
Proceedings of the 17th Biennial Waste Processing Conference 
ASME 1996 

CONTROL OF AIR POLLUTION EMISSIONS FROM 
MUNICIPAL WASTE COMBUSTORS 

James D. Kilgroe 
U. S. Environmental Protection Agency 

National Risk Management Research Laboratory 
Research Triangle Park, North Carolina 

Anthony Licata 
Licata Energy and Environmental Consultants, Inc. 

Yonkers, New York 

ABSTRACT 
The Novemher 1990 Clear Air Act Amendments (CAAAs ) 

directed EPA to estahlish municipal waste comhustor (MWC) 
emission limits for particulate matter, opacity, hydrogen 
chloride, sulfur dioxide, nitrogen oxides, carhon monoxide, 
dioxins. dihenzofurans. cadmium. lead, and mercury. Revised 
MWC air pollution regul ations were suhse'luently proposed 
by E PA on Septemher 20. 1994. and promulgated on 
December 19.  1 995. The MWC emission limits were based 
on the application of maximum achievable control 
technology (MACT). This paper provides a brief overview of 
MWC technologies. a summary of EPA's revised air pollution 
rules for MWCs, a review of current knowledge concerning 
formation and control of polychlorinated dihenzo-p-d ioxins 
and polychlorinated dihenzofurans. and a discussion of the 

behavior and control of mercury in MWC' /lue gases
· 

INTRODUCTION 
In June 1987. EPA announl'ed its intention to develop new 

air pollution rules for MWCs. l This decision was hased. in 
part. on a study of the potential e n vironmental risk 

associated with MWCs.2 Pollutants posing the highest risks 
included polychlorinated dihenzo-p-d iox i ns ( PCDDs ). 
polychlorinated dibenzofurans ( PCDFs), and hazardous t .. al'e 
metals, On Decemher 20. 19119. EPA proposed New Soun:e 
Performance Standards (NSPS) for new MWCs and Emission 

Guidelines (EGs) for existing MWCs 3 NSPS and EGs for 
MWCs larger than 225 Mg/day in capacity were pl'llmulgaled 

in Fehruary 199 1 .4 

• This paper has heen reviewed in al'cllrdanl'e with the U.S. 
Environmental Protection Agency's peer and administrative 
policies and has heen approved for puhlication. 
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The Novemher 1 990 CAAAs directed EPA to establish MWC 
emission l imits for particulate matter ( PM ). opacity. 
hydrogen chloride (HCI). sulfur dioxide ( S02). nitrogen 
oxides (NOx ). carbon monoxide (CO). PCDDsIPCDFs. 

cadmium (Cd). lead ( Pb). and mercury (Hg).5 Revised MWC 
air pollution regulations were subsequently proposed by EPA 
on September 20. 1 994. and promulgated on December 19 .  

1 9 9 5,6-9 These emission l imits were based on the 
application of MACT, For existing units. MACT is defined as 
the hest emission l imit  achieved by 1 2  percent of the 
operating units in a category such as large or small units, For 
new un its. MACT is defined as the best emission l imit  

achieved by the best single unit  in a category of units.5 

This paper provides a brief overview of MWC technologies. 
a summary of EP A's revised air pollution rules for MWCs. a 
review of current knowledge concerni n g  formation and 
control of PCDDs/PCDFs. and a discussion of the behavior 
and l'ontrol of fig in MWC flue ga�es. The focus of the paper 
is on the performance of combustion and fl ue gas cleaning 
technologies used at MWC facil ities in controlling emissions 
of PCDDslPCDFs and Hg.  

MWC TECHNOLOGIES 
Three major types of MWCs are commonly used in the U.S. : 

field-erected mass hum incinerators. refuse-derived fuel (RDF) 
comhustors. and factory-constructed modular mass burn 

incinerators . lO The best combustion technologies ensure 
ade'luate waste hurnout and produce minimal products of 
illl'omplete comhustion ( PICs) in the flue gas. 

In the U.S .• dry flue gas cleaning technologies are generally 

used to control air po llution emissions. 1 1  Wet scrubbing 
systems are seldom used. PM is typically collected in 



TABLE 1. BA SI S  F OR MACT PERF ORMANCE RE QUIREMENT Sa 

(DECEMBER 19, 1995)8,9 

Pronosed Requirements 

Emissions Guidelines ( EG )  - Existing Plants 

Small (>35 to 225 Mg/day) 

Large (>225 Mg/day) 

New Source Perfonnance Standards (NSPS) - Ncw Plants 

Small (>35 to 225 Mg/day) 
Large (>225 Mg/day) 
--------------------------

Basis for Emission !.imitsh 

GCP + DSI + ESP (or FF) + CI 

GCP + SD/ESP (or SDIFF) + CI + SNCRc 

GCP + SDIFF + CI 
GCP + SDIFF + CI + SNCR 

a Technologies which provide equivalent or hcHcr performancc may also hc uscd. 
b GCP Good Comhustion Practicc 

DS! Dry Sorhent Injection into thc Comhustor FUfl1:1cc or Fluc G:lS Duct 
ESP Electrostatic Prccipit:ltnr 
FF Fahric Filtcr Baghouse 
CI Carhon Injcction 
SDIESP = Lime Spray Dryer Ahsorhcr and ESP 
SDIFF Lime Spray Drycr Ahsorhcr :lnd Fahric Filtcr B:lghousc 
SNCR = Sclcctive Non-�'atalytic Rcduction 

c No NOx control requiremenL� for small MWC pl:lnts or large existing m:lss hurn refactory comhustors 

electrostatic precipitators ( ESPs) or fahric filters ( FFs ). Most 
trace metals such as Cd and Ph :Ire solids at flue gas cle:lning 
temperatures and are efficiently collectcd in ESPs or FFs. IIg 
is normally a vapor at flue gas cle:lning temperatures. :lnd 

special methods must he used for its conlrol. 1 2 . l3 

Acid gases are controlled in dry or semi-dry snuhhers hy 
injecting either a calcium- or sodium-h:lsed reagent into the 
flue gas to convert HCI and S02 into solid compounds that 

can he collected in a PM control device . 13 . 1 4  The Illust 
commonly used reagcnts are quicklime (CaO). hydrated l ime 
[Ca(OH ) 2] ' l imestone (CaC03 ). and sodium hicarhonate 

[ Na(C03 )2] .  Several mcthods may hc uscd to injed and mix 
the sorhent with the fl uc gas: lime spray dryers (5Ds ). dry 
sorhent injection ( D S I )  of l imestune or l ime into the 
comhustor furnace. or the flue gas duct. Sele�·tive non
catalytic reduction (SNCR). the most advalK'ed NOx contrul 
technology heing applied in the U.S .  un MWCs. uses either 
ammonia (NH3 ) or urea [CO(NI I2 )21 as a reagent to reduce 

NOx to nitrogen. I 5 
The chemistry invol vcd in acid gas and NOx control and the 

mechanisms involvcd in PM control are gcnerally wcl l  
understood. The major prohlcm associated with l'lllltrol o f  
these pollutants (PM. acid gases. :lnd NOx ) i s  the cngineering 
optimization of flue gas c leaning proccsses that are also 
effective in the control of tra�'e metals :lnd trace urganics. 

The most difficult to control MWC pollutants of �'oncern arc 
PCDDs/PCDFs and I l g .  peoos/p(,OPs �'an he formed in 
MWCs as high temperature PICs. ur thcy can he formcd 
downstream of the comhustor hy low temperature synthesis 
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rcactions involving fly ash. I 0. 1 6  Hg. typically a vapor at 
fluc gas clc:lning temperatures. is  difficult to collect in flue 
gas deaning equipmcnt. 

FEDERAL EMISSION CONTROL 
REQUIRE MENTS 

On Deccmher 19 .  1995. EPA promulgated revised NSPS for 

new MWCs and EGs for existing MWCs.7-8 These revised 
rulcs rcquire the use of good comhustion practice (GCP) and 
MACT flue gas c lcaning techniques to continuously limit 
cmissions of PCDDs/PCDFs. CO, PM. Cd, Hg. Pb. HCI. S02' 

and NOx . The control technologies on which the per
fonnalK'e requirements are hased are summarized in Tahle I. 
Altcrnativcly. technologies which can provide equivalent or 
heller performance than those on which the standards are 
hased may also he uscd. 

'l1lC control of PCDDslPCDFs is hased on the use of GCP in 
comhination with appropriate flue gas cleaning techniques . 
The ohjcdives of GCP are to maximize furnace destruction of 
org:lnics and minimize low temperature PCDD/PCDF 

formation reactions. 16- 11! Furnace destruction of organics is 
wntrol led hy estahlishing technology-hased emission l imits 
for ('0 (see Tahle 2 ) .  Downstream formation and stack 
cmissions :Ire controlled hy a limit on steam load for waste
to-energy plants and a limit on PM control device operating 
temper:lture. The 1 0:ld is :I surrogate p:lrameter used to limit 



TAB LE 2. G OOD C OMB UST ION PRACTICE F OR MWC s 

(DECEMBER 19, 1995)8,9 

I . CO Requirements 

TyIX of Comhustor 
Mass Bum Water Wall (MBWW) 
Mass BW'n Refractory Wall (MBRW ) 
Mass Burn Rotary Water Wall (RWW) 
Mass Bum Rotary Wall Refractory �RWR) 
Refuse-Derived Fuel Stokcrs (RDF) 
Fluidized Bed Comhustors (FBC) 
Modular Comhustion Units (MCU) 
CoallRDF Mixed Fuel-Fired 
- Spreader Stokers (Coal-RDF/SS) 
- Pulverized Coal (Coal-RDF/PC) 

CO Emission Limits 
EG Limit. ppm NSPS Limit. ppm 
(Ave. Time. h)  (Ave. Time. h)  

100 (4) 1 00  (4) 
1 00 (4) ,, 1 00  (4)' 
250 (24) 1 00 (24 )  
100 (24) 1 00 (4) 
200 (24) 150 (24) 
1 00 (4) 1 00 (4) 
50 (4) 50 (4) 

250 (24) ISO (24) 
150 (4) 1 50 (4) 

2. Load not to exceed maximum load demonstratcd during most re�'ent PCDD/PCDF compliance tests. 

3 .  PM control device inlet temperature nut to eX�'eed a temperaturc f7 °C ahove the maximum temperature demonstrated during most 
recent PCDD/PCDF compliafll'e tests. 

4. Chief facility operator. shift supervisors. and control room oper;Jtllf's must meet training and certification requirements. 

the relative amount of PM carried out of the comhustor with 
flue gas (PM carryover). The purpose of the inlct temper;Jture 
limit is to control PCDD/PCDF synthesis reaction rates. and 
solid- and vapor-phase partitioning of PCDDs/PCDFs in the 
PM control device. Solid-phase PCDD/PCDF cmissions arc 
limited hy the use of cfficient PM control clluipmcnt such as 
high performance ESPs or FFs. 

All MWC plants must comply with an I I g  cmission l imit of 

80 ug/dscm or an 85 per�'ent rcdul.'tion in l·ig cmissions.6 Thc 
Hg emission limit is hased on thc usc of powdered 'K'tiv;Jtcd 
carhon in conjunction with dry scruh hing . Thc ;J,tiv;Jtcd 
carhon adsorhs gas-phase I Ig  ;Jnd is wl le,tcd in the PM 
control device. Acid gases (HCI and S02 ) and mctal (Cd. I I g. 

and Ph ) emission limits rcquire cquipment and operating 
conditions that arc also nceded for PCDDIPCDF �'ontroL 

Add gas sorhents may rcdul:c rCDD/pC'DF formation ratcs 
and allow for reductions in the PM control dcvicc uperating 
temperature. Thc usc of a�'tivatcd carhnn for I Ig I:ontrnl 
improves PCDD/PCDF �'ontrnL 

The 1 995 EPA emission requircments for new and existing 
sources are summarized in Tahle 3. Thc rulcs havc differcnt 
requirements for ncw and existing plants. and for small (> 35 
to 225 Mg/day) and largc (> 225 Mg/day) plants. Emissiun 
limits are expresscd either in mass l'llncentratinn per dry 
standard cuhic meter (dsl:m ) or parts per mil l ion on a dry 
volumetric hasis (ppmv ). correl:ted to 7 pef'l'Cnt 02 ;Jnd 

standard conditions at 20 °C (6R OF) ;Jnd 10 13 kPa ( 1 4 .7 psi). 
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The PCDD/PCDF limil� are: 1 25 ng/dscm for small existing 
plants. 60 n g/dscm for large existing plants with ESP-based 
air pollution control systems. 30 ng/dscm for existing non
ESP-hased systems, and 1 3  ng/dscm for large and small new 

plants. 6.7 Ea�'h MWC will he suhject to annual PCDD/PCDF 
I:umpliance tests unless they qualify for less frequent testing. 
MWC plants arc allowed to conduct PCDD/PCDF perfonnance 
tests un only une unit per year if all  units achieve emission 
Icvcls for 2 consecutive years of 30 ng/dscm for small 
cxisting plants. 1 5  ng/dscm for l arge existing plants. and 7 

ng/dsl:m for all nt:w plants 6 , 7 

Although PCDD/PCDF t:missions cannot he continuously 
flwniturcd,  operating and emission parame ters which 
wn-clatt: with PCDD/PCDF emissions will he continuously 
moniturt:d and controlled. Tht:se continuous compliance 
parametcrs include CO cmission limits, hoilt:r steam load, PM 
I:untrol devict: inlet tempt:raturt:. and activatt:d carbon hourly 
fccd rates. Opacity and S02 are to he continuously monitored 

to guarantce proper operation of the flue gas cleaning 
cquipment. The ust: of thcst: continuous monitoring and 
mmpliance parameters will t:nsurt: that each MWC operates at 
I:unditions nt:l:essary to control t:mission of PCDDs/PCDFs. 
I Ig .  and othcr rt:gulated pollutants. 

DIOXIN AND MERCURY CONTROL METHODS 
Control tt:�'hnologies in tht: U.S. for PM and acid gas 

I:on tJ'll I also provide a degrct: of control for PCDDslPCDFs 



TABLE 3. EM ISSI ON LIMITS F OR MWC sa 

(DECEMBE R' 995)8,9 

Guideline Limits - Existing Plants NSPS Limits - New Plants 
(or % Reduction) (or % Reduction) 

Small Large Large and Small 
Pollutantl >35 to 225 MglDay >225 Mg/Day �35 Mg/day 
Measurement 

ng/dscm []h 1 25 [ 30] 60C[ 1 5 ]  1 3  [7] 

PM.mg/dscm 69 2 7  1 5  

Opacityd. % 1 0  1 0  1 0  

Cd. mg/dscm 0 . 1 0  0 . 04 0 . 0 1  
Pb, mg/dscm 1 . 6 0 . 50 0 . 1 0  
Hg, mg/dscm 0.08 (85) 0.08 (85) 0.08 (85) 
HCI, ppmv 250 (50) 3 5  (95 ) 25 (95 ) 

S02. ppmve 80 (50) 35 (75 ) 30 (RO) 

NOx• ppmve None 200 _250d,f 1 50d,g 

a All emissions �'orrected to 7 percent 02' 
b Average of three stack tests using EPA Method 23 . 
for [emission limit� to qualify for less frequent testing) .  

Values arc weight of total tetra- through octa- cogeners. Values in hrackets 

c Emission limit for ESP-hased air pollution control systems.  Non ESP-hased systems must comply with a 30 ng/dscm limit or 
the "less frequent testing" requirement. 
d EPA Method 9 .  Limit for 6-minute averages. 
e 24-hour averaging time. 
f 200 ppmv for MDWW. 250 ppmv for RWW, 250 ppmv for R DF. 240 ppmv for FDC. no NOx control requirement for MBRW. 
and 200 ppmv for others. 
g Applies to large plant� only. 1 50 ppmv, eXl'ept IXO ppmv is allowed for the first year of operation. 

and Hg. Doth PCDDslPCDFs and I lg may he in a vapor phase 
at flue gas temperatures. and collection of these pollutants is 
primarily dependent on sorption on lly ash particles or llue 
gas cleaning sorhent particles with suhsequent collection in a 
PM control device. The capture efficiency of PCOOs/l'C DFs 
and Hg in MWC air  pollution control equipment typically 
used in the 1I. S. depends primarily on the amount and 
properties of carhon in the fly ash. the amounts and 
properties of sorhents injected into the flue gas, and the 
operating temperature of the PM control device. 

Field tests have shown that in semi-dry slTuhhing systcms. 
PCDDs/PCDFs and I lg cmissions dC�Tease with inlTcasing lly 
ash carhon content .  Variations in l'tllnhustion conditions 
affect the amounts of carhon in lly ash and its l'apacity for 
adsorhing semi-volatile tral'e organics and I lg .  Increascd 
comhustion effic.ie ncies needed to m altimizc destruction of 
organics reduce the ahsorption l'apacity of lly ash and its 
ahil ity to capture semi-volatile pollutants in PM l'olllrol 
devices. The formation and emission of PCDDs/PCDFs and 
emission of Hg are affected hy the PM control dev icc 
operat ing tempcrature as the sorption of scmi-volati lc 
pollutants is reduced with incrcasing operating temperatures .  

Methods which can he used to  enhalll'C control of  
PCDDs/PCDFs and Hg in  MWCs equipped with convcntional 
dry and semi-dry flue gas cleaning systems indude: 
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Enhan�'ed PCDDs/PCDFs control 
Goud comhustion practices. 
Injection of activated carhon. and 
Injection of specialized multipollutant sorhents. 

Enhanc.ed control of Hg 
Injection of sodium sulfide. 
Injection of activated carhon. and 
Injection of specialized multipullutant sorhents. 

PCDD/PCDF FORMATION MECHANISMS 
There arc three primary routes for PCDD/PCDF formation: 

(I) gas-phase reactions involving chlorinated precursors such 
as chlorn henzcnes  ( CD s ).  c h lorophenols  (CPs ). or 
polYl'hlnrinated hiphcnyls ( PCBs ); ( 2 )  surface reactions 
involving gas-phase precursors and fly ash; and (3 ) solid
phase reactions on thc surface of fly ash involving metal 

l'hlorides and lly ash carhon. 1 9 -24 Formation route (3 ) . 
which involvcs the reaction of unhurned carbon in fly ash in 
the presencc of u ltygcn and wa tcr vapor to form 

PCDDs/PCDFs. is  ca lled dc novo s ynthesis 20.2 1 T h e  
reactions associatcd with formation routes ( 2 )  and (3 ). which 
involvc hoth gas- and solid-phase reactions. are called 
heterogencuus reactions. 



G as-phase precursors can onglnate as waste thermal 
decomposition produ�'ts or as high temperature PICs. Low 
temperature oxidation reactions involving l1y ash carhon can 
also produce CPs or other precursor compounds that in turn 
react to form PCDDs/PCDFs hy surface mediated rea(;tions 

(condensation. ahsorption-desorption. et(;. ) .  25 

De novo synthesis consists of low temperature carhon 
oxidation reactions whkh provide the hiaryl ring structures 
for PCDD/PCDF fonnation and metal ion (;atalyzed readiolls 
which provide the necessary chlorine (CI)  for PCDD/PCDF 
formation. Low temperature c.arhon oxidation reactions may 
be catalyzed hy metal ions or carhon s tructures similar to 

acti v ated carhon .2 6• 2 7  The C I  for (oxy)-chlorination 
reactions can he provided from either metal chlorides in the 

l1y ash or CI in the flue gas.27•28 

De novo synthesis rea�'tions generate a variety of �'h loro

organic compounds i ncluding CPs. chloro-henzon itril es . 

-thiophe nes . -henzofurans. -he n Zll th iophene s . PCODs. 

-naphthalenes. PCDFs. and -henzenes ( sec Fig ure 1).23 

Lahoratory experiments ( sec Figure 2) show that til' "0\'0 
reactions occur at tcmperatures ranging from approx imately 
250 to 6(K)OC with maximum tetra- to ucla-PCDD furm ation 
rates ncar 300°C. Maximum tetra- to octa-PCDF formation 

rates also occur at 3(K)OC with a lower peak ncar 450°C 23 

Maximum PCDD/PCDF formation rates are typi�'a l ly reported 

to occur ncar 300°C.20-2 3  At temperatures ahove 600°C. 
chloro-organics are rapidly destroyed. and at temperatures 
helow 250°C. reaction rates result in m inimal formation . 

PCDD/PCDF CONTROL AT MWCs 
Stack emissions of PCDDs/PCDFs from MWCs have heen 

found to range from < 1 .0 to > 20.000 ng/dscm depending on 
combustion and flue gas c leaning cond itions (see Fig ure 

3 ) .29-32 Although the sta�'k em issions arc dependent on 
comhustion conditions. the hi ghest emissions arc general ly 
obtained with MWCs eq uipped wi th only ESPs ful lowed i n  
order of  de�'reasing em issions hy DSIIESP. S D/ESP. DSI/FF. 
and SD/FF. 

phenllis 

bcnzllnitri les 

thillphenes 

benzllfuran.. 

benzllthillphen .. 

<Iibenzu-p-<Iiuxi ns 

naphUlalcne.. 

<Iibenzufuran.. 

benzenes 

• 
• 
• 
• 
• 
• 
-

Factors affecting the formation and suhsequent emission of 
PCDDs/PCDFs from MWCs include the: 

Composition and properties of waste. 
Comhustion Conditions. 
Composition of l1ue gas. 

• Amount of entrained PM. 
• Flue gas time/temperature profile. 
• PM control device operating temperature. and 
• Methods of acid gas and PM control. 

Composition and properties of Waste 
Rapid changes in waste composition or properties may 

cause comhustion upsets and lead to PCDDIPCDF formation. 
Although PCDDs/PCDFs are formed during steady state 
comhustion conditions. the amoun ts formed are believed to 
increase suhstantially during combustion upsets associated 
with improper feed conditions. It is important to blend or 
mix waste prior to comhustion to reduce variations in heating 

�·untcnt. volati l i ty. and moisture content. 1 6- 1 8  

While waste �'omposition prohably affects the amounts of 
specific organks formed during comhustion. there is no 
concl u s i ve scientific evidence that specific solid waste 
components. such as polyvinyl chloride (PVC). are primarily 
re s ponsih l e for the formation a n d  e m i ss i on of 

PCD Ds/PCDFs 32.3 3  Sufficient CI is availahle from other 
waste compone nts to accoun t for observed levels of 
PCDDs/PCDFs in MWCs. 

Combustion Conditions 
PCDDs/PCDFs contained in the waste are believed to he 

destroyed in active l1ame zones or the high temperature 

regiDns of MWCs. I O. 1 6  However. the waste composition 
and com hustion conditions determine the availability of 
spc�'ific precursors needed for PCDD/PCDF formation. These 
precursor compounds are formed by the thermal destruction. 
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oxidation. an d synthesis reactions which occur in the l1u rnin g 
waste l1ed. the active name region ahove the hed. and the high 
temperature regions of the furnace. Comhustion cond i tions 
and th e t ime/temperat u re prof i l e  in t h e  coo l i n g  
zones.downstream of the comhustur determine the amounts of 
PCDDs/PCDFs precursor material entering l1ue gas cleaning 
devices and the potential for formation within the d e vices. 
Organics that have hecn impkated in PCDD/PCDF formation 

include: CBs. CPs. PCBs. and thc carhon i n  lly ash.2 5 -2X 

GCP can hc used to maximize the furnace destrul·til.ln of 
organics and m i n i mize t he dow n s tream form ation of 
PCDDslPCDFs hy controlling the amounts of PM carried out  
of the furnace with llu e gas. Furnace destruction of  organ ics 
must include destrul'tion of hoth gas- and c.ondenscd-phase 
organics. Field test experiments have shown that formation 
of PCDD/PCDF and other trace organil's wrrclates with the 
CO and th e amounts of I'M l'arried out of thc l·l.lmhustor w i th 

flue gases (sce Figures 4 and 5 ).1 6 . 17 . 3 4 - 36 I n  cxte n s i ve 
tests at a RDF comhustor. ('0 and total hydrm:arhons (Tiles) 
were found to hc thc two hes t  paramc tcrs for predict ing 

PCDDs. PCDFs. CBs. CPs. and PAils at thc SJ) in lct.3 6  

Waste and its assodatcd thermal dcwmpositinn products 
must he exposc d to elevatcd tcmperaturcs for a sufficicnt timc 
to co mplctely dcstroy thcir organic componcnts. Timc sl'ales 
required for dcstruction are typil'a l ly  measurcd in mil l iscl'onds 
for gaseous compounds in tll·tive llame zoncs. ComhustlOn 
reaction timcs in the ordcr of scconds to minute s  m a y  hc 
required for the complt:te destruction uf small solid particlcs. 
Comhustion tcmpcraturcs and rcsidencc timcs of l)XOOC 
( I!WO°F) and I tn 2 sCl·onds. rcspcdivcly.  arc gencr<ll l y  
helieved s u f f i d c n t  t o  t h c rlll<l l l y  d c s troy g a s-ph<lsc 
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co m po u nds. lO However. even at temperatures of 980°C or 
highcr. rcsidcnce times needed for the complete comhustion 
of e n trained soli d par ti cles may he insufficient. and residual 
unhurned carhon in f ly  ash may lead to reactions which form 

I'CDDs/PCDFs. 1 6 

The amount of air used for comhustion must he h igh enough 
to m i n i m i ze the existence of fuel-rich pockets and low 

enough to avoid quenching of comhustion reactions.l 0,16 

The distrihution of comhustion air is also important. 
Bu rning refuse heds contain drying, devolatization. 
comhustion. and hurnout zones. Each zone requires a different 
amount of comhustion air. State-of-the-art MWCs often use 
zoned underfire air supplies to provide proper air distrihution 
to the refuse hed and overfire air to complete comhustion of 

unhu rne d ma terial le avi ng the hed.IO 

Poor mixing increases the amount of organic material 
aV<lilahle for the formation of PCDDs/PCDFs. It may result in 
local stoichiometries that Me insufficient for the complete 
ox idization of gas- and solid-phase or gani cs .  Poor mixing 
may <llsu le<ld to the form a tion of difficult-to-destroy soot 
p<lrticles. Mcthods of <lchieving good mixing include the use 

. .  
f' " \0 1 6 of furn<lcc l'onflguratlOn and o vc r Ire alf Jets. ' 

Composition of Flue Gas 
The effecl� of flue gas composition on PCDDslPCDFs are 

l'omple x . 24.25 Oxygen is required for the low temperature 
carhon oxidation r eactions that Me associated with de novo 
synthesis. Oxygen an d H20 are als o r equ ir ed for the Deacon 

proccss rcaction which provides CI for the chlorination of 

• 

ro Good OFCr.JtlOn t-
I · Poor opcr� lion 

800 1000 

CO at 12% C02, ppm 

FIGU RE 4. RELATI ON SHIP B ETWEEN C O  AND PCDD/PCDF C ONCENT RATI ON S  
AT SO INLET , M I D -C ONNECTICUT MWC 

93 



'o�-----------------------------------------------------------. 

"C 
C1l 

U. 

C1l 
<J) 
:l 
C1l 

II: -
U. 
o 
U 0. 

6 

o 2 
o 
U 0. 

Uncontrolled Ash/Refuse Fed, kg/Mg 

F IG U RE 5. RELATI ON SH IP OF PM CA RRY OVE R T O  PCDD/PCDF 
EMI SSI ON S. QUEBEC C ITY MWC 

PCDDs/PCDfs or thcir prcl'ursor l'ompounds. Thc CI for thc 
Deacon prol.:CSS rcal.:tion may I.:omc from cither thc inorganil.: 
chlorides in fly ash or the I ICI in Ilue gas. Some hendl and 
pilot scale experiments show that PCDD/PCDF fornwtion 
increases with illl"reasing levels uf IICI ur el2 in l'nmhustion 

gases.2S.3 7  Although the flue gas l'unl'entratiuns of 02 and 

H20 may affel.:t lhe rate of PCOO/PCDF formation. the waste 

moisture content and eXl'ess air levels determine the 
conl.:entrations of these two l'onstituents. The amount of 
excess air must he fixed at Icvels needed to ohtain good 
comhustion. and it is generally not pral"lil'al to l'ontrol the 
moisture l'ontent of wastes to the extent needed to l'lllltrni 
fonnation of PCODs/PCDFs. 

Entrained particylate Matter 
The entrainment and l'arryover of Ily ash into the l"l1ll1cr 

regions of MWCs may lead to the formation of I'CDDs/PCDFs 
and other tral'e organil's. Metal ions or Ily ash l'arbon l'an 
catal yze l'ondcnsation formation real"lions. and fly ash 
carhon l'an serve as the snurl'e of nrganil's fnr the til' 1101'11 
synthesis of PCD Ds/PCDFs. I 'M l'arryover is detennined by 
the aerodynamil' properties of part ides. the method of waste 
comhustion.  and l'omhustor gas flow l'haral"leristil's. 
Methods of l imiting PM l'arryover indudt: proper furnace 
design. control of the underfire·to·uverfire air ratio. the 

amount of eXl'ess air. and load (refuse hurn rate ).1 (i. IS 

The l'orrciation hetween PM l'arryovt:r and PCDD/PCDF 
emission rates from tests at the Quehcc City . Canada. mass 

hurn comhustor is shown in Figure 5.3 4  Th<:se data. whil'h 
are measured in the stack downstr<:am of an ESP. show the 
effects of changing l'omhustion l'nnditions on emission of 
PCDDs/PCDFs. Changes in the PM l'arryover rate l'an be 
attrihuted primarily to dwnges in the nue gas nnw rate and 
the ratio of underfire·tn-overfire air. At higher loads. 
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inneased gas flow rates increase entrainment and carryover of 
PM. Higher underfire air flow rates also increase PM 
entrainment. During the low comhustion temperature tests at 
Quehel' City. Canada. excess air rates were increased to lower 
the l'omhustion temperature. This had the effect of increasing 
vulullletril' flow rates and partide entrainment. During the 
poor l'om hustion air distrihution tests. the underfire-to 
-overfirt: air ratio was increased. therehy increasing PM 
l'arryover. Increasing emission rates of PCDDs/PCDFs with 
inl'reas ing  amoun ts of fly ash is consistent with 
heterogencous formation theories .  

TimeITemperatyre profile 
Pilot sl'ale experiments have shown that the concentration 

of PCDDs/PCDfs in Ilue gas downstream of the furnace 
depends on the timeltemperature profile in the cooling 

sel'tions of l'omhustion systems. 3 7 -39 The time/temperature 
profile is determined hy the time re4uired hy flue gas and 
suspended PM to pass through the heat extral'tion regions of 
hoilers. superheaters. and economizers. High flue gas 
temperature 4uelll"h rates redul'e the time that gas-phase 
urganil's and entrained part ides spend in the temperature 
range asslK'iated with high PCDD/PCDF formation rates. 

PM Control Device Operating Temperature 
ESPs and FFs l'an fundion as l'hemical reactors that 

gcnerate and emit PCDDs/PCDFs 40 A large fraction of the 
PCDl)s/PCDfs entering PM l'ontrol devices is commonly 
asslll"iated with l'ollel.:tihle fly ash. However. the large mass 
of partides within the device l'an serve as a source for the 
synthesis of pCODs/PCDFs . Limiting the temperature at 
whil"h PM control devil'es arc operated is important in 

I,:ontrnlling the formation and emission 'of PCDDs/PCDFs.16-
111.40 .4 1 



The ESP operating temperature is perhaps the most 
important variahle affecting the formation and emission of 
chloro-organics in ESP systems. At PM control device 
operating temperatures ahove 2 50°C. til! nO l'o synthesis 
reaction rates become significa n t  and the partitioni n g  of 
PCDDs/PCDFs into a vapor phase in�Teases with increasing 
tern perat ure . 

The results of tests to evaluate the effects of ESP operating 
temperature on the formation and emission of PCDDs/PCDFs 
are depicted in Figure 6. These tests were �'onducted on a mass 
burn refractory MWC with a water spray flue gas quench 

chamber and an ESP located in Montgomery County, Ohi0 40 

Quench water flow rates were adj usted to ohtain nominal ESP 
inlet temperatures of 3(X) . 200 • and 1 50 °C. The test 
conditions incl uded: norm al and poor c.ombustion ( lo w  
temperature) tests at 3 00 °C i n l e t  temperature; norm al 
combustion with and without furnace inje�'tion of CaC03 at 

200°C inlet temperature; and normal combustion with furnace 
injection of CaC03 and duct inje�·tion of Ca(OI l )2 at 1 50°C 

ESP inlet temperature. 
The Ilue gas cOlK'entrations of PCDDs/PCDFs were higher at 

the ESP outlet than at the inlet  for a l l  tests, indicat ing 
PCDD/PCDF formation within the ESP.  ( l nder norm al 
combustion conditions at the high ESP inlet tempcraturc (�OO 
°C). ESP inlet concentrations of I'CDDs/PCDFs avcragcd 200 
ng/d scm while  s tack con�' c n tratiuns avcragcd 1 7 ,000 
ng/dscm . Reducing thc ESP inlet  temperature to 2000e 
without sorbent injcl'tion reduced avcragc stal'k emissions to 
870 ng/dscm. For tests with furna�'e in jcction of CaC03 , 

stack emissions of PCDDs/PenFs avcragcd 1 4KO ng/dsl'm at 
an ESP inlct tcmperature of 200°C and (,70 ng/dscm at 1 50°C 
inlet temperature. The lowest cmissions ( 57 ng/dsl'm ) were 
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ohtained using duct injection of Ca(OH)2 ' Operating at the 

lowcst practical ESP operating temperature is critically 
important in minimizing PCDD/PCDF emissions. 

Methods of Acid Gas and PM Control 
The methods of acid gas and PM control are major 

determinants of PCDD/PCDF emissions. Acid g as controls 
mod i fy the chemis try of the PCDD/PCDF formation 
environment, affect fl ue gas quench rates. and allow operation 
of PM control devices at low temperatures. Low operating 
temperatures arc necessary to minimize de novo synthesis 
rates and partitioning of trace organics between solid and 
vapor phases. Effic ient collection of PM is necessary to 
collect solid-phase organics. Vapor-phase organics can be 
ahsorhed onto the surface of PM as i t  passes through the fly 
ash filter cake in FFs. DSI and S D  can be used to reduce acid 
gases. modify PCDD/PCDF formation chemistry, and allow 
for lower PM control device operating temperatures. 

Experiments in a 1 4 .7 kW ( 63 ,000 B tu/hr) pilot scale 
wmbustor have shown that injection of Ca(OH)2 into the flue 

gas at temperatures greater than 800°C significantly reduces 

the form ation of PC D Ds/PC D Fs . 3 7 The reduction in 
peDD/PCDF yield appears to result from both a reduction in 
the I ICI l'I.mtent of Ilue gas and an inhihitory effect on fly ash 
surfal'c reactions . DSI can also he used to remove HCI and 
reduce hetero ge neous form ation rates in the PM control 
dcvice, but suhstantial amounts of PCDDs/PCDFs may be 
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formed upstream of the soroent injel.:tion 10l.:ations ncar the 
inlet to the PM control device. Most of the PCDDs/rCDFs 
formed upstream will  Ile retained in the PM control device if 
the PM control devke operating temperatures arc low enough. 
SD systems I.:omhine the advantages inherent in high l1ue gas 
quench rates, sorhents whil:h prohahly modify PCDD/PCDF 
synthesis reactions,  and low PM control devke operating 
temperatures. 

Flue gas I.:oncentrations of PCDDs/PCDFs I.:an either 

decrease or im:rease al:fOSS an ESP,30 Increases arc asslldated 
with high rates of PCDD/PCOF synthesis within a PM l'ontrol 
device. PM I.:ontrol devil.:es I.:ontaining collel.:ted l1y ash I.:an 

function as real.:tors for formation of PCDDs/PCDFs.40 The 
amount formed wil l  depend on the temperature, the mass of 
PM within the I:ontrlll device, the l'nmpnsitinn of the l1y ash, 
the composition of the nue gas, and the residence time of PM 
within the device. M aximum cll' "m'o synthesis reaction rates 

occur at temperatures ncar 3()()o(' 23 I .owering PM l'on trol 
devke operating temperatures to less than 2500C results in 
low PCDD/PCDF formation rates and alters the partitioning 
of vapor- and solid-phase PCDDs/l'CDFs. In ESl's, operating 
temperature is critical. and it may he necessary to scruh acid 
gases from the nue gas to permit lowering of the PM l'ontrol 
device operating temperature tn a level where acid gas  
corrosion of the device is not  a prohlem. 

P M  control devke collection effidelll'ies >()I) perl.:ent arc 
prooaoly nel.:essary to adeq u ately control PCDD/PC DF 
emissions. At the lower PM con trol inlet device temperatures 
typil.:al l y  employed oy lIry scruhhing systems, form atiun 
rates are greatly redul'ed and PCODs/PCOFs arc predominantly 
retained on I.:aptured fl y  ash. i\lthnugh s u hstantial quanti ties 
of trace organics may he formed durin g the l'o mhustion 
process, most o f  the semi- volatile organil-s arc e ffectively 
collel.:ted in dry sCI'uhhing systems. This is especially true of 
SD/FF systems. 

MWCs equipped with SOlESI' systems arc less effective in 
control l ing  rC OD/pCDF em issions than s i m i l ar MWCs 

equipped with SD/f'F. 3 () .4 2  The laller devil'es often have 
oetter PM I.:ontrol effidencies, and the flue g as is passed 
through a filter cake where PCDOs/PCDFs can he ahsorhed on 
fly ash and soroent particles. i\ review uf data from eight 
different comhustion units equipped with S D/ESPs indicated 
PCDD/PCDF emissiuns ran g i n g  from I) to 1 7 3 ng/dscm 
(mass ). i\1I hut one of these units had emissions of less than 
75 ng/dscm, and the average for the range of typil'al  

emissions was 3M .  I n g/dsl'l11 4 2  

The performanl'e uf S OlESI'  systems for contro l l i n g  
PCDDs/PCDFs in mass hurn MWCs can a l so h e  improved hy 
the injection of activated carhon into the n ue gas at the 
entrance to the S D  system or hy usc of a l'arhon-enhanced 

lime-oased sorhent in plal'e of lime 43 -45 During three EPi\
sponson:d tests at the Camden County, New Jersey, M WC. 
stack concentrations of PCODs/l'C DFs w ithout activated 
caroon averaged 46 .1<  ng/dsl·/Il.  During three tests in whil'h 
360 mg/dscm of dry acti vatell l'arhon was injel· ted in to the 
fl ue gas upstream of the S D/ESP, stal'k c(; llcen tration o f  

PCDD/PCDF averagell 5 . (' ng/dsl'l1, 44.45 Tests in Europe 011 
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MWCs equipped with SD/FF and SDIESP systems have also 
shown the e ffectiveness of caroon injection for reducing 

PCDD/PCDF emissions.43 

An EPA review of data from 20 different comhustion units 
eq u ipped w i th S D/FF s ystems indicated PCDD/PCDF 
emissions ranging from I to 22 ng/dscm. Nineteen units had 
emissions < 1 2  ng/dsl.:m, and the average for these units was 
6.6 ng/dscm. Two large MWCs with DSIIFF systems had 

PCDD/PCDF emissions of 5 and 1 8  ng/dscm.42 

CONTINUOUS CONTROL O F  PCOO./PCOF. 
There is currently no feasihle method for continuously 

measuring PCDD/PCDF emissions.  Continuous control of 
PCDDs/PCDFs is of concern from regulatory and ' risk 
assessme n t  perspectives.  EPA's s trategy to ensure 
continuous compliance with PCDD/PCDF emission limits is 
to plac.e limits on CO I.:oncentrations, steam load, PM control 
devil'e operating temperature, I.:aroon feed rate, and opacity. 
The first four parameters are used to limit formation and 
partitioning of PCDDs/PCDFs, and the final parameter 
(opacity)  wil l  ensure proper operation of the PM control 
device whil'h is needed for effective collection of solid-phase 
PCDDs/PCDFs. The effectiveness of these parameters for 
continuously control l ing PCDD/PCDF emissions is verified 
hy periodic compliance tests on each MWC that is suhject to 
regulation.  

CONTROL OF OTHER ORGANICS 
f'ield test measurements show that a wide variety of trace 

organil.:s arc formed during comhustion of m unicipal solid 
waste. Trac.e organics formed include semi- volatile organics 
such as PCDDslPCDFs, CDs, CPs, PCB s, PAHs, and a variety 
of volatile organics. Analysis of data from the Quehec City 
M WC mass hurn tests and the M id-Connecticut R DF 
comhustor tests show that flue. gas concentrations of 
PCOOs/PCDFs, CDs, CPs, and PAHs all  corre late with each 

other and with fl ue gas concentrations of CO and THC.30,36 

Measures taken to control emission of PCDDslPCDFs are also 
effective in control l ing CBs, CPs, and PAHs. (It is expected 
that these meas u res w i l l  also contro l PCB s, hut the 
conl'entrations of PCDs in MWC flue gases are generally so 
low that strong statistical correlations with other pollutants 
are not fou nd . )  

Comhustion I.:ontrols arc effective in controlling all trace 
org anics.  Dry and semi-dry scruooers with FFs and 
temperature control arc effective in controlling semi-volatile 
organics, hut the degree of wntrol is prohahly related to the 
amounts of carhon in the fly ash. Activated carhon or ' 
Illul t ipol l utant soroent containing calcium and carhon (lime 
enhanced sorhents)  should also enhance capture of all semi
volatile organics in MWCs equipped with dry and semi-dry 
sl'/'uhhing systems. Dry and semi-dry scruhhing systems are 
prohahly not effel.:live for I.:ontroll ing volatile organics, and 
the hest method for l'llntrll i l ing these pollutants is the usc of 
GCl' as a preventive measure. 



MERCURY CONTROL AT MWCs 

The capture of I I g  in n ue gas deaning devi(.'es depends on 
the 

Waste (.'omposi tion. 
Flue gas properties ( temperature. g as (.'ompos itilln. 
moisture. etc . ). 
I Ig form [spedation and phase ( vapor lIT sol i d ) ] .  
F l y  ash a n d  slIrhent properties. and 
Type of control devke. 

The waste composition and the rel ative amounts of I Ig in 
each component determine the clll1l.:entration of I I g  in MWC 
flue gas, I I g  mass halances from Environmen t  Canada's 
Quehec City mass hum test projcct indkated that more than 
96 percent of I Ig in the MWC output streams was in either the 
COllected ESP ash or the f lue gas,  indicating the volatile 
nature of I Ig i n  MSW.3 4  

MERCURY SP ECIATION AND CONTROL 
M ECH ANIS MS 

The form of I I g  in n ue g as depends on the fl ue g as 
cOlnposition and temperature. Thermal-chemical cakulations 
indicate that Hg is nlllverted to elemental mcr(.'ury ( l Ig0 ) in 
the high temperature regions o f  the l'llmhustor. As the nue 
gas cools. some or all  of the I I g0 is l'llnverted tll other I Ig 
s pe c i e s . 4 6 . 4 7  POI' l'o m h u s t i o n  s y s t e m s  c o n t a l ll J n g  
suhstantial amounls of C I  i n  the waste ( o r  fucl ) . lhe lwo 
predominant forms of I I g  at n ue gas deaning temperalures « 
300°C) arc helieved tll he ionil' merl'ury ( l Ig 2 + )  and I I go 46 -
49 Thermochemical equilihrium l'ail"ul alillns indil'ale lhal lhe 
Hg2+ will he predominanlly merl'uric chloride ( l I gCI 2 ) 4() 

Most metals condense to form sol id partides as nue gas is 
cooled so that they can he cullecled as PM. l Io wever. hOlh 
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I Igo and I IgCI2 are vapors [ Hg( v ») at typical flue gas cleaning 

control device operating temperatures (300 to 140°C). and 

special methods must he devised for their capture. l 2. l 3  

I lg i n  MWC flue gases can he captured i f  i t  i s  i n  the solid 
phase [ l I g(s ») or is adsorhed on fly ash or special sorbents 
such as activated carhon or enhanced lime-hased sorbents 
containing activated carhon, Hg(v) capture without the use of 
special sorhents depends on the amount and properties of 
l'arhon in the fly ash .  Well-designed and well-operated mass 
hum comhustors have little carhon in their fly ash and, even 
when equipped with SD/FFs or SD/ESPs. they often exhihit 
I I g  control levels helow 50 percent .  Conversely, RDF 
c.omhustors contain relatively high amounts of carhon in the 
fly ash (> 2 perce n t ) .  A n d .  they can exhihit control 
efficiencies ahove 80 and 90 percent when equipped with 
S D/ESPs and SD/PFs. respecti vel y ,  Figure 7 shows the 
distrihution of I Ig stack concentrations for RDF and non-RDF 

MWCs equipped with SDIFF and SD/ESP systems 42 

Two techniques employed for Hg capture in dry flue gas 
deaning systems are the use of activated carhon and sodium 

s u l fide ( N a2S ) 1 2 . l 3  Na2 S, a crystalline solid, is dissolved 

in waler and injected upstream of the flue gas cleaning 

equipment. I IgO( v)  and I I g2 +(v)  are converted to a solid form 
of I I g  ( mercury sulfide ( HgS»)  that can he collected in a PM 
l'llntrnl device. Na2 S has heen used at MWC facil ities in 
Europe and Canada for Hg control. Na2 S test results from 

European facil i t ies show Hg emissions ranging from 40 to 70 
Il g/dscm and removal efficiencies from 65 to 90 percent. I 0 
Na2S is nol currently heing used in the U.S.  Activated carhon 

l'an he used in three ways to control Hg(v)  emissions: ( I )  it  
can he injel'led as a powder i n  dry or semi-<1ry scruhhers to 

SD/ESPs 
FIGURE 7. HG CAPTURE IN MWCS WITH SD/FFS AND SD/ESPS, 

LARGE PLANTS (>225 MGID) 
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II ' 
, ESP FF 1 2 D absorh I Ig ( v )  for suhsequent co ectlOn In an ' ,  or . .  . -

( 2) it can he used in a sorhent system com hining hoth l ime 
and caroon in a single multipoll utant sorbent.50 and (3)  llue 
gas can he filtered through a l'a rhon bed polishing fil ter 
downstream of other air poll ution control devices to enhance 
removal of I Ig(v)  and other pollutants,S I C arhon hed fil ters 
are currently heing applied to EUl'llpean MWCs where they are 
prim ari l y  u s e d  to i mpro ve e m i s s i o n  c o n t ro l  o f  
PCOOsIPCOFs. H g .  and other trace metals 5 1  

CARBON CAPTURE MECHANISMS 
The adsorption of l I g  and organics hy activated l'arhon is 

control l ed oy the properties o f  hoth the carhon and the 
adsorhate. and hy the ",onditions u nder which they are 
contacted, This phenomenon is general ly helieved to resu l t  
from t h e  diffusion o f  vapor-phase mole,,'u les into the pore 
structure of carhon particles, These molecules arc retained at 
the surfal'e hecause of intermolel'ular Van der Waals forl'es, 

As the temperature fal ls .  or as the partial pressure of the 
v apor ahove the carhon rises. the average time that a 
molecule resides on the surface i ncreases, So docs the 
fraction of the availahle surfal'e �overed hy the adsnrhate, 
However. the l'arhon surface is not uniform and consists of 
sites whose activities vary, More active s ites will hecome 
occupied first and. as the al·tivity uf the remaining availahle 
sites decreases. the adsorption energy will change, 

The physkal structure o f  a,,'tivated l'arhon is not known in 
detail. out i t  is hclieved to contain randoml y  distrihuted pores 
in the carhon. hetween which l ies a complex network of 
irregularly. interconnected passages, PllI'es range in  diameter 
down to a few angstrnms. and provide an intel'llal surfa,,'e area 
from 300 to l .OOn m2/g of carhon, The volume of pores at 
each d i ameter is an important varia hie that directly alTel'ts 
carhon perfnrmalK'e , 

Sinl'e adsorption takes place at the carhon/gas interface,  the 
surface area of the l'arhon is one of the most important fadors 
to consider, Another important fadol' is the pore radi us ,  
Bench scale tests have shown that  inneasing the surface area 
and adding sulfur compounds to the sorhent result in higher 
adsorption rates of some I Ig spe"'ies, \ lntil rel:ently. most of 
the lahoratory work on I:arhon adsorption has heen done un 
Hgo. not with the I Ig I:ompounds IlI lI'm'l l ly found in MWC nue 
g a s ,  

The actual adsorpt ion capal'ity of I:arhon i s  alTel:ted hy: 

Gas temperature. 
I n let "'llIll'entrations of I I g.  
Spedes uf I I  g..  
Type of l'arhon and surfal'e an:a, 
Con tad time. 
Flue gas moisture. 
Add I:lllltent o f  nue gas, and 
Concentratiun of ,,'ompounds whidl 
l'lllnpete with I Ig for sorptiun sites , 
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PERFORMANCE O F  ACTIVATED CARBON 
SYSTE MS 

The performance of activated carbon systems depends 
primari l y  on the carbon injection rate, carbon injection 
method. carhon properties. flu e  gas temperature.  and PM 
I:ontrol method, Performance tests in  the U ,5, and Europe 
have oeen l imited primari l y  to the application of carbon 
injection to mass hum MWCs equipped with SOIFF or SOIESP 
systems, 1 3 .4 2 .4 3 . 5 2 

EP A has sponsored two major field tests on the injection of 
powdered activated carbon for Hg control and has selected this 
technology as the hasis for I Ig emission control requirements 
un MWCs, 44.45.52 -54 Both tests were conducted at 
fadlities with conventional mass-burn waterwal l  combustors, 
The first was conducted on an MWC in Stanislaus County. 
California. equipped with a S O/FF system, The second was 
conducted on two MWCs in Camden County. New Jersey. 
equ ipped with SO/ESP systems, These tests show that stack 
wnl:entrations uf I I g  depend on the Hg concentration in the 
nue gas (SO inlet concentrat ion ).  the carhon content of fly 
ash. and the operating conditions of the carhon injection 
system, 

Mercury concentrations in MWC fl ue gas are highly 
variahle with time , I n  MWCs. the total solid-phase flue gas 
I:arhun (carhon in lly ash plus the carbon i njection rate) 
appears to he the key determinant of Hg capture, In the 
ahsence of carhon injection. the amoun t  of Hg captured 
depends on the amount and properties of carbon in the fly 
ash, When the fly ash carhon content is low or when Hg 
I:onl:entrations are h i g h .  poor removal efficiencies are 
ohtained, When the fly ash carhon content is high and the Hg 
"'l.lIlcentrations are low. stack emissions of Hg are low, 

Powdered activated carhon can be injected into the flue gas 
tu im:rease solid-phase carbon concentrations and improve 
I lg capture, Increasing the caroon injection rate reduces both 
the average and variahil ity of emissions, At high carbon 
injel:tion rates. there is general ly sufficient caroon to capture 
luw or high leve ls  of U g ,  The amou nt o f  excess carbon 
needed fill' l'lmtinuously high levels of capture wil l  depend on 
the variation of I I g  concentration in the flue gas, Highly 
variahlc Ug inlet conce n trations w i l l  require high excess 
,,'arhon injection rates to ensure continuous Hg capture, 

In SO/Fr tests at the Stanislaus County MWC. Hg capture 
without ,,'arhon injection ranged from 1 6  to 46 percent.  
Outlet I lg I:onl'entrations for these tests ranged from 3 1 1  to 
5�X � g/dsl:m, I I g capture increased with increasing carhon 
injel:t ion rate s and.  at the highest  i njection rates of 
approx imately 70 to 1 00  mg/dscm. I Ig outlet concentrations 
ranged from 1 7  to 77 � g/dscm ( see Figure 8) ,52-54 SO outlet 
temperatures at Stanislaus County normally ranged between 
1 3(i and 1 45 °c' 

During the Camden County S O/ESP carhon injection test 
project. I Ig I:apture without carhon injection ranged from 1 8  
t o  ,}2 perl:ent .4 4 . 4 5 When dry carhon injection rates 
eXl:ceded I SO mg/dscm and the ESP inlet temperature was 1 32 
0(', stack emissions of I I g  were genera l l y  less than 80 
�g/dSl'lll (see Figure '}) ,  The dependency of Hg reduction 
effi"'iency on the total solid carhon concentration in the flue 
gas during the Camden County tests' is shown in Figure 1 0, 
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T he performan�'e of adivated �'arhon in adsnrhing I Ig is  
d ependent on temperature. The temperature at the inlet to the 
PM co ntrol de vke is  normal ly  used as a parameter in 
ev aluati ng t he performanl:e uf the devil:e in I:ol lel:ting 
co ndensed or adsorhed poll utants.  The P M  I:ontrol devil: e 
i nlet t emp era ture for SO/Ff and S D/ESP systems on MWCs is 
no rmally oetween 1 35 and 1 45 °c' Tests un the Camden 
Co unty S O/ESP system at 1 77 °C indil:ated only moderate 
red uc tion in H g  capture relative til similar tests at 1 32 °C (see 
Fi gure 1 0 ) .44 ,45 Temperature variations over thc normal 
op erati ng range of SD/FFs and SO/ESPs I:an oe expcded to 
hav e  o nly m inor effeds un I I g  I:apture. Similar tests on 
European MWCs h ave shown that l'arhlln i njel:tion I:an he 
used to red ul: e 1 ·lg emissions in S O/FF and SDIESP systems to 
less t han 110 J.l g/dsl·m.4 3  

E S Ps and w e t  sl:ruooers arc l'lll11monly used tn I:ontrol 
e m issions from European M WCs. Some European plants 
hav e in sta l led adivated l'arhon heds downstream uf the 
p ri mary air pullu tion I:lllltrol devil:es tu ad as pulishing 
fi lters fo r the I:ontrol of metals. dioxins, and add gascs. The 
use o f  al:tivated I:aroon filter heds in I:om hination with 
c o n v e n tional  l: o n t l"Ol e q u ipmcnt h as d emonstrated I 1g 
reductions eXl:eeding 99 perl:ent and I lg outlet I:onl:entrations 
o f  less than I J..Ig/dsl·m .5 1  

PERFORMANCE O F  ENHANC E D  L 1M E·BASED 
SORBENTS 

Several enhanl:cd l ime-hascd snrhents arc I:ommerl:ially 
av ai lao le fo r use in MWCs. Onc enhanl:ed sorhcnt ( Sl:ansoro) 
i s  d esi gned fo r improved I ICI and S02 I:o ntro l in dry injedion 
systems 5 5  A no the r sorhent ( Sorha l i t )  i s  a m ultipol lutant 
soroent designed for I:ontrol of ,Kid gases. I Ig ,  and tral'e 

1 00 

organil:s .5 0 So ro ali t i s  p ro duc ed b y  mlx m g  li me, surfac e
adiv ated caroon, a sulfur-ba sed co mpo und, a nd o ther 
additives. The So ro ali t I: arbo n co ntent c an range fro m  4 to 65 
p erl: ent dep endi ng o n  t he t ec hnic al a nd eco no mic 
relj ui rements of eac h p roj ec t. 

Co mp arati v e  p erfo rmanc e  t est s b et ween So rba lit a nd a 
typical al: tiv ated c arbo n  o n  a mass-b urn MWC equipped wi th 
an SO/FF system hav e i ndic ated equiv alent o r  sli ghtly hi gher 

I:apture o f  Hg b y  t he enhanc ed li me-b ased so rb ent .50 Th e  
l ime-oased so rbe nt c ap tured 8 7 . 7  p erc ent o f  the to ta l  H g, 
w h i l e  the co nv entio nal ac tivat ed ca rbo n capt ured 84 .2  
pcn:cnl. Analysis of the samp li ng trai n data i ndicat ed t ha t  i t  
I:aptured 113 .2 pe rc en t o f  the v apo r-p hase H g, whi le t he 
conventional caroo n  c ap tured 7 7 .6 p erc ent. Additio na l  
perfurmance testing i s  b ei ng p lanned to ev aluat e t he 
effec tive ness of So rb alit i n  co nt ro lli ng emi ssio ns fro m  
M W C s  wi th o ther flue gas c lea ni ng equip ment 
configurations .  

FORM OF MERCURY EMISSIONS 
In I:onducting ri sk assessment s, i t  i s  i mporta nt to esti mate 

the form and sp eci atio n o f  H g  st ack emi ssio ns. T he 
transpo rt. depos i tio n, and envi ro nmental up tak e  o f  H g  ar e  
dependent o n  the fo rm and speci atio n of H g .  Sev era l studies 
estimate the speciation o f  Hg in MWC fl ue ga ses. M etzger 
and Braun estimate that nearly all H g  i n  MWCs at fl ue ga s 

cleaning temperatures i s  i n  t he fo rm o f  merc ury c hlo rid es.49 

Lindljvist and Sc hager esti mate t hat t he speciatio n o f  H g  i n  
raw /lue gases i s  app roxi mately 20 pe rc ent H go , 60 pe rce nt 

H g 2 +, and 20 p erc ent Hg( s) .48 Pac yna esti ma tes t ha t  H g  
cm issions fro m· E urope an wa ste i ncin erato rs consist of 10 
perl:cnt Hgo , 85 percent Hg2+, and 5 pe rc ent H g( s).56 



There i s  c urre ntl y no v alidate d U.S. met hod f or deter mi ni ng 
the speciati on of H g  i n  stack ga s. H owe ver, i nf ormati on on 
the c he mical be havi or of H g  a nd t he di strib uti on of H g  i n  
EPA' s multi metal sa mpling trai n (Met hod 29) ca n be use d t o  
e sti mate t he f orm a nd speciation of H g  i n  t he MWC stack ga s. 
T he se e sti mati ons are vali d onl y f or mea sure me nt s 
downstream of the air p oll ution c ontr ol de vice s. The p ha se 
and speciati on of H g  at i nlet sa mple l ocati ons ca n be 
si gnific antl y affecte d b y  PM c ollecte d i n  the Met hod 29 
pr obe and filter. F or outlet sa mple s, H g  found i n  t he pr obe 
and filter can be assume d t o  have bee n either vap or-pha se H g  
adsorbe d ont o PM or a soli d-p ha se H g  c ompo und. B oth are 
assoc i ate d wit h  PM as de si gnate d b y  H g(P�). H gCI2 i s  

sol uble i n  water and shoul d be re move d i n  t he nitric 
aci d/per oxi de (HN03/H 20 2) i mpi ngers. H g  found i n  t he 

downstrea m  per ma nge nate/ sulfuric aci d (KM n04/H2 S04) 

i mpi nger s was pr obabl y  H gO( v). T he di strib uti on of 
multi metal tr ai n  sample s  c ollecte d duri ng the acti vate d carb on 
i njecti on te st s  at t he Ca mde n Count y MWC a nd Sta ni sla us 

Count y te st s  i s  shown i n  Fi gure 1 1 .44,45 

For t he Camde n and Sta ni slaus Count y te sts, the fraction of 
H g(PM) wa s ge nerall y bel ow 5 perce nt a nd excee de d  10 
perce nt f or onl y one te st .  Te st s wit h  stack c once ntrati ons of 
H g  >100 � g/ dsc m  repre se nt te sts without carb on i njecti on or 
l ow carb on i njecti on fee d rate s. F or the se te st s, H go range s  
fr om 2 t o  26 perce nt of t otal H g. A s  carb on i njecti on rate s 
and H g  capture i ncrea se, the perce nta ge of H go as a fracti on of 

tot al H g  i ncrease s. Thi s i mplie s that I-I g2+ i s  more ea sil y 
c apt ure d b y  acti vate d carbo n t ha n  H go .  For stack 
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c once ntrati ons of H g  <50 � g/ d sc m, t he fr acti on of H go 
ra nge s fr om appr oxi matel y 1 4 t o  72 perce nt. 

From the re sults of the se te sts it can ge ner al ly  be c oncl ude d 
t hat, for MWCs e quippe d with SDIESP s  an d  SDlFF s, t he stack 
e mi ssi on of H g(PM) i s  ne gli gible unle ss f urt her H g  i s  
ab sorbe d  on t he surface of P M  bet wee n t he st ack sampling 
l ocati on a nd the st ack exit. 

At l ow le vels  of c ontr ol, t he stack c once ntr ati on of Hg i s  

pr obabl y 15  t o  30 perce nt H gO(v) and t he re st i s  H g2+(v) and 
H g(PM). In MWCs wit h  SDIFF or SDIESP syste ms, st ack 
c once ntrati ons of H g(PM) are pr ob abl y  le ss t han 5 perce nt. 

At hi gh leve l s  of c ontr ol, H g2+(v) i s  selectivel y re moved, 
i ncrea si ng the relative c once ntr ation of H go (v). The rel ative 
c once ntration of H g  ( v) ma y be 50 perce nt or hi gher . 

CONCLUSIONS 
Di oxi n  f or mati on i s  pre domi n antl y assoc i ate d wit h  

heter oge ne ous reacti ons i nv ol vi ng fl y ash. T he se l ow
temperat ure synt he si s re acti ons c an occ ur downstream of t he 
c omb ust or at te mper at ure s r angi ng fr om appr oxi matel y 250 
t o  600°C. 

Spra y dr yers and FF s ca n be use d  t o  c onti nuousl y reduce 
P CDDIP CDF e mi ssi ons t o  le ss t han 20 ng/ dsc m. Activ ate d 
carb on. whic h i s  nee de d  for H g  c ontr ol i n  many MWCs, will 
pr ovi de a dditi onal P CDDIP CDF c ontr ol. 

Spra y dr yer s a nd ESP s  c an be use d t o  re duce t ypic al 
P CDD/P CDF e mi ssi ons fr om ma ss b ur n  c omb ust or s  t o  less 
tha n  75 ng/ dsc m. Injecti on of acti vate d carb on, to c ontr ol 
H g  emi ssi ons, ca n be use d t o  furt her re duce P CDDIP CDF 
e mi ssi ons t o  60 ng/ dsc m or le ss. 

A Ele me ntal H g  

• Soli d-P ha se H g  

o 1 00  200 300 400 500 600 700 800 
Stack Conce ntra ti on of H g, � g/d sc m  

FIGURE 1 1 .  DISTRmUTION OF H g  IN EPA METHOD 29 SAMPLING TRAIN, 

CAMDEN COUNTY AND STANISLAUS COUNTY CARBON 

INJE CTION PROJE CTS 

1 0 1 



The Hg in M SW is volat i l ized during comhustion and 
converted to elemental and ionic I Ig .  I Ig in MWC n ue gas is 
belie ved to he predominantly I I gC I 2 and I Igo. Ooth arc 

predicted to he in a vapor phase at stal:k gas temperatures . 
In dry nue g as deaning systems. I Ig ( v )  can he ahsorhed 

onto the surface uf part icles for l'ollection in I'M l'ontrul 
devices. I I g( v )  can he adsurhed either on the residual I:arhon 
in n y  ash. on al:liva ted carhun. or un enhanced I ime-hased 
sorhents which have heen injel:ted into the n ue gas .  

R DF comhustors have relatively high amounts of carhon in 
their ny ash (>2 perce nt). and those equipped with S D/FFs 
may attain H g removal efficiencies of >90 percent due to 
adsorption of I Ig( v )  onto the Ily ash carhon. Other types of 
MWCs. such a.� m ass-hum water-wall comhustors. may require 
the injection of activated carhon ur e nhanced lime-hased 
sorhents to ohtain efficient I Ig( v) l·ontro l .  

Nearly all  o f  t h e  unl:untrolled I Ig in M WC stack g a s  is in a 
vapor form. M e thod 29 sampli ng train data suggest that 
carhon ahsorption methods l'ol lel'l J I g 2 +( v) more efficiently 
than HgO(v) .  As IIg removal e lTkiencies increase. I IgCI 2 ( v )  
i s  preferentially removed and the proportion of I Ig that i s  
HgO(v)  increa ses . I n  M W C s  ell uipped w i th S nIFFs a n d  
S D/ESPs . the relative amount of I Ig ( P M ) i n  stack gas w i l l  
generally h e  less than 5 perl·enl .  
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