plant efficiency

Improving various areas of operation within an olleiler can reduce mercury
emissions. Many existing plants could be overhatteninprove both efficiency and
output while reducing mercury emissions in an ecaicomanner. Improvement of
plant efficiency may involve a number of measuresighed to conserve fuel (coal)
and, as a result, to reduce the amount of merconigstons. Some of the most
commonly applicable measures are shown in Tdbleand include: new burners,
improved air preheater, improved economizer, impdowombustion measures,
minimization of short cycling, minimization of gagde heat transfer surface deposits,
and minimization of air infiltration.

In addition, O&M practices have a significant impam plant performance,
including its efficiency, reliability, and operagincost. Good O&M practices can
significantly slow down the deterioration rate ofpawer plant. Some of the good
O&M practices include, for example, steam line ne@ance and water treatment. A
well operated and maintained plant will experieless rapid deterioration of heat rate;
hence, O&M practices themselves influence coal arsg mercury emissions. It is
important to distinguish normal maintenance fronpited expenditure. Capital
expenditure is typically only done once every fewears and includes
repairs/replacement of major equipment all at ame.t Good O&M practices should
be an ongoing concern in daily plant operation.



Table1l-1 Commonly applicable efficiency improvement s@a@s at power
plants

- Mercury
Efficiency I mprovement )
Measure Reduction Comments

% points
(% points) Potential, (%)

Site-specific
Replace/Upgrade i )
Burners Up to 4-5%. Up to ~ 6%. considerations
(ability to retrofit)
40°F increase in flue gas Relates to
Improved - -
. temperature equals a ~1% efficiency gain in
Economizer . i
efficiency loss boiler
, A 300°F decrease ingas ~ 1% per 40°F
Improved Air
temperature represents temperature
Preheater ,
about 6% improvement decrease
CO from 1000-2000 to <
X ) 200 ppm Manual tuning with
Combustion Tuning up to ~3% i ,
UBC from 20-30% to parametric testing
10-15%
Combustion
L 05-3.0 up to ~ 4% Neural network-based
Optimization
Instrumentation and 0.5 — 3.0 (in addition to
Lo up to ~ 4%
Controls optimization)
Minimize short , .
cycling Up to ~ 4% — 6% Up to ~ 5% -7% Very site specific

Site specific; fuel
quality/operating
condition have large
impact
Requires routine
Reduce air leakages 1.5-3% Upto ~ 4% maintenance

procedures

Reduce slagging
and fouling of heat 1% to 3% Upto ~ 4%
transfer surfaces

1.4.2 Pre-combustion coal treatment

Coal treatment includes conventional coal washirameficiation, blending, and
coal additives. Conventional coal washing, whilenarily targeting the minimization
of ash and sulfur content of coal, can also deeréas mercury content of coal. Coal
beneficiation includes coal washing and additidredtment designed to decrease the
mercury content of coal. The remaining coal treantechnologies (coal blending
and coal additives) have been designed to spedbjfiealdress minimization of
mercury emissions by promoting chemical transforomat of mercury in the power



plant’s combustion and post-combustion equipmeat thcilitate mercury removal.
They can be used in addition to coal washing (elgnding of two streams of washed
coal) or as stand-alone approaches.

1.4.2.1 Coal washing

Conventional coal cleaning methods separate thenargfraction of the
as-mined coal from the mineral materials accordmghe differences in either the
density-based or surface-based characteristidseoflifferent materials. Physical coal
cleaning typically involves a series of procesgstencluding size reduction and
screening, gravity separation of coal from sulfeeting mineral impurities, and
dewatering followed by drying. Conventional coaarhing methods will also remove
some of the mercury associated with the incomblastitineral materials. However,
they will typically not remove the mercury assoedhtwith the organic carbon
structure of the coal (EPA, 2001). The review gadsst data for 26 bituminous coal
samples that indicate a wide range in the amountefcury removed by coal
cleaning. Analysis of five of the coal samples sedwo mercury removal associated
with conventional coal cleaning while the remaini&ly coal samples had mercury
reductions ranging from approximately 3 to 64%. &lerage mercury reduction for
all of the data was approximately 21%. Another gtqdoted by the review above
reported higher average mercury reductions for &hpes of bituminous coals.
These data also showed a wide range in mercuryctiedurates. The average
decrease in mercury reduction on a mass basis 0%s 3

The variation in mercury reductions quoted abovghtnbe a function of the type
of process used to clean a given coal and theaafumercury in the coal matrix. In
addition to some elemental mercury and cinnabarcuamg may be present in coal
bound with pyrite or with the organic fraction obat (ACAP, 2004). The heavier
pyrite can be removed by density-based processesob by surface-based processes
where the similar surface characteristics of pyated the organic matter make
separation of the two components difficult (EPA,02D Advanced coal cleaning
techniques, such as the ones using naturally angumicrobes and mild chemical
processing, were investigated in the past in otdelaugment mercury removal
(Brown et al., 1999).

1.4.2.2 Coal beneficiation

Coal beneficiation is capable of improving coal pedies beyond what can be
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achieved with coal washing alone. It includes eea$hing as a primary step, but then
utilizes additional treatment to reduce the mercemptent of coal. An example of
coal beneficiation may be the K-Fuel process. Tioegss may also be described as a
pre-combustion multi-pollutant control process,itagsults in reduction of mercury
emissions in addition to lower PM, §@nd NQ emissions. K-Fuel is a beneficiated
coal that is derived from subbituminous coal onilig coal (Black and Veatch, 2003).
The resulting fuel is lower in ash, higher in hegtivalue, and produces lower
pollutant emissions than untreated coal. K-Fuekusgre-combustion process that
improves the quality of the coal—including removitige mercury, moisture, ash,
sulfur, and some of the fuel NQprecursors—before the coal is burned at the power
plant. Because these constituents are removed toriburning the coal at the plant,
the need for post-combustion controls may be redlugeFuel technology may be
applicable to bituminous coal as weficcording to K-Fuel, physical separation
studies on a number of low-rank coals exhibiteddl80% ash reduction, 10 to 36%
sulfur reduction, and 28 to 66% mercury reductibhermal separation adds more
mercury reduction. Testing by Rio Tinto Technicainfices in Perth, Australia
showed a 40% reduction in fuel mercury due to tlrseparation alondotal
mercury reduction at pilot-plant facilities was oggedly 66 to 67% (Gunderson, 1993
and Vesperman, 1993). NQreductions of 40 to 46% have been experienced for
K-Fuel (Alderman, 2003). Another demonstration ctetgd in 2006 and using
subbituminous coal for K-Fuel production revealed 2 emission reduction of
38-40% and N emission reduction of 10-22%. The K-fuel proces$ivéred a
mercury emission reduction of up to 70% (KFx, 2006)

1.4.2.3 Coal blending/switching

Coal blending/switching at power plant is quite coomly used as power plants
attempt to cost-effectively meet $@mission limits. For example, in the U.S. some
plants blend low-sulfur Powder River Basin (PRB)blstuminous coal with
bituminous coals (typically with high sulfur conteto reduce S@emissions without
FGD installation. As a side effect of this S@mission control strategy, mercury
speciation may be altered, thus compromising mgrcapture in a downstream FGD
(if one is available). Bituminous coals typicallyoduce higher fraction of oxidized
mercury in the flue gas than do subbituminous c&mhce oxidized mercury is
water-soluble it is more readily captured in FGBteyns. Consequently, the mercury
capture efficiency of FGD systems depends largelytlee fraction of oxidized
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mercury at the FGD inlet (Miller et al., 2006). Cddending has the potential of
increasing the mercury capture by about 80%. A ceimnsive study of the effects of
coal blending on mercury speciation in the presefc8CR examined the oxidation
of mercury using blends ranging from 10 to 40% swiphinous PRB with
bituminous coal (Serre et al., 2008). The SCR /folgtet oxidized mercury
concentration was higher for the 100% bituminoual ioing (27%/84%) than for the
100% subbituminous coal firing (6%/3%).

1.4.2.4 Coal additives

The amount of mercury oxidation increases withah®unt of chlorine in coal.
However, the concentration of chlorine in the cofien may not be sufficient to
achieve a high level of mercury oxidation. To owene this issue, approaches have
been designed to add halogen compounds such asineroon chlorine salts.
Alternatively, hydrogen chloride (HCI) or ammoniwhloride (NH,CI) may be added.
Halogen additives oxidize elemental mercury and enakavailable for capture by
downstream devices. They may be particularly usefuinproving mercury removal
for units firing low-chlorine subbituminous coalBhe additives may be sprayed on
coal, injected into the boiler, or added as soligstream of the coal pulverizer.
Full-scale tests were conducted using a KNX adéi(v2 wt % water solution of
calcium bromide) as a pre-combustion additive 2% @pm in coal equivalent level. A
mercury emission reduction of 92-97% was consistertiserved on a 600 MW unit
firing subbituminous coal and equipped with an SE®ni and Vosteen, 2009).
Bromide salts can promote the oxidation of merawgn if only small amounts are
added. This was confirmed in an extensive testirggnam by the Electric Power
Research Institute (EPRI). Full-scale tests coratlet 14 units firing low Cl coals
demonstrated more than 90% of flue gas mercuryabixid for bromide additions
equivalent to 25 to 300 ppm in coal (Chang et 2008). The comparison of
performance of bromine-based and chlorine-basediaeklis shown in Figure.-2
and gives the percent oxidation of elemental mgras a function of halogen
addition rate (Vosteen and Lindau, 2006). As casd®n, for any amount of halogen
addition, bromine was more effective in oxidizingneury than chlorine. Mercury
oxidation of 80% could be achieved by adding léss1t200 ppm of bromine-based
additive. An order of magnitude more of chlorineséad additive was needed to
achieve the same level of mercury oxidation.
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Figurel-2 Comparison of the performance of bromine- elnidrine-based
additives

1.4.3 Conventional air pollution control technologies

1.4.3.1 PM control devices

Fundamental modeling of mercury removal in ESPdatdi that mass transfer
limitations, even under idealized conditions, dseagstrict the potential for mercury
capture by particulate matter collected on elee&soth an ESP (Clack, 2009). ESPs
generally remove only PM-bound mercury in the pssoef collecting PM. PM-bound
mercury is preferentially bound to unburned carlfaf8C). Mercury adsorption
capacity of inorganic fractions (fly ash) is tydlgdow compared to the UBC present
in fly ash. A relationship between the amount of@WBNd mercury removal across
ESP has been observed for bituminous coal fly 8smi6r et al., 2008). This trend is
shown in Figurel-3 below, showing the percentage capture (percerabgeercury
incoming to the ESP) as a function of the amounyBC. As can be seen, between
20 and 40% mercury capture can be expected in Bftaring fly ash with about 5%
UBC. For higher UBC contents, mercury capture afnash as 80% could be seen.
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Figure1l-3 Mercury capture across ESP as a function efatihount of UBC

In addition to the amount of UBC, UBC propertiesisas surface area, particle
size, porosity, and composition may also affectaimount of mercury captured in the
ESP (Lu et al., 2007). The study found that whiBQJcontent in fly ash decreased
with decreasing particle size, the mercury cont#ntyBC generally increased with
decreasing particle size. In addition, the part&le of UBC was found to be the
major factor impacting mercury adsorption. Thus,rareased efficiency of an ESP
and resultant increased capture of fine fly ash fimel UBC will likely cause a
decrease in mercury emissions.

FFs are more effective in removing fine PM than E®P and they remove
gas-phase mercury in addition to PM-bound mercGonsiderably longer contact
time between gas phase and fly ash cake in FFsuteshthan in ESPs (seconds)
facilitates adsorption of gas-phase mercury on ftheash. In addition to longer
contact time, better contact is provided in an §&s(penetrates through the filter cake)
than in an ESP (gas passes over the surface ohk®). For example, consistent with
earlier ICR effort, a study comparing the captufem@rcury in ESPs and FFs in
coal-fired power plants in China revealed betweeand 20% capture in ESPs and
between 20 and 80% capture in FFs (Wang et alg8)200

1.4.3.2 SO, control devices

In plants with existing wet FGD, the most attraetstrategy for mercury control
is to increase (and in some cases to preservepitmunt of co-benefit capture.
Operation of a wet FGD requires that a PM contedicke be installed upstream of the
wet FGD scrubber (Srivastava and Jozewicz, 200%)m&ntioned before, gaseous

14



compounds of HY are generally water-soluble, and thus wet FGDesyst are
expected to capture them efficiently. However, gaseHd is insoluble in water and
therefore does not absorb in FGD slurries. Datenfextual facilities has shown that
capture of H§ in excess of 90% can be expected in Ca-based wBx §Gtems,
though there are cases where significantly lestuoahas been measured as a result
of unfavorable scrubber equilibrium chemistry (Nikend Fujiwara, 2004). It has also
been shown that under some conditions®*Hgay be reduced in wet FGD to Hg
which could then be re-emitted (Nolan et al., 2003)

When gaseous compounds of 2Hare absorbed in the liquid slurry of a wet
FGD system, the dissolved species are believedaat with dissolved sulfides from
the flue gas, such as hydrogen sulfideS}to form mercuric sulfide (HgS); the HgS
precipitates from the liquid solution as sludge. time absence of sufficient
concentration of sulfides in the liquid solutionc@mpeting reaction with sulfites that
reduces dissolved Hto Hd is believed to take place. Once this reductioruosc
the newly formed HYis transferred to the flue gas and increasesdheentration of
Hg in the flue gas passing through the wet FGD (Momet, 1999). H§' reduction
and subsequent Bge-emission may be more significant in magnesinimaaced
lime (MEL) scrubbers. These scrubbers operate Wl much higher sulfite
concentration compared to limestone systems (Rgeniet al., 2004). In some cases,
the reduction of Hg to Hd, and subsequent re-emission, has been abatedhgith
help of sulfide-donating liquid reagent (EPA, 2Q0R) addition, transition metals in
the slurry (originating from fly ash in the fluegaare believed to play an active role
in the conversion reaction, since they can act#éaysts and/or reactants for reducing
oxidized species. There also appears to be inaepstential for re-emissions of
mercury in wet FGD with appreciable mercury concaians in the liquor phase
(Chang et al., 2008).

1.4.3.3 NOx control devices

SCR technology has been designed to reduce Mough a catalytically
enhanced reaction of NOwith NHz reducing NQ to water and nitrogen. This
reaction takes place on the surface of a cataifsich is placed in a reactor vessel.
The reactor ensures that the flue gas is unifoigyributed over the catalyst; it also
determines the flue gas velocity. Typical catalysiterials are titanium-oxide and
vanadium-oxide on a “coated” substrate structua¢ tiiay take forms such as plate or
honeycomb. Under certain conditions, SCR catalyistee been shown to change
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mercury speciation by promoting the oxidation of’Hg Hd*, particularly for
bituminous coal. It should be pointed out that3@R itself does not remove mercury.
Instead, by increasing the amount of’Hgpstream of the wet FGD, the SCR could
improve mercury capture in the wet FGD systemsjltieg in the co-benefit removal
of mercury (Chu, 2004).

The extent of oxidation of Hgby SCR catalyst and subsequent removal of
oxidized mercury in a wet FGD may be affected bloche content of the coal,
amount of catalyst used to treat the gas streampdeature of the SCR reaction,
concentration of Nkl and its distribution in the flue gas, and age e tatalyst
(Winberg et al., 2004). Oxidation of Pigp H" is greater for bituminous coals than
for subbituminous coals. The results of thermoclaiméquilibrium calculations of
mercury species concentration demonstrated thaetgn of HJ to Hof* with SCR
when firing subbituminous coal was limited by eduribm rather than by kinetics. It
follows that, other than altering NControl parameters of the SCR, an improvement
in oxidation of H§ to Hg* with SCR on boilers firing low-rank coals is naissible
without a change in flue gas chemical compositienwithout lowering catalyst
temperature. Thus, the maximum co-benefit of SCRy rha achieved by an
appropriate coal-blending. SCR may increase theuammof oxidized mercury up to
about 85% and thus improve capture by wet FGD.

1.4.3.4 Co-benefit mercury removal by APCD combinations

When passing across APCDs, part of the &id Hg" can be removed. As for
the mercury removal efficiency of APCDs, in UNERBolkit (2005), 36% for
PC+ESP, 74% for PC+ESP+WFGD and 90% for PC+FF weated from the ICR
report.

The mercury removal efficiencies given by literatuvere summarized in Figure
1-4. The efficiencies of the most commonly used AP@igtuding PC+WS, PC+ESP,
PC+SDA+FF, PC+ESP+WFGD, PC+SCR+ESP+WFGD, PC+FF, +ESP,
CFB+FF, and PC+FF+WFGD 22%, 29%, 59%, 62%, 66%,,6%0, 86%, and 90%,
respectively. The combinations of PC+ESP, PC+ESP&WFRNnd PC+FF in China
have lower mercury removal efficiencies, which ish@ably caused by Chinese coal
quality. According to the analysis of Chinese cp#ige chlorine content of Chinese
coal is low, resulting in more Hgn flue gas, which is not conducive to mercury
removal in APCDs and the average mercury removai@icies are thus low.
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Figure1l-4 Onsite test results for total mercury remaafdiciency by APCDs

Note: 1 — PC+CS-ESP; 2 — PC+CS-ESP+WFGD; 3 — PCAFPRPC+SCR+CS-ESP+WFGD; 5 —
PC+FF+WFGD; 6 — PC+HS-ESP; 7 — PC+HS-ESP+WFGD; &C+CS-ESP+FF; 9 —
PC+SDA+FF; 10 - PC+WS; 11 - PC+WS+WFGD; 12 - PC+8D3-ESP; 13 -
PC+CS-ESP+CFB-FGD+FF; 14 — PC+SCR+CS-ESP+SW-FGD: P&E+SCR+SDA+FF; 16 —
PC+MC+WS+WFGD; 17 — PC+NID+CS-ESP; 18 — PC+SI+C&E® — PC+SNCR+CS-ESP;
20 — CFB+CS-ESP; 21 — CFB+FF; 22 — CFB+SNCR+FF: 3F+SDA+FF; 24 — CYC+CS-ESP;
25 — CYC+CS-ESP+WFGD; 26 — CYC+HS-ESP; 27 — CYC+$BR 28 — CYC+WS+WFGD;
29 — TUR+CS-ESP+WFGD; 30 — CG.
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1.4.4 Dedicated mercury control technologies

1.4.4.1 Activated carbon injection (ACI)

Dedicated mercury control technology is mainly refd to activated carbon
injection (ACI) technology. One type is to spraytjmaulate activated carbon (PAC)
before PM control devices, mercury is adsorbed &G and removed by ESP or FF
downstream; another type is to spray PAC betweenddil SQ control devices.
Currently, ACI technology is already a mature contiz technology, and the use of
halogen-treated activated carbon has also stastedrimercialize. No matter which
adsorption method is adopted, the mercury remoffadiency of ACI is mainly
affected by physical and chemical properties ofatisorbent, the adsorbent injection
rate, flue gas parameters (such as flue gas tetaperélue gas halogen concentration
and SQ concentration), configuration of APCD and othestdas.

In general, higher injection rate of PAC will le&aal higher mercury removal
efficiency. In some U.S. power plants using sub#binous coal, it is found that the
mercury removal rate can reach 60% at a certagction rate of PAC. However,
further improvement of PAC injection rate can obtjng a small increase of mercury
removal efficiency. Previous studies showed tha thain factors affecting the
mercury removal efficiency of ACI include:

(1) Chlorine content of coal. Generally, bituminoosal contains a higher
concentration of chlorine than sub-bituminous caal lignite. During the coal
combustion process, chlorine will evaporate ananfdree chlorine with oxidizing
ability. It is found that adsorption of mercury orgctivated carbon is divided into two
stages: firstly, elemental mercury in the carbariese reacts with the free chlorine to
form oxidized mercury; then a large amount of azedi mercury is adsorbed onto the
surface of activated carbon. Therefore, burnindwatv-quality coal, high mercury
removal efficiency cannot be achieved due to tmeitdid concentration of free
chlorine in flue gas.

(2) Flue gas temperature. The flue gas temperatamesignificantly affect the
adsorption of mercury on activated carbon. In ntases, the flue gas temperature at
the inlet of PM control devices is 150°C, at whitie adsorption efficiency of the
activated carbon is high. However, when the flug [ganperature exceeds 200°C, the
mercury removal efficiency of activated carbon vd#écline rapidly. Generally, the
flue gas temperature of the plant with hot side B$&-ESP) using lignite will reach

18



this temperature range. Acid gases (such a8 &@ generally considered to be able
to compete with mercury on the surface of activaiadbon, resulting in the decrease
of mercury removal efficiency. Therefore, powerrtlasing high-sulfur coal will face
some obstacles in adopting ACI technology.

Since ACI technology is significantly impacted e tchlorine concentration in
flue gas, the flue gas $@oncentration and flue gas temperature, it isttyrdiaited
in the following situations:

(1) Plants with ESP while burning low-rank coaldiswas sub-bituminous coal
and lignite). In these plants, the low chlorine teot and the relatively high alkali
content of coal (calcium and silicon compounds) canse a very low level of free
chlorine in flue gas, resulting in the decreaseHgf* in flue gas and adsorption
efficiency of activated carbon.

(2) Plants with SDA/FF process while burning lowkacoal (such as
sub-bituminous coal and lignite). Although the attan in this type of plants is
similar to the first case, the main reason for #iigation is the use of lime additive,
which absorbs most of the free chlorine in flue.gas

(3) Plants burning high-sulfur coal. Since S€@mpetes with mercury on the
surface of sorbent, relatively high sulfur conteuatuld lead to a decline of mercury
adsorption capacity.

(4) Plants with HS-ESP. In these plants, due tohigh temperature of ESP, the
adhesion of mercury on adsorbent surface decreesmgiing in decreased mercury
adsorption capacity.

In the situations above, synergistic mercury rerhdoyaconventional APCDs
should primarily considered. The combination of WI@d SCR can achieve high
mercury removal efficiency. However, in order tchigwe a sounder effect, small
doses of ACI could be considered after the fluetgsstment facilities.

In recent years, treated activated carbon techredogre developed. Activated
carbon treatment is to improve the functional gramg its surrounding structure on
the surface of activated carbon, building actitessfor specific adsorption processes
and thereby controlling its hydrophilic/hydropholjicoperties and binding ability
with metals or metal oxides. This can be achievgdsbrface oxidation, surface
reduction and metal loading. Generally, the adsmmpperformance of the treated
activated carbon is improved comparing to the neabactivated carbon.
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Common treated activated carbon includes thosgingrchlorine, bromine and
iodine. For example, when using Cy@hpregnated activated carbon, chlorine atoms
released from the surface of activated carbon il Hg® to form HgClI (g), part of
which further turns into a more stable mercury coom HgCj. The adsorption
process consists of both physical and chemicalrptisn processes. In addition, the
oxidizability of chlorine is stronger than sulfusp chlorine containing activated
carbon has a better ability of mercury adsorptibant sulfur containing activated
carbon. At 140°C, the ability of Mgadsorption is as follows: untreated activated
carbon < sulfide or sulfur containing activatedbear < chlorine containing activated
carbon < bromine containing activated carbon.

Treated activated carbon can significantly impravercury removal efficiency.
Figure 1-5 shows the comparison of mercury removal efficieaaf untreated and
treated activated carbon with various coal typesated activated carbon can achieve
high mercury removal efficiency even when the caalk is low. Meanwhile, for
high-rank coal, treated activated carbon can greagbrove the efficiency of mercury
removal and thus reduce the consumption rate ofeset! carbon.
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Figurel-5 Mercury removal efficiencies of untreated arehted ACI

1.4.4.2 TOXECON technology

When applying mercury adsorbents, the mercury-boratisorbent will deposit
onto the fly ash, which reduces the market valutlyodsh for cement production. To
solve this problem, a TOXECON mercury removal tetbgy was developed. In
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TOXECON process, activated carbon is injected aftht control devices, and a
baghouse is immediately followed. In TOXECON tedbgy, fly ash is mainly

removed by PM control devices, while the mercurgaadent is mainly captured by
the baghouse. In some experiments, TOXECON withmbre containing activated
carbon under the injection rate of 1.2 Ib/Mmacf cachieve mercury removal
efficiency of more than 90%. Figute6 shows the principle of TOXECON.

TOXECON™

Sorbent

Injection \

Ash 5 Spent
@ Sorbent

Figure1l-6 Flowchart of TOXECON technology

1.4.4.3 Influence of ACI on power plants

ACI technology has broad application prospects, diténtion should also be
paid to its impact on the operation of the plard.f&, no data indicates significant
impacts of ACI technology on the plant. Howevemmsoof the adverse effects are
accumulated in the operation, so long-term obsenvas needed.

Impact on the operating load of PM control devidegpact of ACI technology
on power plants is mainly revealed in the PM cdntievices. It was found in actual
operation that ACI technology slightly increases tiperating load of PM control
devices, usually less than 4%, and lower load drowthe use of treated ACI.

Activated carbon injection at the inlet of smalkkr CS-ESP will lead to the
increase of discharging rate of ESP arc: arc digoig rate increased from <1 time
per minute to >10 times per minute. Arc dischargiaig is an important indicator of
the performance of ESP, but the mechanism is notlgar and still needs long-term
experiments.
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For plants with TOXECON technology or SDA+FF, tliequency of bag filter
deashing will increase due to the injection of \ated carbon. This has been
confirmed in the field tests.

1.4.5 Multi-pollutant control technologies

Conventional pollutant control technologies mainiye separated devices for
different types of pollutants. Multi-pollutant ceat technology is designed to achieve
various pollutant removal by one control device.rr€ntly, multi-pollutant control
technology is still in the laboratory stage, nat geplicable for commercial use.

146 Treatment and reutilization of byproducts from coal combustion

In the process of flue gas treatment, part of the §as mercury enters the coal
byproducts, including bottom ash, fly ash, FGD gypsand waste water. Previous
studies show that the mercury concentration levedaal byproducts is significantly
higher than the earth crust. Therefore, there ewescmedia impacts of mercury in
coal-fired power plants and industrial boilers. the stockpiling or reutilization
processes of coal byproducts, there could be oflsecondary mercury releases due
to the leaching or high temperature processes.

1.4.6.1 Coal ash

Coal ash is the residue from pulverized coal conits80% of which is fly ash
and 20% is bottom ash. Fly ash can be reused &sawch as building materials and
agriculture. In the field of building materials,i& mainly used in construction, road
works and backfilling. In agriculture, it is mainlysed for soil reclamation, soil
improvement and fertilizer production.

Studies show that more than 98% of the mercunasele into the flue gas when
fly ash is used in cement production. In brick pratibn using fly ash, HgG(Hg.Cl,)
almost completely releases, HgS partially releases] HgO remains the same.
Because of different types of mercury compoundghe original samples, mercury
release rate varies between 1.5-49.3%. Therefoeeshwould pay attention to the
mercury emissions in fly ash reutilization (Wangkt 2013).

During the stockpiling process of fly ash, the nueycconcentration in leachate
is much lower than the national drinking water dtd. Therefore, fly ash in
stockpiling will do no harm to the environment (Vgaand Meng, 2012).

22



1.4.6.2 FGD gypsum

Limestone - gypsum WFGD technology is the most lyidesed desulfurization
technology around the world. This technology wiingrate a large amount of FGD
gypsum. Currently, there are two main ways to cahensively reutilize byproduct
gypsum: first, as cement retarder, and second foldibg materials, including
gypsum board, gypsum block, gypsum hollow lath, mhgyrtar and gypsum brick. In
addition, gypsum is gradually being applied in agiture.

Gypsum will release 11-55% of the total mercuryiryirthe board making
process, HgGlcontent is an important factor affecting mercuelease (Liu et al.,
2013). High temperature reutilization of coal bygwots should be controlled to
reduce secondary mercury release.

1.5Mercury emission control regulations and standardsfor
coal-fired power plantsand industrial boilersin China

China has the largest coal consumption in the wdrld2010, the amount of
national coal consumption was over 3.3 billion tonkere coal consumption in the
power sector reached 1.6 billion tons. Coal combuosts the largest source of
atmospheric mercury emissions in China.

China has paid great attention to atmospheric mgremission control for coal
combustion. In 2009, the State Council releasedNutification from State Council
to the Ministry of Environmental Protection and @tlDepartments on the Guidance
of Strengthening of Heavy Metal Pollution Preventaind Control”, and stressed the
mercury pollution prevention to be a priority. Inayl 2010, they released the
“Notification from State Council to the Ministry dEnvironmental Protection and
Other Departments on the Guidance of Promotingt Ryevention and Control of Air
Pollution to Improve Regional Air Quality”, and ther proposed the construction of
the demonstration projects for synergistic multihgant control for thermal power
units, including flue gas desulfurization, denitdtion, dedusting and demercuration.

In September 2010, Ministry of Environmental Prtitet launched a pilot
project on atmospheric mercury pollution control aafal-fired power plants, and
conducted mercury monitoring work with joint efeftom five major power groups.

In the “Twelfth Five-Year Plan on Control of HeaMetal Pollution”, mercury
was listed as a key pollutant, and coal is includtedhe key sector for mercury
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emission control. By 2015, mercury emissions fraey kegions should be abated by
15% than those in 2007.

Ministry of Environmental Protection issued the n&Wr Pollutant Emission
Standards for Thermal Power Plants” (GB 13223-2@ii)uly 29, 2011. The new
standards tightened the requirements of PM, &@ NQ emission control in thermal
power plants, and for the first time added thetknof atmospheric mercury emission.
It is required that atmospheric mercury emissiamifrcoal-fired power plants should
attain the concentration standard of 0.03 mighy 1 January 2015. The newly
released standards for thermal power plants playmgortant role in promoting
atmospheric mercury emission control.
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2 Nonferrous metal smelting process (Zinc, Lead, Copper

and Industrial Gold)

2.1 Nonferrous metal smelting process

The nonferrous metal smelting processes contrdiledhe convention include
the smelting and roasting process during the proolugprocesses of zinc, lead,
copper and industrial gold.

2.1.1 Zinc smelting process

The common zinc concentrates used during zinc @tamiu process are the zinc
sulfide concentrate, which are obtained from spitaléhrough foam floatation. Other
renewable materials such as zinc oxidize can adsprbcessed as the raw materials
for zinc smelting process.

Zinc smelting processes in China can be divided into major types, namely
the pyrometallurgical process and the hydromewitat process. The
pyrometallurgical process, where metallic zinctracted from zinc oxide materials
with carbon as reducing agent at high temperataa, further be divided into the
imperial smelting process (ISP), the vertical retonc smelting process (VRZSP),
the electric zinc furnace (EZF), and various an@ainc smelting processes (AZSP).
With the hydrometallurgical smelting process, threzoncentrates are firstly roasted
to make zinc calcine. The zinc calcine is thenheacwith acid solution. The metallic
zinc metal is finally produced after purificationdaelectrolysis. The flow diagram of
zinc production process is shown in Rgl.
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Fig. 2-1 Flow diagram of zinc production process

2.1.2 Lead smelting process

Lead smelting process refers to the process thdtdelfide is oxidized into lead
oxides and then reduced into metallic lead withboarat high temperature. This
process can be divided into two process of crude snelting and refining. However,
a large part of mercury is emitted into atmosplieméng crude lead smelting process.

The crude lead smelting process refer to the psesesincluding lead
concentrates oxidation, lead calcine reductiond Ilshudge separation. The flow
diagram of lead production process is shown in Eig.
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Fig. 2-2 Flow diagram of lead production process

The smelting reduction processes include oxygedm-risottom blowing
smelting-melting rich lead sludge direct reductiprocess, oxygen-rich bottom
blowing smelting-blast furnace reduction technodsgi(Shuikoushan smelting
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technology), oxygen-rich top smelting-blast furnaaceduction technology,
sintering-closed blast furnace smelting technol¢P), oxygen bottom smelting
technology (QSL) and Kaldor furnace smelting te¢bgyp

Fuming processes include rotary kiln technologynifig furnace technology,
fuming furnace-waste heat boiler integrated tecbgyl

2.1.3 Copper smelting process

The raw materials for copper smelting include reatoopper, sulfide ore and
oxide ore. The sulfide ore is the main material dopper smelting process. The
copper smelting processes can be divided into pgtalharical process and
hydrometallurgical process. The former one is thenntechnology in China. The
production of copper making with pyrometallurigigaibcess took up 85% of the total
production in China. The hydrometallurgical procéssbeing gradually extended
nowadays, which largely decrease the cost of compeiting.

The main kinds of furnace for pyrometallurgical $ting include sinter smelting
furnace, reverberatory furnace, electric furnace #ash furnace. The copper matte
produced from smelting furnace was converted imtale€ copper in the convertor.
The crude copper was then refined in the refinirac@ss or electrolyzed after being
casted into positive plate, so as to obtained mistic copper (containing 99.9% of
copper). During the smelting and converting procesercury will emit into
atmosphere. The hydrometallurgical processes iedtadsting-leaching-electrolyzing
process, leaching-extraction-electrolyzing procéssterial leaching process. These
processes are used to leach complex low-gradecopner oxide and copper ore
waste.

The main copper smelting processes used in Chindealivided flash furnace
smelting process (FFSP), rich-oxygen bath smeftingess (RPSP), imperial furnace
smelting process (IFSP), roasting-leaching-elegtinfy process (RLEP) and
electrolytic furnace/reverberatory furnace prodgssRF).

2.1.4 Industrial gold smelting process

The atmospheric mercury was emitted from the ptedreat refractory gold
concentrates. The reserve of refractory gold camatss was regarded to be about 1/3
of total proven reserves of gold concentrates. ifiaén process for refractory gold
concentrates include biological oxidation, presstinermal oxidation, roasting
oxidation pretreatment process. The main processech atmospheric mercury
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emission was the roasting-cyaniding gold extractimctess.

The roasting-cyaniding gold extraction processésr i the cyaniding process
after roasting gold concentrates. The fluidized-tbmabting was used for concentrates
roasting with the processing capacity of 5000~60@0The temperature of the roaster
was about 650-750C. A typical flow diagram of this process was shown in
Fig. 2-3.
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Fig. 2-3 Flow diagram of roasting process

2.2 Atmospheric mercury emission from nonferrous metal
smelters

Trace amounts of mercury was often associatednfen@us metal ores. Song et
al.,, (2010) and Li et al., (2010) estimated mercaoncentration in the zinc
concentrates and found out that mercury conceotrati ore concentrates varies with
place. For example, mercury concentration in the aoncentrates from Xizang
province was only 0.23 mg/kg while the concentraiiothe concentrates from Gansu
reached 500 mg/kg. Wu et al., (2012) summed merconcentration in 351 zinc
concentrates, 190 lead concentrates and 174 caeppeentrates and found out their
concentration varied from 0.01 to 2000mg/kg.

During the high temperature roasting process, rbatercury will emitted into
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flue gas. The emitted flue gas was distributed otteer materials such as dust, waste
acid and sulphuric acid, after dust collector (D@ue gas scrubber (FGS),
electrostatic demister (ESD). Only a small amounimercury will be emitted into
atmosphere.

Compared to the emission amount of ,S®IC, and particulate, mercury
concentration in the flue gas was quite Iag/tn® degree). Thus, the difficulty as well
as cost of field measurement of mercury will behlig In order to increase the
understanding to atmospheric mercury emission fnomferrous metal smelters, filed
measurement of atmospheric mercury emission frorglesismelter is encouraged.
However, it is impossible to measure atmospheriacorg emission from all
nonferrous metal smelting facility.

In most situation, atmospheric mercury emission estimated with emission
factor method. In earlier estimates, the mercuryission factors for China’s
nonferrous metal smelters were regarded as saiti®ses for other countries (Nriagu
et al., 1988; Pacyna et al., 1996). Pirrone etl&896) assumed the mercury emission
factors for zinc and lead smelters in developingtioents to be 25 and 3 g/t metal
produced, respectively. But there were no datad®reloping countries including
China. Wu et al. (2006) and Wang et al. (2006) y#esd the mercury content in
concentrates and estimated the mercury emissitorfecbe 13.8-156.4, 43.6 and 9.6
g/t for zinc, lead and copper smelters, respegtivelowever, these values were
proven to be overestimated since the synergic mgreimoval effect of APCDs was
not considered (Feng et al., 2004; Li et al., 200Mng et al., 2010; Zhang et al.,
2012). Feng et al. (2009) summarized previous studind pointed out that the
average emission factors were 5.4-155 g/t Zn, ¢8.Bb, 9.6 g/t Cu, respectively. Wu
et al., (2012) summed a research table accordingrtent researches.

Current researches on gold smelting are much limitédne emission factor for
industrial gold smelting is 0.02-0.79 g/g ( Kima#t 2010; Lacerda 1997; Lacerda
and Marins  1997; Nriagu & Jerome 01993; Pacyna et al.2010; Pirrone et al.
2009; Steets et al 2011). However, these emission factors are maifniyn
amalgamation production and lack the support okerpental data.

Caused by the large uncertainty of emission faotethod, another method
based on technology process was developed. Thisocheequires to considering
many parameters such as mercury input during smgeftiocess as well as mercury
removal efficiency of air pollution control devices
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Table 2-1 Mercury emission factor for zinc, lead @opper smelters

Metal Smelting Mercury emission factor (g}
Process A® B? C D? = P G H? s Nj K® L® Mm?
b 8-45 25 20 13.8-156.4 75-8 16.61 5.4-155 7 7.82
EP with MR1 5.7 0.t 0.5¢
EP without MRT 31 0.57 9.75
Zinc RZSP 34 6.16
EZF 13.80
ISP 122 2.98 6.02
AZSP 79/155 75 45.75
P 2-4 3 3 43.6 3 14.91 43.6 3 10.97
RPSP 1.00 1.19
Lead SMP 0.49 10.16
SPP 29.35
ISP 6.07
b 10 9.6 5-6 6.72 9.6 5 0.85
FFSP 0.23 0.26
Copper RPSP 0.09 0.28
IFSP 1.07
EF/RF 14.96
RLEP 0.38
a.

A. Nriagu et al., 1988; B. Pirrone et al.,1996;Racyna et al., 2002; D. Feng et al.,2004; E. Streetl.,2005;Wu et al.,2006; F.

Pacyna et al., 2006; G. Hylander and Herbert., 26D&acyna et al., 2010; I. Feng et al., 2009¢etLal.,2010; K. Wang et al., 2010; L.
Zhang et al., 2012; M. Wu et al., 2012

b. Not specific value for each process
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2.3Thebest environmental practice for atmospheric mercury
emission from nonferrous metal smelters

The best environmental practice for controlling espheric mercury emission
nonferrous metal smelting process is as follows.
 Enforcement of the operational management; estabést of post

procedures; development of contingency plans; eggtiaining of the
operators.

* Enforcement of the use and maintenance of produaguipment so as to
ensure the normal operation of equipment.

« Pay attention to mercury measurement and managenieke regular
mercury balance test in the whole plant.

» Establish atmospheric mercury accounting systemh sas mercury
generation and emission system.

» Establish and improve the recording and produati@magement systems.

» Take reliable measurements to prevent flue gasemwalion and pipeline
corrosion when using baghouse or electrostatictators.

» Operate the dust removal system under vacuum o0 agoid overflow of
harmful gases.

» Dispose waste reasonably to prevent secondarytjooilu

2.4 Atmospheric mercury emission control technologiesin

nonferrous metal smeters

2.4.1 Adjustment of industrial structure

Atmospheric mercury emission can be reduced bytihigiand eliminating
backward production capacity and increasing thestiold of the establishment of a
new smelting enterprises including the applicatafnadvanced technologies and
supporting air pollution control devices.

Wu et al., (2012) pointed out that atmospheric mgremission factor reached
45.75 g/t for artisanal zinc smelters while the ssian factor was only 9.75 g/t for
hydrometallurgical process. For lead smelters, dtraospheric mercury emission
factor reached 29.35 g/t for artisanal lead smelkdrile the emission factor was only
1.19 g/t for rich-oxygen bath smelting process.cbpper smelting industry, the
emission factor of electric furnace and reverbeyafarnace (14.96 g/t) was also
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higher than flash furnace smelting process and oixygen bath smelting process
(0.26-0.28 glt)

2.4.2 Synergic atmospheric mercury control technology

Generally, air pollution control devices (APCDsY fwrimary flue gas in most
nonferrous metal smelters consist of dust collsctbiC) and acid plants.

2.4.2.1 Dust collector

Dust collectors installed in zinc smelters gengrahcluded cyclone dust
collectors, waste heat boilers, and electrostatcipitators. Some smelters installed
fabric filters.

Mercury concentration in the flue gas from roagienerally varies in a large
range. Sometimes, the concentration reached asabigbmg/m

Dust collector generally remove only particulatettera(PM)-bound mercury by
collecting PM. Current research in nonferrous mstaélters indicated that the WHB
and CYC has low mercury removal effiency, generatiger 5% (Zhang et al., 2012).
The ESP has Hg removal efficiency from 2.39% to42@. The effiency of FF is
higher, from 25.21% to 56.10% (Li et al., 2010; \Yaet al., 2010; Zhang et al.,
2012).

2.4.2.2 Acid plant

Different SQ treatment processes are generally used dependingS@
concentration in the flue gas. Flue gas desulftidnaand sulfuric acid production are
the two main methods of S@eatment.

When SQ is lower than 2.5%, the flue gas desulfurizaticetmd is adopted for
flue gas treatment. For flue gas with a,®0ntent between 2.5% and 3.5%, two kinds
of acid making methods can be used. One is nomhst®ate method with the
conversion ratio of 80-90%. Thus, the flue gas khba treated with additional FGD
SO as to emission on standard. The other methibek i8VSA method from the Danish
company Topsoe. This method requires 3.5% of &dcentration in the flue gas to
ensure stable operation. When,S@ncentration is in the range of 3.5-5.0%, single
convection and single adsorption method, matchiity waste flue gas adsorption
equipment, can be used to ensure the emissioraodastd. When S{concentration
is larger than 5.0%, regular double convection dodble adsorption method can be
adopted.
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The mercury removal inside the acid plant can beegdly divided into two
stages. During the first stage, that is, FGS and,ESercury in the flue gas goes into
the waste water. During the second stage, th&HJ; and the C&A process, mercury
in the flue gas goes into the sulfuric acid prodlitie removal efficiency in first stage
is determined by the speciation of mercury in the fjas entering into the acid plant.
Field experiment in 7 nonferrous metal smelters|uiding the one reported in this
project indicated that the Hg removal efficiencyRES is 17.40-66.59% while the
removal efficiency of ESD is 30.3-32.3%. The Hg osal efficiency for the second
stage depends on acid making process. For SCSegsothe removal efficiency is
about 55.41% while the removal efficiency for DCi3Arom 68.38 to 99.64%.

2.4.3 Specific mercury control technologies

The specific mercury control techonologies in therld can be divided into
Boliden-Norzink process, Outokumpu process, Bolkpracess, Selenium filter
process, Selenium filter process, Activated canatess, Lurgi application process,
Tinfos Miltec process, and DOWA filter process

2.4.3.1 Boliden-Norzink process

The Boliden-Norzink mercury removal process is aticmous gas scrubbing
process, which removes mercury from the flue gasguasn acidic mercuric chloride
(HgCl) solution. Oxidized mercury (H§ in the HgC} solution reacts with
elemental mercury (Hyin the flue gas and rapidly generates water-indelsblid
mercurous chloride (H€l;). Some of this HgCl; is used to generate the HgCl
solution, added to supply Egons, while the rest is recycled following precéion
treatment. The Boliden-Norzink process involves tbkowing three steps. First,
mercury scrubbing occurs in the reaction tower. Tigaction tower is a
counter-current absorber tower made of fiber gtagsforced polypropylene plastic.
In the reaction tower, the HgCéolution is sprayed evenly in the packing area and
reacts with mercury in the flue gas. The second Bteolves the production of the
calomel mercurous chloride (kf0l), which is suspended in solution. Some of the
Hg.Cl; is also sent to chloride process. During the fatap the HgCl, is oxidized by
Cl; in the stirring tank.

2.4.3.2 Outokumpu process

The Outokumpu process is based on converting draerital mercury in
the gas into a sulfate according to the reaction:
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Hg + LSO, --> 1/2 Q + HgSQ + H,O
2.4.3.3 Bolkem process

The Bolkem process is based on mercury being réawitt sulphuric acid and
treated with sodium thiosulphate to precipitaterttercury as mercuric sulphide.

2.4.3.4 Selenium filter

The selenium filter is especially suited for lownewgy concentrations in the gas
and consists of a porous inert material soaked sétbnious acid which is then dried
to precipitate red amorphous selenium accordinthéoreaction: b5eQ + H,O +
2SQG --> Se + 2 HSOy. The filter will remove approximately 90% of thecoming
mercury. The investment cost is proportional toghae flow rate.

2.4.3.5 Selenium scrubber

The selenium scrubber, like the selenium filtediese on the presence of
amorphous elemental selenium to react with the eteah mercury in the gas. The
selenium scrubber is suitable for removing relatarge quantities of mercury in the
gas and has a removal efficiency of approximatéhs9

2.4.3.6 Activated carbon filter

The activated carbon filter is well known for itdsarption properties. For the
adsorption of mercury, activated carbon can nogmatlsorb 10-12% of its own
weight. The operating temperature of the carbderfik limited to 50°C. The method
is especially suitable for low mercury concentnasian the gas. A 90% removal
efficiency is normally achievable.

2.4.3.7 Lurgi application

The Lurgi application is a kind of activated carbbiter. Lurgi consists of
mercury removal units (MRU) which uses wet ESP amhcked bed absorber using
sulphur-impregnated coal to remove mercury fromdfigas. The wet ESP removes
dust and tars before the mercury contaminated adfig heated to 60-850C and is
absorbed in series of packed bed absorbers. I twd=ntrol the gas flow through
the unit, the MRU is equipped with a system forsgtge control. The MRU has a
removal efficiency of 95%.
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2.4.3.8 Tinfos Miltec process

The Tinfos Miltec process removes mercury fromdfiegas by washing

it con-currently with seawater containing sodiunpdghlorite which oxidizes the
mercury. In addition, the wash water collects dast] reduces sulphur dioxide (SO2)
emissions to air. The wash water after gas cleaoimgains the mercury as mercury
salts, which is added disodium sulfite (Na2S). Teads to the formation of mercury
sulfate (HgS) and other metal sulfite precipitatdich can be removed from the
process using a press filter. The Miltec processores 95 % of the mercury from the
off-gas.

2.4.3.9 DOWA filter process

The DOWA filter process (lead (ll) sulfide covenadmice filter) captures
metallic, oxidized and particulate mercury.

The mercury removal efficiencies of specific meycwontrol devices was
impacted by the flue gas component as well as da concentration. The suitable
specific air pollution control device will have theercury removal efficiency of more
than 90%.

Boliden-Norzink mercury removal technology indightéts mercury removal

Field experiment in a Chinese zinc smlténstalling with

efficiency of 88-92%. Table 2-2 shows the mercrggnoval efficiencies of typical
mercury removal technologies tested in Sweden Bolgimelters

Table 2-2 Mercury removal efficiencies of typicalercury removal technologies
tested in Sweden Boliden smelters

Mercury removal Flue gas Total mercury concentration (Hg-tot)
techniques flow
ng/Nm? ng/Nm® | Reduction
efficiency %

Boliden Norzink process| 9879 9879 30 99.7

51 51 13 74
Dowa filter 50 50 1.4 97

10.5 10.5 1.2 88
Selnium filter 1008 1008 48 95

42 42 12 71
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Active carbon filter 1206 1206 32 97

37.2 37.2 2.7 93

24.4 The treatment and reuse of byproduct from nonferrous metal smelting
process

Mercury releases from concentrates into flue gasigh temperature. The
released mercury would be distributed into fly agaste acid and sulfuric acid at dust
collector, flue gas purification and acid makingogess. The disposal of these
mercury-contained materials will lead to mercury ittng into environmental
materials. During the gold, lead and copper snglprocess, the fly ash captured by
the dust collector would be resent to roaster/sngefiurnace. Thus, mercury in the
fly ash is released into flue gas again. The dabposfly ash descried above is one of
the pathways to treat fly ash in the zinc smelteliswvever, in most zinc smelters, fly
ash is leached in the leaching process with zifgirea Therefore, mercury in the fly
ash would contaminate next production process. Suemneof mercury flow into the
leaching process would go to volatilization kilnthvieaching sludge and released into
flue gas again. Other part of mercury would go éavy metal sludge such as silver
sludge and cadmium sludge during the purificatiénleachate. Thus, during the
disposal of fly ash, the transportation of merdatg lower production process should
be avoided. This could be achieved by disposadly after distilling the mercury in it
or avoiding the reuse of fly ash in the leachingcpsss.

The waste acid is one of the main outputs of mgraoputted into smelters.
During the production process, the waste acid igin mercury concentration should
be avoided mixing with other kind waste water. Maaste acid sludge from filter
pressing waste acid contains high concentratianatury (generally more than 1%).
Thus, they are much easier to be recycled. Howewsen the waste acid mixes with
other kind of waste water, mercury concentratiorude lower. Thus, the sludge
from this kind of water would not be high enoughbt® recycled. Besides, since the
sludge contains certain amount of mercury, it 8o dlard to be reused in other kinds
of industry. Moreover, the waste water should beided reusing in the leaching
process before removing mercury in it.

Sulfuric acid is one of the main outputs during ahgtroducing process. The
sulfuric acid is generally used in the fertilizerdachemical industry. Since the flow of
sulfuric acid from nonferrous metal smelters iff stiknown. Thus, most mercury in
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the acid should be removed to avoid its transporiab the downstream production
units.

2.5 Atmospheric mercury emission control regulations and
standards from nonferrous metal smelting industry

In 2010, the zinc, lead, copper and gold productieeched 5210 kt, 4160 kt
4540 kt and 342 t in China (Jia and Wang, 20Chinese gold industrial association,
2011).

2.5.1 Industrial restructuring

China has promulgated a series of notificationeestructure industrial, such as
“Catalogue of industrial structure adjustment (2005Catalogue of industrial
structure adjustment (2011)", “Notice on the guitamf regulating the behavior of
lead and zinc industry investment and acceleratingctural adjustment” “the state
council on further strengthening elimination of kaeard production capacity”. The
flowing zinc, lead and copper producing procesgesircluded in the elimination
directory: “The zinc roasting furnace or oxidizedzproduction process with simple
dust collection facilities, such as muffle furnaoeanger furnace, horizontal tanks and
small vertical retorting furnace”, “The lead smmdtifurnace such as sinter pot, sinter
plate, and simple blast”, “The copper smelting &o® such as blast furnace, electric
furnace and reverberatory furnace”, “The gold smegltprocess such as gold
amalgamation, small cyanide pool leaching procas$ artisanal gold production
process”.

The ministry of industry and information technologfythe People’s Republic of
China issued the target of eliminating backwarddpodion capacity in key industries
during the “13' Five-Year Plan” and pointed out that China wilineéhated 650 kt
zinc backward production capacity, 1300 kt leadkibaad production capacity and
800 kt copper backward production capacity from@a@015.

“The access conditions for lead and zinc indust?@1@)”, “The access
conditions for copper industry (2013)” also progbsequirements for new smelters.
On the one hand, the production of refined coplped and zinc should be limited in
6500 kt, 5500 kt and 7200 kt during the1Pive-Year period, and the relative
increase ratio should be controlled in 7.3%, 5.2%6 6.9% respectively. On the other
hand, the requirement on the smelting technology emvironmental protection has
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been strengthen. For the new lead smelting prdjeetsmelting process should adopt
the advanced lead smelting process, such as oxygemottom blowing strengthen
melting-liquid high lead sludge direct reductiono@ess, one-step lead smelting
process, or oxygen-rich top blowing strengthen imglprocess. Besides, acid plants
with the double conversion double adsorption oepttiual-adsorption acid making
system should be installed for the smelting flus. gor the new zinc smelting project,
the boiling fluidized roasting process with highifgu utilization rate and exhaust
emission on standard should be installed for sdlifuc roasting. The square for single
boiling fluidized bed must be no less than 109 Atcording to S@ concentration in
the flue gas, plants with acid making of double \@rion double adsorption,
exhausted gas adsorption or their combination shbal installed. For new copper
smelting project, advanced technology with high dmaiion rate, low energy
consumption, standard environmental protection tm@cand good utilization of
resources should be adopted. Acid making planssurees utilization units, energy
saving equipment should be installed. The acidtplahould be installed with dilute
sulfuric acid scrubber and purification units, dieutonversion and double adsorption
(or triple conversion and triple adsorption) uni¢ater or hot concentrated acid are
prohibited to be used in purification units. Treatrhfacilities are required to set up
for sulfuric exhaust.

Except for industrial restructuring, China alsaiess many relative standards on
mercury emission limits and technical policy guidan
2.5.2 Atmospheric mercury emission standards for zinc and lead smelting

industry

The “Emission standard of pollutants for lead andnhcz industry
(GB25466-2010)" proposed that atmospheric mercumnisgion limit for
smelting/roasting flue gas from all lead and zinwekers is 5Qug/m®. Atmospheric
mercury concentration around the boundaries of aratp should be less than 0.3
ng/m®. The “Industrial pollution control technology poi for lead and zinc smelting
industry (2012)” points out that $SOn the smelting/roasting flue gas should be
recycled to produce sulfuric acid or other produ@tse acid making technologies of
adiabatic evaporation acid purification method atamlble contacts method are
encouraged to be used. Measures should be usesimove acid mist and other
exhausted gas to purify flue gas. The acid mistmfrelectric tank in the
hydrometallurgical process should be collected pumdfied. Zinc leaching tank and
purification tank should be supported with waste gallection, gas-liquid separation
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and mist removal equipment. Specific mercury rerhtaehnologies such as chloride
and iodide method are encouraged to be used toveemercury in the flue gas.

2.5.3 Atmospheric mercury emission standardsfor copper smelting industry

The “Emission standard of pollutants for coppeckal and cobalt industry
(GB25467-2010)" proposed that atmospheric mercamssion limit for the flue gas
from all copper smelters is @)/m®. Atmospheric mercury concentration around the
boundaries of corporate should be less thamd/@®.

2.5.4 Atmospheric mercury emission standardsfor gold smelting industry

The “Integrated emission standard of air pollutapt®posed that atmospheric
mercury emission limit for the flue gas from gohdedters is 151g/m®. Atmospheric
mercury concentration around the boundaries ofaratp should be less than 1.55
pg/m>.
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3 Cement manufacturing process

3.1 Process

3.1.1 Introduction

The basic chemical principles of cement productoe as follows: CaCQis
firstty decomposed to CaO and €@t 900°C, which is called calcination.
Subsequently the clinker containing silicate, alae and calcium ferrite is produced
through the reaction of CaO, SiQ\I,03 and FeO at the temperature of 1400-1500°C.
Finally the clinker, plaster and other additives anilled to produce cement.

Cement kiln is the main facility in cement manutactg process, including
rotary kiln and shaft kiln. Rotary kilns can be sddied as precalciner process,
preheat process, heat recovery kilns, dry kilngpolL&ilns and wet rotary kilns. Shaft
kilns include conventional shaft kilns and mechadizhaft kiln. The precalciner
process accounts most in cement production.

The cement production of China in 2010 is 20.9dviltons, and the precalciner
process, rotary kilns and shaft kilns contribut&80% and 19%, respectively.

3.1.2 Rotary kilns

Raw materials, called slurry in wet process, isté@an rotary kiln, which is a
large, constantly rotating and tilting steel fures.cThe air and raw materials flows in
opposite directions in rotary kilns to make thethemsfer easier. Raw materials enter
the rotary kiln through the higher end, or cold ,eadd flow to the lower end. Coal
and fuel is usually used as fuel to heat the rokdry Raw materials is heated and
decomposed to produce clinker, which contains chuwikhon-combustible materials.
The clinker flows into coolers from kiln head abab1,000°C. The clinker cooler is a
typical mobile refrigeration equipment, which calid is pushed in.

All the cement manufacturing process can provide thigh-temperature
conditions to produce clinker. Which process isped depends on the operation
conditions and fuel efficiency.

3.1.2.1 Dry process

In the dry process, raw materials are dried andedchilo powder, and enters the
preheater or precalciner. In rare conditions, raatemals directly flow into rotary kiln
to increase the energy efficiency.
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To avoid energy waste, a preheater tower includingeries of cyclones is
installed before rotary kiln. Raw materials entke ttower from the top and the
high-temperature flue gas flows in opposite di@ctvith raw materials from the
bottom to preheat raw materials. Raw materials segarated with flue gas in the
preheater and enter the rotary kiln, which is srothan that without preheater
because of higher temperature of raw materials.

Alkali bypass system is needed in preheater to vem&ome unnecessary
compositions, such as alkali. The alkali composgi@an be enriched in rotary kiln
and make it difficult to clean the sediments ongbdgace of rotary kiln, even needing
to stop the cement production. Pumping part of §as containing high concentration
of alkali can help solve the problem. If anotheacktis built by the alkali bypass
system, the flue gas emitted is the same as thegis of rotary kiln.

Like the preheater process, the precalciner probefsre the rotary kiln can
increase the temperature of raw materials. Thedltube of precalciner is connected
to the bottom of the preheater. The precalciner a®o increase the production
capacity of rotary kiln. The life length of rotakyin is extended by the lower heat
load of combustion area. However, this process mékaecessary to install an alkali
bypass system to control the alkali concentratiorilue gas. If all the flue gas is
emitted from a stack, the compositions are the sasribe flue gas in the rotary kiln.

—— Raw materials and dt
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Figure 3-1 rotary kiln with preheater and pretsdc
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3.1.2.2 Semidry process

In the semidry process, the raw meal is composedryfraw materials and
12-14% water by weight. The raw meal enters thégater or long rotary kiln with a
cross, dried by the high-temperature flue gas atdred.

3.1.2.3 Semi-wet process

In the semi-wet process, the raw materials, gelydnalving a high percentage of
water, is milled in water to produce slurry. Thée slurry is dehydrated in filter press
to make small raw material balls. The raw matdréls enter the preheater or directly
flow into rotary kiln to produce clinker.

3.1.2.4 Wet process

In the wet process, the raw materials, generalljinigaa high percentage of
water, is milled in water to produce slurry. Thée slurry is directly transmitted to
rotary kilns or preheater. The wet process is a/eotional process, which is usually
used for milling raw materials in water. Since thater vaporization needs more
energy, the wet process has higher energy consompti

3.1.3 Air pollution control devices

The particular matter is the predominant pollutbort air pollution control of
cement manufacturing process in China. Currentlp€€&d FFs are often installed in
cement plants. More than 90% of cement plants in&have installed ESPs and FFs.

Desulfurization devices are not generally installedement plants. However, in
some plants with a high sulfur concentration in raaterials, wet scrubber is used.

The NOx removal technologies in cement plants aeelgminantly preliminary
synthetic method, including flame cooler, boilesida, staged combustion or SNCR.

3.2 Atmospheric mercury emissionsin cement manufacturing
process

The raw materials used in cement production incldoeestone, clay,
iron-containing materials, coal powder, sandstame flag. Oil, natural gas, garbage,
Petroleum coke, waste solvent, and waste solvenalao used in some plants. It is
found that trace mercury exists in all the materiaind is emitted to the flue gas in
high-temperature manufacturing process. The mercancentration in limestone
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ranges largely 0.001-2mg/kg, and has a larger megiaof 0.002-3.25mg/kg in clay.
The variance makes it difficult to accurately estien the mercury emissions of
cement plants.

Part of the mercury in the flue gas is collectedthyy dust collectors and other
facilities, and enters the solid materials. Thesotart is emitted into the atmosphere.
The mercury in the solid materials has a diffemrtput because of the different flow
of solid materials. When the solid materials aycéed into the rotary kiln, mercury
is also cycled in the cement manufacturing procass, the outputs of the whole
process include clinker and flue gas. The merconcentration in clinker is usually
quite low and thus the preliminary output for meycin raw materials and fuel is the
flue gas. When part of the solid materials, sucbaliected dust is disposed out of the
manufacturing process, the mercury is therefore afsitted through solid materials
and the mercury emission to atmosphere is reduSate the heavy metals are
concentrated in fly ashes, the fly ashes shouldlisposed carefully and usually
recycled.

The atmospheric emissions of cement plants are llysesatimated using
emission factor. 65-100 mg Hg/t cement is ofterduseprevious studies(Pacyna and
Pacyna2002; Pacyna et aR006; Pacyna et a010). And 40mg Hg/t cement is also
used in some studies to avoid the duplicate caloulaf coal contribution(Streets et
al., 2005; Wu et al. 2006). Some other studies indicate that the mereuarigsion
factor of cement plants is approximately 26-34 mg/tHclinker(Lee, 2012).
Obviously there is a large uncertainty in emisgamtor of cement plants.

Currently there is a lack of studies on the merdughavior and emissions in
cement manufacturing process, and the mercury otrat®n in raw materials.

3.3 Thebest environmental practicesto control mercury
emissions from cement manufacturing process

The best environmental practices to control mercemyissions from cement
manufacturing process include:

» ldentify key process parameters, either from giee#ic investigations or
research undertaken on similar facilities elsewhere

» Introduce measures that enable control of key moparameters;

* Introduce monitoring and reporting protocols foy keocess parameters;
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* Introduce and follow planning cycles, implementgpiate inspection and
maintenance cycles;

* Introduce an environmental management system kbatly defines
responsibilities at all levels;

» Ensure adequate resources are available to impteandrcontinue best
environmental practices;

» Introduce process improvements to reduce techhim#enecks and delays;

» Ensure all staff are appropriately trained in tpplieation of the best
environmental practices relevant to their duties;

» Define a fuel specification for key fuel parametansl introduce a
monitoring and reporting protocol,

34 Mercury control technologiesfor cement plants

Control of mercury emissions for cement plants tyaiiocus on the precalciner
process and presented as follows.

34.1 Mercury input reduction

The mercury emissions in cement manufacturing m®eee mainly from rotary
kiln, and depend on the mercury input from raw make Therefore, reducing the
mercury input can contribute a lot for atmosphenaission reduction. The reduction
of mercury input includes choosing the raw materiahd fuel with low mercury
concentration, and taking some measures to redgceércury concentration in raw
materials and fuel.

3.4.1.1 Coal washing

Generally speaking, mercury mainly exists in therganic minerals. Mercury
can be concentrated in the waste residue and segaxéth the raw materials when
washing. A recent study indicates that mercury mmiganic elements are closely
interdependent. Mercury may mainly exist in sulficembination or residual state,
and is enriched in pyrite. According to tests ot#&minous coal samples by the U.S.
environmental protection agency in 2001, the meraificiency is between 3% ~
64%, and the average is about 30% for coal waskmgddition to the conventional
method of coal washing, mercury can further be nesddoy the method of elective
sintering, pillar type foam flotation. The lattesihbeen practiced commercially. Some
test results show that combined with the conveatiovashing method, the mercury
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removal efficiency is 40% ~ 82%. Coal washing cambmeans of mercury removal
for power plants, but is not true for cement praguc Most of the mercury in the
cement manufacturing process is from raw materi8lssides, the wastewater
treatment cost is very high. Therefore the contrdsuof coal washing for mercury
control of cement plants is limited.

3.4.1.2 Fuel choosing

In addition to the traditional fuel, other fuel suas tyre derivatives fuel (TDF)
can contribute to the mercury reduction becaustsddw mercury content. A test on
a 55 kW pilot boiler indicated that the use of TBignificantly affected the mercury
speciation in flue gas, and increased the propodicoxidized mercury. This may be
caused by the high CI content. Oxidized mercury loareasily removed by the air
pollution control facilities. The contribution ofi€¢l with low mercury concentration is
limited by the proportion of mercury input from fus cement manufacturing
process.

3.4.1.3 Raw materials washing

The raw material washing basically includes clegrand gasification. Cleaning
method refers to separate mercury with raw matetf@bugh water cleaning because
of the water-soluble oxidized mercury. Gasificatimeans that the mercury in raw
materials is vaporized through heating and consgtuedsorbed by the activated
carbon tower. The cost of raw materials washinguie high considering the large
amount of raw materials used in the cement manufiact process. Therefore,
washing of raw materials is generally not apprdprfar mercury emission control of
cement plants.

3.4.2 Synergetic mercury removal of APCDs

Since the mercury cycles as discussed above ladghend on the removal
efficiencies of dust collectors, especially the Fe mercury removal efficiency of
heating fly ashes can be promoted by a high meremychment and removal
efficiency of different facilities. Theoreticallyh¢ method of fly ash disposal and
recycle to reduce mercury enrichment all comply hwthe above description.
Therefore the enhancement of mercury removal o$gmeair pollution devices is
significantly crucial for the mercury emission camtof the cement manufacturing
process with or without dust recycle.
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3.4.2.1 Mercury removal of ESPs

The dust removal efficiency of ESPs is generallyero®9%, thus the
particle-bound mercury is removed simultaneouslgweler, other mercury species
cannot be largely removed.

3.4.2.2 Mercury removal of FFs

Since mercury can be concentrated on the fine ghesti FFs have a higher
mercury removal efficiency than ESPs. The highenaeal efficiency is contributed
by that not only particle-bound mercury but alsbentgaseous mercury are removed
by FFs. The longer contact time between gaseousumerand dust cake are
considered to be the main reasons. The differesit dumoval mechanism of FFs and
larger contact area also contribute to the highercory removal efficiency. The
comparison of mercury removal efficiencies for ES#&l FFs indicates that the
removal efficiency of ESPs is 4-20%, while it is20% for FFs.

3.4.3 Reducing the mercury enrichment

The collected dust is mixed with raw materials @mders the rotary kiln to
produce clinker in precalciner process. Therefahe mercury removed by dust
collectors is cycled to the kiln system and incestt®e mercury concentration in raw
meal, and the mercury concentration in flue gagtechirom rotary kiln. The mercury
concentration in dust is higher than that in rawemals. If dust is not added into the
raw materials, the mercury input will largely desse. However, the large amount of
dust can still cause some other problems.

Another method is to add the dust which is heatedemove mercury to raw
materials and recycle to rotary kiln. This methaeh ceduce the mercury enrichment
and avoid disposing the large amount of dust. Qtigrea technology of roasting
process has been invented and applied for a pathattest results indicate that the
mercury amount in collected dust by FFs can taleab0% of total mercury input
for rotary kiln. The fly ashes can be regarded @®ad absorbent. The dust is first
heated by a heat source, such as the flue gasednfiim rotary kiln, to vaporize
mercury and then enters the cycle. The vaporizegtung can be separated with the
dust through an ESP under the high temperaturecohected dust is recycled to raw
meal silo and mixed with raw materials to produteker. The flue gas through the
ESP is cooled down and the mercury can be adsdpetthe remaining dust and
added sorbents. A FF after the ESP can removeusieithe flue gas. The collected
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dust can be added in the cement or disposed ag.wHst heat air and amount of
sorbent are estimated to be smaller than the &etwaarbon inject system. The above
technology is still in development, and thus theoeal efficiency and cost is not

very clear. Because of the high mercury removatieficy of ESP, the amount of

sorbents to adsorb gaseous mercury is also na{Zhemng et al., 2012).

Absorbents
Cooling Stack
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Dust Adding into
- recycling to cement or
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Figure 3-2 Dust calcination system

3.4.4 Mercury removal technologies

If the mercury input reduction is difficult, the rsrgetic removal efficiency is
low because of the mercury cycles, and reducingrteecury enrichment is also not
enough to meet the mercury emission standard, sspeeial mercury removal
technologies can be adopted before the stack.
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3.4.4.1 Activated carbon injection

Dust collector
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Absorbents injection — Wastes

Figure 3-3 a schematic diagram of activated caribgection

The three activated carbon injection (ACI) techgas widely used in power
plants include injection before dust collectoreaflue gas cooling down, and after
dust collector with another extra dust collectoded! The activated carbon (AC)
suspends for 1-3 seconds in flue gas, and thenwesnby FFs. ESPs are not
appropriate because of the mercury desorption.

The factor influencing the mercury removal effiaggrof ACI include mercury
concentration and speciation, physical and chenutaracterization of AC, size
distribution, pore structure and distribution, sad characterization, temperature and
compositions of flue gas, AC concentration, contante between AC and mercury,
and the dispersion of AC in flue gas.

The mercury adsorption capacity on AC is relatetthwwiercury speciation under
a constant temperature. The AC has a stronger @tdsombility for HgC} than Hg.
Other studies also indicate that the adsorptiolityabor elementary mercury of S-AC
is also enhanced. In real flue gas, the existing HCflue gas can transform
elementary mercury into oxidized mercury, and tfeeee there is no significant
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difference between the adsorption of elementarycorgrand oxidized mercury.

The mercury adsorption on AC is significantly irdhced by the temperature of
flue gas. A lower temperature will help increase #dsorption of mercury. The
removal efficiency ranges 10-70% at 170 while 90-99% at 100. Generally
speaking, the high-temperature flue gas at the tdih cools down rapidly after
flowing through heat recovery boiler. The tempematfor mercury adsorption is
crucial for ACI technology.

The humidity of flue gas is also an important fac# humidity of 5-10% can
largely affect the mercury capture because ofrithiition of water.

The adsorption is significantly affected by acid ga flue gas. The addition of
HCI and NOx has been confirmed to enhance the meoapture of AC.

The cost of ACI is quite high. For a productioneliof 1 million tons/year, the
construction cost can reach 20 million dollars dhd operation cost is 4 million
dollars. Besides, the disposal of AC after adsomptis difficult. Therefore, ACI
technology is rarely applied in cement plants. €hsronly one reported cement plant
in German adopting ACI.

3.4.4.2 Activated carbon bed

The flue gas flows through an adsorption bed iivattd carbon bed technology,
and the principles are similar with the activatetbon injection. The adsorption
equilibrium is important in activated carbon adsimp The activated carbon
reaching equilibrium should be replaced and tre&destmove adsorbed mercury or
just disposed as waste. However, because of theentmted heavy metals, the
activated carbon should be regarded as hazardoste.wihe cost of this technology
is quite high. The short life and blocking alsorgase the operation cost. Currently
there is only one facility installed in Europe. Aeted coke is similar with activated
carbon with a high cost, these technologies ar@apptopriate for commercial use.

3.4.4.3 Wet scrubber

When the flue gas flows through spray tower in @ieo direction with
limestone slurry, S@is adsorbed to form CaS@nd oxidized to CaSOBecause of
the lower temperature, mercury, especially Hg€tollected in slurry.

Multiple pollutants, such as S@nd other acid gas, can be removed using wet
scrubber and absorbents injection. Mercury candmeoved with waste water and
gypsum through wet scrubber. In United States, seetibbers are installed in some
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cement plants. Though these scrubbers are mainl$@ control, mercury is also
removed.

Wet scrubbers have some limitations. The crysttiin of gypsum can be
affected by dust. Therefore, the wet scrubber shdd installed after the dust
collector. More energy is consumed because of the af big fans. The water
consumption is also large. The low concentratioB0f can cause a small production
amount of gypsum and low mercury removal efficientlyge mercury speciation is
crucial for the removal efficiency since only ox@dd mercury can be removed.
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Figure 3-4 a schematic diagram of wet scrubber

3.4.4.4 Dry/semidry scrubber

Acid gas and mercury is adsorbed in a reactordfilgth absorbents in dry
scrubber. This technology is widely used in powans, and some cement plants.
Other suspended absorbers remove acid gas andmnérmugh the contact between
flue gas and absorbents. The used absorbents dhe reycled, and disposed as
waste. The dry scrubber should be installed aftst dollector. The mercury removal
efficiency can reach 80-90% in some studies. Coatpavith the wet scrubber, the
effects of mercury speciation have smaller effectdHg removal efficiencies of dry
scrubber. The removal efficiency is higher thanvatéd carbon injection because of
the temperature control in suspended absorber. @hergy consumption of
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dry/semidry scrubber is smaller than wet scrubbat, larger than activated carbon
injection technology.
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Figure 3-5 a schematic diagram of dry scrubber
3.5 Mercury emission standard of Chinese cement plants

Only the emission concentration of conventionalpalutants are listed in the
current Cement industry air pollutants emissiomasads(GB4915-2004). Mercury is
not included in this emission standard.

According to the newly released Cement industry @itlutants emission
standards(GB4915-2004), the mercury emission sternidad.05 mg/m for the new
cement plants built after MarcH' 2014, and for the existing plants from Jufy 1
2015.

The mercury emission standard is regulated as Mm@ in Cement plant
design specifications(GB 50295—2008), when was®yergistically disposed. The
mercury concentration in cement should be lowen th& mg/kg.

The mercury concentration should be lower than @@gnT in the flue gas of
kiln and heat recovery system when solid wastgnegjistically disposed in cement
kilns after March T 2014, according to Standard for pollution contramh
co-processing of solid wastes in Cement kiln (GB&H—2013).
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4 Wasteincinerators

Incineration is used as a treatment for a very waahgje of wastes. The objective
of waste incineration is to treat wastes so agdoce their volume and hazard, whilst
capturing (and thus concentrating) or destroyintepiially harmful substances that
are, or may be, released during incineration. Ewetion processes can also provide a
means to enable recovery of the energy, minerahemical content from waste.

4.1 Process

Incinerators come in a variety of furnace types sigds as well as combinations
of pre- and post-combustion treatment.

Incinerators are usually designed for full oxidatiwsombustion over a general
temperature range of 850 °C — 1,400 °C. This mayude temperatures at which
calcinations and melting may also occur.

Waste is generally a highly heterogeneous matec@hsisting essentially of
organic substances, minerals, metals and watein@umcineration, flue gases are
created that will contain the majority of the aaaie fuel energy as heat. In fully
oxidative incineration the main constituents of flue gas are water vapour, nitrogen,
carbon dioxide and oxygen. Depending on the comipasiof the material
incinerated , operating conditions and the flue gesning system installed, acid
gases (sulphur oxides, nitrogen oxides, hydrogeloride), particulate matter
(including particle-bound metals), and a wide raafyeolatile organic compounds, as
well as volatile metals (such as mercury) are emittFormation is normally
substantially increased in units that are poorlsigieed or operated.

Depending on the combustion temperatures during rien stages of
incineration, mercury in the input wastes is tgtalt partly evaporated to the flue gas.
A mineral residue fly ash (dust) and heavier sat (bottom ash) are created. Figure
4-1 presents a simplified flow scheme of an incaier
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Figure 4-1 Simplified flow scheme of an incinerator

4.1.1 Municipal solid waste incineration

Municipal solid waste incineration is commonly agganied by the recovery of
some energy (“waste to energy”) in the form of steand/or the generation of
electricity. Incinerators can also be designed coommodate processed forms of
municipal solid waste derived fuels, as well adidog with fossil fuels. Municipal
waste incinerators can range in size from smallk@ge units processing single
batches of only a few tons per day to very larga@suwith continuous daily feed
capacities in excess of a thousand tons.

By the end of 2010, there have been 170 municipid svaste incinerators in
China, accounting for 20% of the managed wasteceSigenerally there are no
mercury recovery facilities, the mercury-containimgstes, including fluorescent
lamps, thermometers, pressure gages, and batteniesduce mercury into the
municipal solid wastes.

The process for municipal solid waste incineratias been commercialized for
many years in China. Usually these waste incinesatwstall both advanced semi-dry
flue gas cleaning system and bag house, which essbe emissions lower than the
standard.

4.1.2 Hazardouswasteincineration

Incineration and other forms of thermal treatmdsb aepresent options for the
treatment of hazardous waste. Mercury in the hazerdvastes is mainly from the

53



used mercury-containing products and industrialtess

Similar to the incineration of municipal solid west hazardous waste
incineration offers the benefits of destructioroagfanic (including toxic) materials, of
volume reduction and concentration of pollutant® irelatively small quantities of
ashes, and, less frequently, energy recovery.

The most common combustion technology in hazardkaste incineration is the
rotary kiln, but grate incinerators (including daffg with other wastes) are also
sometimes applied to solid wastes, and fluidized ibeinerators to some pretreated
materials. Static furnaces are also widely apph¢dn-site facilities at chemical
plants.

In a rotary kiln solid, sludge, containerized ommpable waste is introduced at
the upper end of the inclined drum. Temperaturethénkiln usually range between
850 °C (500 °C when used as a gasifier) and 1,45@a% a high-temperature ash
melting kiln). AlImost all mercury in the solid wasivas released to the flue gas.

Most hazardous waste incinerators are modernizddrestalled with quenching
tower, semi-dry type reactor; lime and activatedbon are added in front of the
semi-dry flue gas cleaning system and bag househveénsures the emissions lower
than the standard.

4.1.3 Domestic sewage sludge

The incineration of sewage sludge is practiced amyncountries, either alone or
through co-incineration in municipal solid wasteiimerators or in other combustion
plants (e.g. coal-fired power plants, cement kilrS)milar to the municipal solid
waste and hazardous waste, the sewage sludgeoaisons mercury which is emitted
to flue gas after incineration.

A typical sewage sludge incinerator may processnash as 80,000 tons of
sewage sludge (35% dry solids) per year. The inatitn technologies of choice for
sewage sludge are the multiple hearth and fluidized furnace systems, although
rotary kilns are also used in smaller applications.

Sewage sludge is co-incinerated with municipaldsedaste in both fluidized bed
and mass burn (grated) incinerators. In the lathse, a ratio of 1:3 (sludge to waste)
is typical, with dried sludge introduced into thecineration chamber as a dust or
drained sludge applied to the grate through spenskl
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414 Medical wasteincineration

Certain amounts of medical waste are produced spitads. Incineration of
medical waste is performed in order to reduce thiernae of waste. Most medical
waste does not contain mercury and will not emitrauey, except for mercurial
thermometer and blood pressure gauge.

4.2BEP

Mercury emissions from municipal and medical wasteinerators may be
reduced by separating the small fraction of merauogtaining waste before it is
combusted. However, separation programmes are soagedifficult or costly to
implement widely, especially when dealing with theneral public. In such cases a
better long-term solution may be to strongly eneger the substitution of
non-mercury products for those containing mercury.

4.3 Technologies to control mercury emissions from incinerators

The PM control devices most frequently used aretelstatic precipitators
(ESPs) and fabric filters (FF), which both remotigulate mercury. Wet scrubbers
also remove oxidized mercury in the flue gas.

Typically, municipal waste combustion systems userabination of gas cooling
and duct sorbent injection (DSI) or spray dryer YSistems upstream of the particle
removal device to reduce temperatures and provideananism for acid gas control.

4.3.1 Duct sorbent injection (DSI)

Mercury emissions from medical and municipal wasteineration can be
controlled relatively well by addition of a carbsorbent. Duct sorbent injection has
been widely used in the waste incinerators in Eeirapd United States. The most
common sorbent is PAC. The sorbent is usually tegdefore the existing PM
control equipment and can be captured by the faigW?M control equipment.

Such control technology can have 90% Hg removatieficy.
4.3.2 Semi-dry spray tower and CFB-FGD
Semi-dry spray tower and CFB-FGD are the most widskd flue gas cleaning

equipment in Chinese municipal waste incineratbh&se technologies not only meet
the requirement of emission standards, but alse laer advantage of no waste water
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and low cost (Cui et al., 2007).
4.3.2.1 Semi-dry spray tower

Semi-dryspray tower system consists of spray dryer toweredtone slurry
system, activated carbon injection, and fabricefiltLimestone slurry is introduced
into a spray dryer tower. A high-speed centrifugatzle is installed at the top of the
tower, which atomized and injected the 9-13% limestslurry into flue gas. Very
fine droplets are commonly generated.

Flue gas from waste incinerator enters into thedbphe tower. The acid gases
(e.g., HCI, SOx and HF, etc.) react with the lino@st slurry and precipitate to the
bottom of the tower with larger particles in thadlgas. Activated carbon is injected
into the duct after the tower, which removes disxas well as mercury in the flue
gas.

A waste incinerator in Shenzhen introduced Seghkrs gas purification
technology, which uses rotating spray semi-dry §ae cleaning system. This flue gas
treatment unit can remove multi-pollutant in theeflgas, including dust, SOx, NOX,
heavy metals, dioxins and other pollutants. Thecomgrremoval efficiency reaches
nearly 90% (Li, 2006; Cui et al., 2007).

4.3.2.2 CFB-FGD

CFB-FGD technology has been applied in coal-firad waste-to-energy plants.
CFB-FGD technology has the advantages of removiali4pollutants including S@
and mercury, fewer moving parts resulting in highikability and lower maintenance
cost. CFB-FGD has a mercury removal efficiency\@ra®0% (Lin, 2008).

4.4Mercury emission standard for wasteincineratorsin China

In 2001, Chinese government released the Pollution
Control Standard for Municipal Waste Incinerati@B(18485-2001) and
Pollution Control Standard for Hazardous Wastenartion (GB 18484-2001).

These standards set up the threshold value for uneremissions from
municipal waste incineration and hazardous wasteinémation as 0.2 mg/m
and 0.1 mg/m respectively. With advanced technologies, mostlyeduilt waste
incinerators in China can meet the standards.
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