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FOREWORD 

J 

By: James D. Wesnor, ABB Environmental System 

The following are the major comments to the EER report concerning 
hazardous air pollutant emissions from the Low-Emission Boiler 
SyEteIllS. 

Overall, the EER report is an accurate representation of the state- 
of-the-art in emissions modeling and control of hazardous air 
pollutants. 
expected legislation, test methods, and control technologies. 

The report also provides great detail on present and 

However, comments on the estimating procedures and results are in 
order. 

Partitionina of Trace Metals in/on Flvash: Models were developed 
from existing pulverized coal-fired boilers to formulate and validate 
the metals partitioning model. However, general models may not 
accurately predict the partitioning of trace metals among specific 
coals. 

Moat trace metals of concern are associated with the coal ash and are 
carried from the furnace by one of two methods: the metal vaporizes 
in the combustion furnace and condenses onto the flyash surface as 
the gas cools, or the metal remains in the solid phase as a flyash 
particle. Flyash formation occurs in one of two ways: it melts into 
a glassy aphere or aerosol particle, or it remains solid, but of a 
size small enough to be entrained with the flue gas. 

Trace metal partitioning will depend greatly upon trace metal 
concentration and distribution throughout the coal. Larger trace 
metal deposits, typical of uneven distributions, should form larger 
flyash particles, while smaller, more evenly distributed deposits 
should form sub-micron particles, typical of aerosol formations. 
Effects such as these may be overlooked in the general model. 

Effect of APC Svstems bevond PCS: The report does a good job at 
estimat&ng the hazardous air pollutant emissions from the combustion 
furnace and from the particulate control system (PCS). However, 



. .  little work was done on emissions from additional air pollution 
control (APC) systems downstreamzof the PCS. Once it was determined 
that the PCS.emissions were below EER's "regulatory limits", work was 
halted. 

Data is now available that should allow adequate modeling of these 
APC systems. 
ThioClear systems will provide efficient control by absorption of 
water-soluble metal forms, in particular mercury, and additional 
control by direct impaction by droplets of water-insoluble metal 
f orms . 

It is expected that both the Advanced Wet FGD and 

The SNOx process should provide efficient control of most metals. 
data recently presented, efficient control (in excess of 99 % 
entering the boiler) of As, Cd, Cr, Ni, Pb, and Se was demonstrated. 
However, significant emissions of B and Hg were found from the stack. 
It is believed that the NO, oxidation catalyst will provide some 
reduction in organic emissions, although this is presently not 
quant if ied . 

In 

The Hot SNOx process is assumed to perform no better than the SNOx 
process concerning metals emissions, primarily due to the fly ash 
being collected at a temperature above the condensation temperature 
of some metals. Therefore, most emissions of As, Cr, and Pb will be 
vaporous and will depend solely upon the adsorption of these 
compounds onto the S%/Soj oxidation catalyst (thought to be minor) or 
the absorption of these metal com-Funds into the sulfuric acid. 
However, oxidation of the organic compounds should be significantly 
better, due to the elevated reaction temperature. Dioxin/furan 
formation should be reduced, due to the elevated flyash collection 
temperature. 

Metal Removal Estimates in PCS: 
advanced electrostatic precipitator (ESP), catalytic fabric filter, 
and catalytic ceramic filter. In addition, estimates of the metal 
capture efficiency for a HEPA filter and baghouse were provided. 

Metal capture estimates were for an 

For background, in the LEBS systems the electrostatic precipitator 
operates at approximately 280°F while the catalytic filters operate 
in excess of 750°F. 

It was estimated that the catalytic filters, while providing no 
additional particulate removal, will provide greater metal capture 
than the ESP. Studies have shown that while a typical baghouse 
should provide greater Class I (non-volatile) and If (semi-volatile) 
metals control than a typical ESP, both operating at the same mass 
removal efficiency, this difference is quite small and that both 
systems will provide in excess of 99 % removal of both metals 
classes. Also, because of the elevated collection temperature, Class 
I1 and I11 (volatile) metal removal in the catalytic filters would be 
less than that of the ESP. 

Possible explanations for this difference may be the characteristic 
system performance, where the catalytic filters will act a5 "absolute 



f i l t e r s " -  achieving 100 % removal of a l l  pa r t i cu la t e s  above a certain 
s i ze  - while t h e  ESP operates w i t h  near 100 % removal throughout t h e  
e n t i r e  p a r t i c l e  s i z e  range with relative minimum removal efficiencies 
occurring i n  the  0.3-0.5 and 10-15 micron range. Calculations 
eupport theee statements made regarding typical baghouee and ESP 
performance. Furthermore, it is doubtful t h a t  t he  e f f e c t  of 
pa r t i cu la t e  s i z e  would outpace t h e  effect of operating temperature i n  
t h e  LEBS subsystems. 

October 26, 1993 
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1 .o INTRODUCTION 

The Department of Energy’s (DOES) Pittsburgh Energy Technology Center (PETC) is 
funding a program entitled “Combustion 2000”. The intent of the program is to support 
development of high efficiencyflow emission coal combustion devices for the generation of electric 
power in thc 21 a century. ABB/CE was awarded a contract to develop their high efficiency low 
emission boiler (LEB) concept. While the program focusses on ultra low emissions of NOx, SO2 
and particulate matter, ABB/CE is also concerned about how their design will the impact the 
emissions of air toxics. As a nsult, they have subcontracted Energy and Environmental Research to 
evaluate this aspect of their design. 

1.1 Qbiectives and S c m  

The specific goals of the program are to idenufy air toxic compounds that might be emitted 
fmm the new boiler with its various APCD alternatives in levels of regulatory concern. For the 
compounds thought to be of concern, potential air toxic control methodologies will be suggested, 
and a Test Protocol will be written to be used in the Roof of Concept and full-scale tests. To 
accomplish these goals, the following task structure was d e w  

0 

0 

0 

0 

Task 1: Define Regulations and Standards 
Task 2: Idcnhfy Air Toxic Pollutaats of I n m t  to Utility Boilers 
Task 3: Assessment of Air Toxic By-Products 
Task 4 SWC Of the Aa Assessment Of Toxic By-Rod~ct Cont101 Techn~logie~ 
Task 5: Test Protocol Definition 

A brief desmption of each task is provided in Ehe following paragraphs. 

In Task 1, federal and state regulations pertaining to air toxic emissions from coal-fmd 
utiiity boilers arc identified. For state regulations, the National Air Toxic Clearinghouse database 
was used. On the federal level, the 1990 Clean Air Act (CAA) amendments under Title III were 
reviewed. Because the CAA anm&ncnts have set aside utility boilers fmmregulation until EPA’s 
current studies have been completed, the intent of Task 2 has been to identify which of the 189 
compounds arc of interest to utility boilas. In this task, the 189 compounds wen broken up into 5 
different categories ranging from “known to be emitted in levels of regulatory concern*’ to “can 
not be emitted from coal-iircd combustion systems”. The classification was perfomed by 
utilizing various databases, computer modeling, and engineering estimates. In aLl cases, a 
coIlscNative approach was adopted. 

In Task 3, air toxic emission levels &om the LEB arc estimated . This is done by first using 
available data and engineering h o d s  to estimate the unconmllcd levels of air toxic compounds. 
Next, ~tmoval efficiencies of the vacjous compounds via the three alternative Air Pollution Control 
Devices (APCD) systems being considered for the LEB were determined and applied to the 
uncontrolled emissions to determine at the stack emission levels of the 189 air toxic compounds of 
interest. The emission levels were compared to allowable levels (based on a risk assessment) to 
detcnnine which compounds arc of concern for the LEB. In Task 4, the types of control measures 
for the toxic by-products identifkd in Task 3 and their development status ase discussed. 

Finally, in Task 5, a Test Plan is written to serve as a guide for performing measurements of 
air toxic emissions during the Proof on Concept Tests 
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1.2 ovaview 
Section 2 of this report provides a background on air toxic emissions h m  fossil fucl 

combustion. Formation and destruction mechanisms of different classes of organics are discussed. 
~n addition, thepartitioningof mttals inaoduced with coal between thebottomash, captud fly ash, 
and stack gas is Oonsidcred. The implications of Title III of the CAA Amendments and various 
state regulations putakhg to coal fired utility bobs am presented in Section 3. A comprehensive 
assessment of air toxic measurement programs conducted to date is presented in Section 4, with 
emphasis on the absence of toxic o r p i c  information. Section 5 presents the detailed methodology 
used to classify the 189 air toxic compounds, and the results of the analysis as they pertain to the 
LEB. Section 6 provides a description of several technologies which are available to destroy 
emissions of compounds that may not be captund by any of the alternative control technologies 
cumntly being consicied for the boiler. 

1-2 



2.0 BACKGROUND 

Common coal combustion devices include pulverized, spreader stoker, and cyclone coal- 
fired systems. Coal in high-volumt installations @ucndy is pulvtrizcd prior to use. The finely- 
ground coal is suspended in a gaseous atmosphere while burning. Good mixing between coal and 
air produces high combustion efficiency and high temperature. Pulverized systems arc 
Charactenzed ' by ash rcmovd methods such as dry or wet bottom. In the U.S., the utility seaor is 
dominatad by pulverized dry bottom coal-fired units since wet bottom d - f i r e d  boilers arc unable 
to meet NO, emission standards (Brooks, 1989). 

Stoker ~0d-W units cstll be divided into two types, OV&& and underfeed Stokes, 
dependmg on how the airnaches the d. In overfetd stokers, cod is placedabow the airflow. In 
underfeed stokers, coal is placed under the air flow. There arc several designs for each type. 
Stoker boilers, cunently accounting for less than 1% of the total, are obsolete due to their 
inefficiency and ~ I C  being ~moved from Setyicc (Brooks, 1989). 

In cyclone coal-fired systems, tk coaI is injected from the front end of the cyclone and a 
swirl is imparted to the crushed coal in the same rotation as the main combustion air. The main 
combustion air is injected tangentially creating a swirling motion which throws the large coal 
particles against the cyclone inside surfact where they arc trapped in the slag layer and burn to 
completion. The hot gases then exit though the cyclone core aud depart into the main boiler 
furnace. While coal-fircd cyclone boilers arc no longer sold in the U.S. due to their inability to 
meet NO, emission standards (Brooks, 1989), thue arc many units still in operation today. - 

This & and tbe remainder Of the d- will focuS 0 ~ 1  @v- =&fired systems 
pulveriwi coal-fkd systems also because of their w i d ~ ~ p d  usc in both t h ~  U.S. a d  Europe. 

are the main focus of the document because the ABB low emission boiler (LEB) which will be 
evaluated in section 5.0 has a puiverized coal-firing system. The following sections provide a 
general background on the nduanisms which impact organic and metal emissions in pulverized 
coal-fired systems. These sections do not address ABB's LEB sptcifically and arc included to 
provide bac-md material to support discussions in StctiOLLs 3-7. 

2.1 

Organic emissions from coal fired utility boilers can arise from two sources: Lack of 
destruction of organics in the cod or combustion byproduct formation. Mixing and kinetic 
inadequacies may likely be the limiting factors for destruction of organics in coal combustion 
systems. Numerous studies on the kinetics of nonflame thermal oxidation of pun and mixed 
organic compounds have been cacritd out. Mom recently several studies have been conducted on 
detailed chemical kinetics of flame zone processes of simple ha2ardous organic compounds. The 
d a m e  studies ban been used to define the temperature at which a two second residence time is 
sufficient to produce 99.99% oxidation of the starting compound even in the absence of flame 
radical concenQWions. These Wmperaturcs a~ generally below 1630 OF (900 O C )  for most organics 
of interest as summarized in Table 2.1. Also provided in Table 2.1 is the first order global 
Arrhenius parameters for destruction under nonflame conditions. AU coal combustion systems are 
designed to operate at significantly higher temperatures (2200 OF, 1200 O C  at the exit of the boiler 
furnace) and thus should be conscwative relative to kinetic requirements. fietic modeling studies 
by Tsang (Tsang, 1990) using available elementary rate data suggested the immtance of the 
reaction mixture and mixing on the destruction of chlorinated ..-ganics. Research 5y Lyon from 
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Acetonitrile 
Tetrachloroethylene 
Acrylonitrile 
Methane 
Hexachlombenliene 
1 2,3,4,-Tetrachlmbenzene 
Pyridine 
Dichloromethane 
Carbon Tettachloride 
Hexachlorobutadiene 
1,2,4-Trichlombenzene 
1,2-Dichlorobenzenc 
Ethane 
Benzene 
Aniline 
Monochlombenzene 
Nimbenzene 
Hexachloroethane 
Chloroform 
I ,  1, I -Trichloroethane 

760 
660 
650 
660 
650 
660 
620 
650 
600 
620 
640 
630 
500 
630 
620 
540 
570 
470 
410 
390 

900 
850 
830 
830 
820 
800 
770 
770 
750 
750 
750 
740 
735 
730 
730 
7 10 
670 
600 
590 
570 

-950 
920 
860 
870 

850 
840 
780 
820 
780 
790 
780 
785 
760 
750 
780 
700 
640 
620 
600 

880 

Note: 
Tw(2) - Minimum temperature required to achieve 99% destruction at 2.0 seconds gas residence time. 
Tw(2) - Minimum temperature requind to achieve 9.99% destnrction at 2.0 seoonds gas residence time. 

4.7~107 
2.6~106 
1.3~106 
3.5~109 
2 . 5 ~  108 
I .9x 106 

3.0~1013 

6 . 3 ~  101 2 
2.2x108 
3 .Ox 108 
1.3~105 
2.8x IO* 
9 . 3 ~  101s 
8.0x 104 
1.4x101~ 
1.9~107 
2.9~1012 
1.9~ 108 

I .  1 x 105 

2.8x 105 

40 
33 
31 
48 
41 
30 
24 
64 
26 
59 
39 
39 
24 
38 
71 
23 
64 
29 
49 
32 



EER (Lyon, 1990) suggests that tbc extent to which a compouud is destroyed by combustion may 
be dependent on its concentration due to a kinetic threshold of oxidation that exists at low 
concentrations. His work suggests that tht kinetic threshold arises from $E fact that generating a 
high enough equilibrium concentration of fret radicals to sustain the oxidation rate requires a 
minimum amount of fuel. Laboratory studies in a flow reactor (Lyon, 1990) have i n d i d  that the 
dependence of destruction on concentration for benzene, chloroform, and chlorobenzene is strong 
and can be accelerated with the addition of a Co-oxidizing fuel at higher concentrations in order to 
generate higher concentrations of radicals as shown in Figurt 2.1. Thus, these data suggest that 
kinetic limitations can be important at low concentrations even at the high t e m p e m s  normally 
encountered in coal combustion systems. 

The other parameter that cau limit organic destruction is poor mixing of the organics with 
air. Kramlich (Kraxdich, 1990) from EER obstrved that the absolute emissions levels of organic 
emissions wert relatively constant and independent of initial concatmion c \ f h  organic in the fuel. 
He suggested that the unmixed he1 pockets m convected through the flame and afraction of these 
are mixed with the hot vitiated combustion products fOnning a certain firaction of fuel-rich pockets. 

10 percent theoretical air is pnsent, the equilibrium concentrations of organics rises to high levels. 
T k  fuel rich pockets can be subsequently convected out of the flame region where they can be 
quenchad. The quenched pockets containing unburned hydrocarbons yield a base level of organics 

These fuel-rich pockets approach thermockmkd equilibrium in C O ~ ~ ~ O U  a d  when ICSS than 

that is difECult to Iowa without substanal imprpvertlents in mixing. 

Thus the= appears to be some kinetic or mixing limits that exist in practical coal 
combustion devices that preclude complcrc destruction of organics and leads to a low level of mass 
emissions. However, the kinetic or mixing hypothesis discussed above must be further quantified 
and shown to account for the observed concentration dependence of destruction efficiency of 
organics. 

It is unlikely that the lack of destrucrion can account for the emissions of organics h m  
coal fired plants. Another major SOUICC of emissions is the formation of combustion byproducts. 
There is clearly a broad mgc of organic compounds that can be f o d  in the combustion process 
of cod combustion systems intra# amounts including volatile, stmivolatile and nonvolatile species. 
Models that can dcal with this myriad of organic compounds in a such a complex and diverse set of 
combustion systems have not yet been developed. The state of the art in designing and operating 
combustion systems for minimization of organic emissions has been based upon a 
phenomenological approach. This approach uscs insights gained from smaller scale studies and 
engineering analysis combined with full scale field studies which have examined the impact of 
design and operating paramet~s on organic emissions. 

Much of the attention relative to combustion byproduct emissions from combustion 
systems has been focussed on polychlorinated dibenzo@) dioxin and furans (PCDDPCDF) since 
it was first reported to be present in the exhaust of municipal waste combustion in 1977 (Olie et ai., 
1977). The phenomenological mechanisms developed for this class of species can be used to 
indicate the behavior of coai combustion systems relative to other types of trace organic byproduct 
emissions. It is now clear that several global mechanisms contribute to the emissions of 
PCDDFCDF and the relative importance of each of the formation pathways depends on the 
specific design and operation of the combustor and the fuel properties. 

The PCDD/PCDF emission mechanisms can be grouped into four categories as shown in 
Figure 2.2. The first category of mtchanisms involves the lack of destruction of PCDDPCDF that 
is originally in the fuel stream (Lustcnhower et al., 1980; Graham et al., 1986). Since very low 
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Figure 2.1. Lab scale data on the impacts of reactant Concentration on destruction efficiency of 
benztnc and chlorobenzene (a) impacts of reactant concentration (b) impacts of CO 
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Figure 2.2. Mechanisms of PCDD/PCDF formation in combustion systems. 



levels of emissions arc of in- vcry small amounts of dioxin in the fuel smam could accoqnt for 
the emission levels if they were not destroyed during the combustion process. Also at very low 
initial concentrations the destruction efficiency is generally low. This mechanism, however, does 
not likely account for most of PCDD/PCDF emissions since dioxin concentrations in the fuel are 
probably low. 

The second category of mechanisms involves the formation of PCDDKDF from vapor 
phase reactions within the combustion zone. Two types of n8cctions have been proposed: those 
involving unchlorhatcd hydrowbons and a chlorine donor and those involving gas phase reactiom 
of chiorhated hydrocarbons with similar structuns. Bumb et al. (Bumb et al., 1980) and Crummct 
(Cnunmct, 1980) first suggested that dioxins f o d  due to "trace chemistry of flames" involving 
gas phase d o n s  of unchioMatcd hydrocarbons and chlorine compounds. The ubiquitous 
nature of hydrocar'bons and chlorine makes the formation of dioxin an inevitable consequence of 
combusaiML of many materials. This global mcchaDiSrn is highly controversial and supported by no 
ditlsctevkhe. There art datathat indicate that s o m ~  g a ~  phase ~hiorine, likely either HCI o r a 2  is 
required to fonn PCDDRCDF under ceRaiLL conditions. Ballschmitcr et al. (Ballschmittcr et al., 
1983) and Benefenati et al. (Benefcnati et al., 1983) examieed emissions from full scale waste 
combusrors and found a close relationship between the dioxin emissions and the quantity of 
polychlorobecmnes and polychlorinated phenols in the exhaust. ' b y  interpreted this to indicate 
that dioxins arc formed by Wens involving tkse gas phase species which were in the fuel or 
were formed in the combustion process. Shaub and Tsang (Shaub and Tsang, 1983) developed a 
kinetic model to study tbc c- ' 'cs of the d o n s  involving chlorinated hydrocatbons alone. 

The third ategory of mechanisms a,re hc~geneous  mechanisms within the combustion 
zone, likely related to the paxticulatt matter. Batton et al. (Barton et al., 1990) from EER first 
pointed out the strong COmlatioIl between PCDD emissions and the amount of paiticulate mamr 
entrained h m  the combustion zone of a mass bum municipal waste combustion unit. This strong 
relationship was later confimd to exist for a range of municipal waste combustion systems 
including refuse derived fuel fired spmader stokers (Seeker et al., 1989) and starved air mcdical 
wastc incinerators (Barton et ai., 1990). Recent pilot-scale municipal w8stc combustion studies in 
our laboratory have indicated that the PCDD/PCDF formd within the combustion zone is largely 
associated with the large, partially burned particles indicating a &tcmgeneous mechanism rather 
than a condensation mechanism. Thus it is not sufficient menly to burn out the gas phase volatilcs 
but rathgit is impoItant to completely bum all particulate matterthat mi@ exit the boiler. 

The final category of mechanisms involves pmccscs downstream of the combustion zone. 
In these ~ c k m s ,  PCDDRCDF and potentially other organics arc fonned by low-temperaturt, 
c a t a l ~ ~ o n s a s s o c l a t a d  * with the flyash. Data supporting this category were first provided by 
Vogg et al. (vogg et al., 1986) and Stieglitz et al (Stieak et al, 1986). T k y  found that heating fly 
ash from waste combustion in an oven to 250-350 OC ~ A t e d  in the formation of FCDD/FCDF on 
the fly ash. This occumd despite the fact that no additional chlorine was added to the material. 
They were able to identify the importance of catalytic metals such as copper chloride, on the 
formation process. Karasek and Dickson (Karasek and Dickson, 1987), also found that dioxins 
fonn on fly ash particles in the absence of gas phase chlorine. In addition, Karasck found that it is 
possible for adsorbed inorganic cblori&s to chlorinate aromatic rhgs and promote the formation of 
chlorinated dioxin. The impOrtanct of tbe downstream mechanism has now been confumed in a 
series of full scale and pilot scale tests that indicate that if fly ash particles arc held in the 
temperature window of 250-350 OC such as in a hot side electrostatic precipitator, PCDDKDF 
will form. The downstream reactions appear to be a "magdier" of the combustion formation 

' 
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causing an increase of the PCDDK'DF escaping the combustion zone by as much as an order of 
rllagnituck. 

The insight gained from combustion science has resuited in the establishment of good 
combustion practice that cau sipficantly lower trace organic emissions. For PCDD/PCDF, the 
different mechanisms have ban identified and found to become dominant under different 
conditions. All of the formation mtchanisms for all  types of orgauics must be addressed if total 
mass emissions of trace orgaaics are to be rrrrmmrzcd . The basis of cornbustion control strategies 
must be to attack the temporal and spatial variations in temperatures and mixing that allow any. 
organics to escape the combustion zone. These organics cau be atoxic pollutant in their own right 
or can be precursors to the formation of organics that a more toxic. At the same tim, conditions 
must be established that m i n h h  the entrainment and maximize the burnout of particulate matter. 
A key failure of coal combustion operation is operating at too high of load that can cause an 
overcharging of the primary combustion m e  that results in a large release of unbumcd materials. 
Finally, conditions downmeam of the combustion zone must ais0 be avoided which will hold up 
particles in the temperature window of 250-350 "C. Below 200 OC, semi-volatb will condense 
onto particulate matter that can be removed by high performance particulate control devices. Even 
though the organics m not desaoytd they will at least not be dispersed into the air. However, it is 
c l d y  better to p v e n t  the fanaatioa of tbe trace orgauics in tht combustian zone instead of just 
removing the materials from the emissions. SubstantiaI additional research is required to 
adequately understand the formation of other trace organics in the full range of coal combustion 
cquipnmt and allow for optimum ccmtn-11. 

. .  . 

2 2  

Much is b w n  about thebehavior of metals m waste combustion devices, latgely as a d t  
of the ongoing projects supported by the EPA. Barton et al. (1988) s- * tkh¶owlCdgein 
the field in a comprehensive EPA FIlral Repart. Continuing research and xeguhory activities are 
expanding this knowledge. R b q  et al. (199- 19924). under EPA support, began work on a 
pmjcct to expand and update tk knowledge of b~havior~cxdng a "Metals Bible." 

During coal combustion, it is important to determine not only the quaatity of the metal 
which partitions to the combustion gas but also its form. Metals may partition to the combustiolp 
gas by particulate en- and/orvaporization depending on the volatility of tk =tal. Metals 
which partition to the gas in particulate form an relatively largc (above 0.1 pm) and arc effectively 
nmvcd  in most particulate air pollution coutrol devices (AECDs) .  Metals which vaporize are 
swept away with the combustion gas and, as the gas cools, tend to condense into andor onto the 
surfaces of very fine particles which arc in the size range that is least effectively nmoved in most 
APCDs. predictions of tk portions of metals which vaporize wil l  help dctennine the distribution 
of condensed metals on entrained particles through studying the aerosol dynamics upstream of the 
APCD. Knowledge of the APCD's particulate capture efficiency as a function of particle size, and 
the distribution of metais on fly ash particles will allow predictions of the controlled metals 
partitioning and emissions at the stack. The out cox^^ of such modeling will help the ownedopcrator 
of a facility idcnnfy metals which arc likely to be emitted at concentrations above Local, State, or 
FederaI regulatory risk-based limits and others which arc likely to be emitted at concentrations 
below regulatory limits. This will lead to the development of better testing plans, operating 
conditions decisions, and the selection of MACT for metals captuxc. 

This section presents mechanisms of metals partitioning, the methodology employed to 
predict metals partitioning and emissions from coal-fued power systems which will be used in 

2-7 



Section 5.1.9 as an indicator to assess metaI emission levels from the ABB LEB pulverized 
bituminous d-kd boiler, coal type and combustion parameters used in the modeling, prediction 
nsults and comparison to field data to validatt the modeling approach, and conclusions. 

2.2.1 Mechanisms of Metals Partitioning 
Metals may exit a coal combustion system by any of several pathways. Figure 2.3 

illustrates macry potential pathways. Only a few of the pathways may apply to a given coal 
combustion system. Some of the metals in a coal pass through the fumacc combustion chamber 
unchangedaad am found in the residual bottom ash. The fly ashcapturd in the heatncovcry and 
flue gas cleaning equipment will also contain some metals. A fiaction of the metals originally in the 
coal may also be found in the exhaust gases emitted drom the system. This division of metals 
bees diffiEent emission streams is r c f d  to as "partitioning." 

Figure 2.4 illustrates the mechanisms thought to control metals behavior in a variety of 
combustion systems such as coal-find utility bilemi (Neville and Sarofim, 1982). Metais art 
usually pnsent in a coal as inorganic compounds. Most of these compounds are not affected by 
the combustion enviromnt add pass through thc combustor unchanged. These mttals will be 
found in residual ash generated by a facility (Quann and Sarofh, 1982). If the coal is pulverized, 
nearly all the panicles am 1-100 pm in diameter (Goldstein and Siegmund, 1976). 'RE ambustion 
gases entrain a h d o n  of the smallcrash parrick while the mnahing I138teriB1 is removed €iomtt~ 
combustion chamber as bottom ash. The quantity of material entrained is a function of the size, 
shape, and density of thc ash particles as well as the combustor Operatiag conditions (Li, 1974). 
The enmined particles g c d y  arc gcnmlly less than 50 pm 1984). 

Som HE$& and rmal Species found in cod arc volatileand Vaporize under the conditions 
which occur in tk combustion voluns (Vogg et al., 1986). Tbe vapors diffuse into the exhaust gas 
stream which then carries them through the combustor system. As the exhaust gas is cooled the 
vapors condense both hormgcac~~~ly  to form new particles and betaogcncously on the surfaces 
of the entrained ash particles (Senior and Flagan, 1982). Homogeneous condensation produces 
particles less than 1 pm in dianmex (Friedlander, 1977). Heterogeneous condensation also tends to 
favor small particles due to their high surface area to weight ratio (Linak and Peterson, 1984). 
Thus, the smaU errtrained particles have higher concentrations of volatile mctals than the original 
coal. The concentmions of xxwais such as amenic, cadmium, lead and antimony in particles cmitttd 
from coal combustion facilities have been found to be 4 to 10 times hi- than would be expected 
if no vaporization had occurnd (Meij, 1992). 

Metal containing matefials may also react in tbe high t c m  combustion zone. Two 
types of rcactions have been observed. In the first type* reactive elements released during the 
combustion of organic materials in the coal combine with the metals. chlorine and sulfur are the 
most common of these reactive constituents. The sccond class of reactions occurs because of the 
formation a high temperature, reducing environment near the burning coal particle. This 
environment forms in nearly all coal combustion systems even though the furnace is operated at 
overall excess air conditions due to mass transfer rates (Quann and Sarofim, 1982). The d o n s  
principally involve the duction of metal oxides. The newly fonned cornpounds often volatilize 
more readily than the original species. Once the vapors diffuse away h m  the cod particles and 
encounter lower temperawle~ and higher oxygen concentrations, they uhdergo secondary reactions, 
convert back to their on@, mofc refractory forms and condense (Senior and Flagan, 1982). Both 
homogeneous and heterogeneous condensation occur. 
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A computational model based on the above mechanisms was developed to extend data 
obtained from other systems to coal combustion systems. The model was used to estimate the 
importance of key boiler operating parameters on mctals behavior and to develop a scientifically 
defensible method for assessing the ability of combustion systems to limit metals emissions. 
Details of the partitioning model rn presented below. 
2.2.2 Metals Partitioning Modeling Approach 

A llletais partitioning modtl was dtvcloped to pndictthe fate of mttals in waste combustion 
devices (Barton et al., 1988; 1990). This model has been updated and modified for the ABB LEB 
study to predict metals partitioning and emissions from coal-fued power systems. The model 
consists of a group of computer submodels (Figure 2.5) structured to simuiatc the physical and 
chemical mechanisms which influence mttals behavior in combustion systems. The phenomena 
simulated includt: 

e Combustion chamber thcnnal behavior 
e Metalsnactionsandvaporization 
0 particle entrainment 
0 Aar>soi dynamics (nucleation, co-on, and coaguhon) 
0 particulatecapture 

The temperatun and stoichiometry history of the combustor is established first to define the 
backgmund CllYirolllIltlt for the burning fuel and @ vaph$ion, as well as far the pt-flame 
and the condensing metal vapors. Details for the xexnaining steps of the modeling approach arc . 
pnsented below. 

Metals Reactions and Vaporization. Metals related chemical reactions and phase 
behavior m determined using& program deveioped by NASA's Lewis Research Center, -85 
(Gordon and McBride, 1974). This program makes use of a f i e  energy nurunum 'on approach 
which is based on two assumptions: 

* .  . 

This equilibrium approach provides conseN8tivc estimates for UtlcontroUed mctals emissions and 
aUows the impact of various paramettrs on metals reactions to be assesmi (Mathews, 1987). It is 
mogmzcd that equilibrium may not be &mined throughout a coal combustor, however, it is 
believed that the equilibrium assumption is reasonable at tk high temperatures typical of coal 
combustion chambers. Sufficient kinetic dam are not presently available to develop a.dctaikd 
kinetic modtl of Imals behavior. 

The equilibrium program can be used to predict the vapor pressure of each metal species 
and the multing mount of each metal which partitions to the combustion gas by vaporization 
during coal combustion. A d d i t i d y ,  the program provides mtals spaciation information for both 
the condensed and vapor phases. The ability to predict and d y z e  the lllttB1s vaporizatiOn process 
is largely dependent on the accuracy and the completeness of the data on the thermodynamic 
properties of mctaj species. The equilibrium program has to be provided with thermodynamic data 
on all of the possible combinations of metal compounds which may fonn under combustion 
conditions. Th: thetmodynamics database normally provided with the NASA codt has iimited data 
on toxic metals. For example, maals such as Sb, As, Cd, Se, TI, and many toxic metalarch elemtnt 
(Ca, Ai, Si) compounds arc not included in the NASA thermodynamics database. This is because 
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the NASA tkmodynamics database is based largely on data &om tfre JANAFTablcs (Chase et al., 
1985) which focus on substances of importance to fuel combustion and jet and rocket propulsion. 

Recently, a considerable effort was undertaken to update the thermodynamics database 
(Rizeq et al., 19924; 1993) with the latest thermochemical property data on toxic metals. An 
extensive litcranue search was conducted to identify major sources of data. Two primary sources 
of data were utilized; the first was the Barin tables (Barin, 1989) for gasc~us and condensed metal 
species, and the ScCoIId was data from Ebbinghaus (1992) on gascous chromium species ftom his 
recent work at Lawrence Livermore National Laboratory. As a result of this effort, the 
thermodyrramics database incorporattd in the metals partitioning model was upgraded by adding 
data for a number of new metal species (Sb, As, Cd, Se, and Tl) and increasing the number of 
compounds for several metals (Ba Be, Cr, Pb? Hg, Ni, and Ag) in both the condensed and vapor 
phases. This increase in the number of gas and condensed phase metal species allows better 
pndictions of metals behavior under a y8tiety of combustion conditions. 

Uncontrolled partitioning of metals due to vaporization was calculated fkom the saturated 
vapor pressure of mtals under anticipated operating conditions and coal composition. The 
saturated concentration of each metal was then estimated and compared to the available 
concentration of the S(UIIC metal. The available concentration was calculated based on the 
comxntration of tk metal in the coal. As explained in earlier publications (Rizeq et al., 1992a; 
1992b; 1992c). it is expected that the uncontrolld emissions of a metal due to vaporization is 
controlled by its saauated concentcation if the available ConaLltrZitjoIL is larger than the saturated 
concentration. The uncontrolled emission in this case corresponds to the saturated conccnaation. 
However, if the available concentration of the metal is smallerthan the samated concentration, the 
uncontmllcd emission due to vaporization of tbe -tal is expected to correspond to the feed rate of 
themetal. 

M d e  Entrainment. E a  mctal has not complerly v a p i d  at combustion conditions 
(saturated metal), additional partitioning of the metal to the gas phase can occur due to ash 
entrainment. Metals partitioning to the gas phase due to ash entrainment can be accounted for 
through an estimate of the percent of ash entrained in the combustor. Tbe percent of ash entrained 
is calculated using the particulate loading .in the gas and the coal ash content, or by using 
entrainment models which simulate the conditions of the combustion system (Li, 1974). The 
amount of ash entrained depends on the size, shape, and density of the ash, as well as on the coal 
type? combustor &sign, and operating cttaramnS * tics of the coal combustion system. In many 
systems, the fraction of particulate entrainment is known as shown in Table 2.2 (Brooks, 1989). 
The totai uncontrolled emissions of metals wen calculated by adding the vaporimi and enQained 
portions of the metals. 

TABLE 2.2. COAL, ASH DISTRIBUTION BY BOILER TYPE (BROOKS, 1989) 

1 k Fly Ash/ 96 Bottom Ash 

t Based on several studies of coal ash from large and intermediate size cod-fired boiiers. 
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A e d  Dynamks. By knowing the vapor pnssur5of mttah at the combustor exit and at 
tb coml aquiPmeat inlet, tbt mlrahcd parhcle size distribution at the coal combustor exit, and the 
temperature pfh of tfrt gas upstream of thc APCD, aerosol dynamics (nucleation, condensation, 
and waguh~on) mockling can be per fond and the fraction of metals condensed onto or into each 

* particle size range can be calculated at the APCD inlet. Nucleation and condensation are key 
proce~ses since they account for the earichnzeDt of mttals on small particles. A computer model 
simulating both nucleation and condensation has ban developed. Details of the condensation and 
nucleation submodels a~ prtsented ekwkxe (Barton et al., 1990). 

Particulate Capture and Overall Partitioning. The removal of patticlcs from the gas 
stream by flue gas cleaaing equipment associated with entrainment, nuchion and condensation 
mustbedetermtned ' . The efficiacy of particle removal t ~ @ d y  &epends on the particle size and on 
the dcsign and operation of the flue gas cleaaing equipment. Efliciency curves wen uscd to predict 
the pacent of meral captu~~ in a given control equipment. The peicent of mtal capture depends on 
the fkiaion of metals condensed on each particle size, for example, volatile metals may condense 
largeiy on submimn partices gamatcd by mctal nucleation. Sine most APCDs arc least efficient 
in capturing submicron particles, volatile mttals have a higher chance of escaping particulate 
removal devices. Combining calculations from the vaporization and entrainment step, aerosol 
dywnics process, and pzuticulatc capwle, allows the &mation of controlled metals partitioning in 
the coal-W combustion system. 

2.2.3 Coal Type and Combustion P ~ ~ ~ w H s  

The composition of atypical bituminous coal was usedinthis study to predict vapor 
pressures and metals uncontrolled emissions due to vaporization. Bituminous coal was chosen 
because it is widely used in the U.S. and Europt. On a he1 consumption basis, approximately 95% 
of all coal c o m b d  in the U.S. is bituminous (Brooks, 1989). The bituminous coal ultimate 
analysis (Table 23) was taken from the study by R Meij (1992), p u f o d  by N.V. KEMA in the 
Netherlands. Tbis coal analysis was chosen so that we can compare the predicted results to 
KEMA's measured results and validate the modeling approach. The element concentrations of 
bituminous coal, bottom ash fly ash, and air pollution control equipmet ash, as well as vapor phase 
metals in the flue gas downsaam of the electrostatic pxecipitator wen investigated in the KEMA 
study. The operating parameters ("able 2.4) wen chosen to npnsent typical coal combustion 
conditions and also to represent amditions in the KEMA study for comparison masons. 

2.2.4 Modeling Results 

in both the U.S. and Europe, because they nsemble the ABB LE boiler, and because of available 
test data for model validation. "he partitioning model was executed to determine mefais behavior 
duing coal combustion. Tbe following subsections plrtsent results for the unconmlld partitioning 
of metais, aemsol dynamics, and particuiate capme and overall partitioning of metals in a pulverized 
bituminous coal-fircd combustion system. 

In this study, pufverized coai-hd systems wcre,modclcd because of their wide spread use 

Uncontrolled Partitioning of Metals. Metals vaporization and entrainment in the 
combustion chamber umstitutc mtah uncontrolled emissions at the combustor exit. Detamrnatl on 
of the amount vaporized relative to the amount entrained for each metal is important for the aerosol 
dynamics study upstream of the APCD, and for the determination of the fraction of metals 
condensing on each particle size at the APCD inlet. 

. .  
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. .  TABLE 2.3. COMPOSITION OF KEMA’s BITUMINOUS COAL (MEIJ, 1992). 
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TABLE 2.4. OPERATING PARAMETERS. 
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Redictions of uncontrolled emissions of metais in a pulverized bituminous coal-fired 
combustor at 1200°C and 20% excess air arc illustrated in Figure 2.6. In order to eventually 
cornpan pndictions of contded partitioning of mttals to KEuA's measured results (Meij, 1992), 
the analysis in F i p  2.6 corresponds to the bituminous coal composition of Table 2.3 which is 
representative of KEMA's bituminous coal analysis. Additionally, the entrainment rate of the 
portion of me&& which do not vaporize was consided 8896, also corresponding to the average 
inorganicparcicularcen trainment in KEMA'S tests. 

In Figure 2.6, two sets of results ani! shown for Cr, Cr- 1.2 cornsponds to Cr behavior if the 
local conditions near the burning coal were at SR= 1.2, and Cr- 1 .O corresponds to Cr behavior if 
the local conditions near the burning coal wen at SR= 1.0 or below. As will be shown in Section 
5.3.2, the othcr metals arc not impacted by stoichiometry so the SR of 12 was used. Figure 2.6 

while, 096 of U and Ba vaporizes, 88% is entrained and 12% remains in the boltom ash; 10% of Ni 
vaporizes, 8096 is entrained, and 10% remains in the bottom ash; 49% of Be vaporizes, 44% is 
entrain&, and 7% partitions to the bottom ash; and appximatdy 8% of Cr-1.0 vaporizes, 82% is 
entramd, and 1096 partitions to the boaom ash. As will be shown in the following subsection, the 
percent of vaporhioq f a  each metal will impact its aerosol dynamics upstream of the APCD, and 
its distribution on the v8cjous sizes of flue gas mtraind particles, 

The vaporization behavior of Cr at SR= 1.0 is believed to be the representative behavior of 
the Uncontrolled partitioning of Cr due to the local nducing atmospheres near thc burning coal as 
wiU be discussed in Section 5.3.2 (Impacts of Combustor operatrns Parameters on Uncontrolled 
Metal Emissions). 

indicates that the total 8mounts of Cr-1.2, Cd, Pb, As, Sb, Tl, SC, and Hg PIDdiCfcd to vaporize; 

Aerosol Dynamics. The vaporized metals (Ftgure 2.6) arc expected to condense onto 
and/or into submicron particles as the gas coois upstream of the air pollution conml equipment. 
This process will enrich the emitted fly ash particles with these mctals (their concentration in the 
emitted fly ash will exceed their u m d m  m the coal ash). The toQa amount of rrwal.c capaured 
in the particulate APCD depends to a gnat extent on the distribution of condensed metals on the 
nucleated and fly ash particles. The fly ash particle size dinxibution at the combustor exit (Table 
2.4) was taken from a repnsentative pulverized coal combustion system. The overall metals 
distribution at the APCD inlet was determined by modeling the aerosol dynamics of metals as the 
gas cools upstregm of the APCD. 

Figwe 2.7a shows the percent of each metal which condenses on the various nucleated and 
fly ash particles in the flue gas. The n u c l d  and then agglomerated mctal particles are generally 
less than 0 . 1 ~  and the fly ash particle sizes ~ I C  g c n d y  above 0 . 1 ~  figure 2.7a lists metals in 
the ordcrof increasingvdatility (Mtothe right). It is clear from this figwetbat as the volatility of 
metals incrtases a larger fraction of metals condense on the smallest nucleated particles. This 
occurs because, metals with lower volatility nucleate first generating small  particles with large 
surface area on which the higher volatility metals condense later as the temperature cools further 
upstnam of the APCD. Figure 2.7a shows that more than 4096 of the vaporized mctais (except 
Hg) condtnse onto or into particles less than 1- Therefore, metals which vaporize completely in 
the combustion cbambcr an enriched in these submicron particles due to condensation; the high 
volatility metals arc enriched the most. Most particulate APCDs an l as t  efficient in capturing 
submicron size particles. The vapor pressure of mercury was predicted to be non-saturated at the 
AFCD temperahue of 18OOC and, thus, remain in thc vapor phase as shown in Figurrc 2.7a 

There arc several factors which may influence the distribution of condensed metals. These 
include flue gas quenching rate, percent of particulate entrainment and particulatt loading in the flue 
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Uncontrolled Partitioning 
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Figure 2.7. Condensed metals distribution at control equipment inlet. 
(a): entrainment rate = 88%; (b): entrainment rate = 15%. 
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gas, the difference betwan the combustor exit temperature and the APCD Met temperature, the 
w o n  of each mctal which vaporizes, and the entrained particle size distribution at the combustor 
exit. The impact of such variations on metals distribution upstream of the APCD can be studies 
using the aerosol dynamics model. For example, Figure 2.7b shows the distribution of condensed 

I metals ifthe particulate entrainment rate declrtascs to 15% which causes particulate loading in the 
gas to also decrrase. This situation occurs in cyclone coal-find boilers when approximately 15% 
of the particulate mattcr is entrained rathcr than over 80% in pulverized systems. For the lower 
particulate loading case, Figure 2.7b shows that the fraction of the volatile metals condensing on 
submicron particles increases relative to Figure 2.7a. This is primarily due to the increase in the 
relative surface area generated by the nucleated particles to the surface area of the entrained 
particles. This new dismbution allows for less efficient capture of the volatile metals. Such a 
behavior may indicate that an increase in gas particulate loading may be helpful for beaer capture of 
volatile metals since less metals m y  condense on the smallest nucleated particies. This conclusion 
depends on the particulate removal efficiency at the control cquipnmt. 

The effect of flue gas quench xatc on the distribution of metals upstream of the APCD was 
also investigated using the aerosol dynamics model. It was found that if the quench iate 
downstream of the combustor exit is 5OOK per second or smaller, there is no si@cant impact on 
metals distribution. Tbe quench rate of 500K per second npnsents a high quench rate for such 
combustion systems. 

Enrichment. Based on Figure 2.7 (a and b), it is exptd#l that Cd, Pb, As, Sb, Tl, and Se 
will be tzlliichcd in the emitted fly ash due to their complete vaporiZaton and fuithernucldon and 
condensation into and onto submicron particles upstream of the APCD. This expected enxichmnt 
is COILfirmcd fiom KEMA's mc8sIvcmtIlts. The reiative enrichment of Cd, Pb, As, Sb, TI, and Se in 
the crnitttd fly ash were reported by Mcij (1992) to be 9,6,5,6,5, and 7, rtspecbively. Meij defies 
tk relative ellrichxmllt factor (ER) as: 

The measured enrichment of Hg is reported to be 1; this is expected since Hgremains in the vapor 
phasc even as the temperature deaeases to the APCD temperatwe due to its high vapor prtssurc 
(Figure 2.7). The mtasurtd enrichment of 6 is also repotted to be 1, which indicates that Cr in 
KEMA's tests partitioned as particulate matter to the gas p b  and no significant vaporization 

Cr vaporization and supports the decision of considering vapor presmns of Cr at SR of 1.0. 

KEMA's ILIc8surcmcnts i n d i e  that Ba, Be, Ni, and U wen slightly enriched in the emitted 
fly ash (ER= 1.8,2.1,3.5, and 2.1, respectively). According to the predicted metals vaporization 
results in figure 2.6, some enrichment is expected for Be and Ni but not for Ba and U. This 
indicates that a largerpacentage of Ba and U vaporized in KEh4A's tests rhaa what is prtdicted in 
this study. Considering the SrmSitivity of the vapor pressure of non-voiatile mttals to temperature 
changes (as will be illustrated in Section 5.3.2, Figure 5.3a), a test temperature higher than the 
temperature uscd for predictions (12M)OC) could have caused a larger fraction of Ba and U to 
Vaponzt. 

. occumd. This C Q u h l s  eariier predictions of local ndllccd c a * m t  effeas on the nduction of 

. 

Particulate Capture and Overall Partitioning. In this study, a high efficiency 
electrostatic pmipitator (ESP) was considered for particulate capture since many cod combustion 
facilities in the U.S. and Europe employ ESPs for particulate capture and also because it resembles 
the ESP used in the KEMA study. As described in the Methodology section, the amount of cach 
metal captured was calculated considering the efficiency of the ESP for each particle size range and 
the fraction of condensed metals on each particle size, as well as the fraction of each metal in the 
entrained fly ash. 
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Figure 2.8 shows the O V ~  partitioning of metals in a pulverized bituminous coal-fucd 
combustion f d t y  employing a high efficiency ESP. This figure also compares the predicted 
partitioning d t s  to the lJwLsund results €tom the KEMA study (Meij, 1992). The predicted and 
measured results for each metal a~ katcd adjacent to each other in Figure 2.8. The measured 
result for each metal is indicated by adding a "-rn" to the symbol of the metal; for example, the 

overall partitioning of metals compare well with the measured values. This provides additional 
confidence in the modtirng and testing procedures approach. 

measur#i value Of U is illustrated 8~ U-EL In general, Figure 2.8 shows that the pndicted values of 

One obvious diffenncc, however, is between the predicted and measurtd mults of Cr. The 
measured bottom ash value of Cr is 25% versus the predicted value of 8%. The mcasurcd value 
indicates that Cr was the least volatile me&l in their tests. The reason for that is not clear. It is 
surprising to see this result for Cr since earth elements, such as Al and Si, entrained t 88% in the 
KEMA tests. Tht volatility of Cris bigkrtban eatthcicmcnts ad, therefore, it is expectad that the 
uncontrolled partitioning of Cr should be at least 88% rather than 75%. A measurement error or 
dctcuability limit problem may have been a Win the largcrthan expected bottom ash Cr. 

In figure 2.8, both pedicted and maswed msults indicate that over 999b of the non-volatile 
metals (U, Ba, Ni, Be, nd Cr), and approximately 97-99% of the medium volatility metals (Cd, Pb, 
As, Sb, and Tl) arc capturd in the collected ESP ash and bottom ash. The predicted Hg result 
indicates that Hg is not expected to be captund in the system since 0% was assumed for the ESP 
cqmm of vapor phase oompounds. The meas& mt, however* indicae that approximately 1096 
of Hg was captured in the ESP. This may have happened due to the adsorption of Hg on the. 
surfaces of some of the emraid particles in the ESP. Egurc 2.8 indicates that tbe mcI1suTcd vapor 

vaporpnssurt of Seat the xxxiclcd ESP tempemure of 18OOC may be smallcrthau the measured 
value. The vapor pressure of Se is very sensitive to temperature changes at low APCD 
temperatures; therefon, ifthe ESP temperame in the KEMA study was slightly higher than 180°C, 

phase controlled partitioning of se is bighcrtbau the predicted value. Tbis nvgns thatthe*& 

this will errplain the diffkmce in the amount of se remaining in the vaporpbasc. 

2.2.5 Conclusions 

Several conclusions can be dram from the above study: 

Combustion temperature changes and variations in coalchlorine content influence the 
vaporization of non-volatile metals (Ba, Ni, Be, and Cr), but do not influence v o W e  
metals (Cd, Pb, As, Sb, TI, Se, and Hg) which a~ predicted to partition to the gas at 
1009b between 8WC and 18WC. Additiody, local reducing atmosptmt conditions 
(SRS 1.0) near the burning coal may cause Cr vaporization to be reduced significantly 
even though the o v d  stoicbiometry is fuel lean. This conclusion is dependent on the 
coal type and the range of operating conditions used in this study. 

The dominant CbemiCa form of Hg at the combustor exit is predicted to be elemental 
Hg and the dominant form at the APCD inlet is prtdicted to be HgC12. HgCl2 is 
soluble and will be partially absorbed by wet scrubbers. 

The percent of a metal condensing into or onto smajl nucleated particulates in the flue 
gas inmases as thc volatility of the metal increases, and also incnases as the paxt~culate 
loading in the gas decreases. The quench rate has no significant impact on metals 
distribution if the cooling ratc is 5OOK per second or smaller. 
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Predictions of the controlled partitioning of metals in a pulverized bituminous coal 
combustor employing high efficiency ESP indicate that over 99% of the non-volar& 
met& (U, Ba, Ni, Be, and Cr), and approximately 97-99% of the medium volatility 
metals (Cd, Pb, As, Sb, and Tl) arc captured in the ESP ash and the bottom ash. The 
highly volatile Hg is predicted to remain in the vapor phase at the APCD temperatun 
and escape without c;rpturt. Appxi~~atc ly  95% of Se is pndictcd to be captured in the 
ESP. 

The results from this study illustrate the importance of using representative operating 
conditions and fuels during a test to determine representative emissions. It is ais0 
critical to usc the coma composition of the fuel to obtain be#er predictions of metals 
behavior during combustion. The comparison to the KEMA data was favorable, but 
m y  have been impmvcd if detailed infomation on aprrating CoILditioIlS wcrc available, 
especially for& temperanut profie and residence t b ~  of the flue gas downstream of 
thecombustot. 

The favorable comparison between predictions and nd data provide confidence in 
the modtirng approach and indicates that Using this modeling approach can be effective 
in plamhg tests and optimizing operating conditions prior to conducting actual 
compliancetests. 

The model also can be used to dcmminc the impact of different combusm and APCD 
types, oprmting conditions, and coal types on emissions. This will i d p  faciiities 
p r e p a n  for the clean Air Act Amendments of 1990 (CAAA). 
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3.0 DEFINITION OF KEGULAT~ON AND STANDARDS 

The purpose of Task 1 of this program was to identify air toxic emission regulations of 
interest to coal-fired utility boiiers. TO d e k a e  which HAPS are either currently regulated or 
potentially regulated in the future, the Clean Air Act Amendments (CAAA) and state regulations 
wert leviewed. The following sections detail the results of this task effort. 

3.1 F- 

Prior to the 1990 Amendments, Section 112 of the CAA rcquirtd EPA to determine which 
substances we= to be considered hazardous air pollutants (HAP) and to develop standards of 
control. Thee standards are known as National Emission Standards for Hazardous Air Pollutants, 
or NESHAP. To date, EPA has only designated eight HAPS: asbestos, benzene, beryllium, coke 
oven emissions, inorganic arsenic, mercury, radionuclides and vinyl chloride. The 1990 
Amendments, specifically ‘Iitle ID, attempt to address this inadapcy. Under Title Congress 
dcsignared 189 pollutants (including NESHAP compounds) as air toxics, and defmcd an approach 
for the control of these pollutants. Table 3.1 provides a iist of the 189 HAPS. EPA may add to or 
delete from this list. A substance must be deleted if it is determined that it may not reasonably be 
anticipated to cause any advcxse effects to human health or the en-& 

Title III is applicable to major sources, defined as any stationary source (or sourcts under 
common control) which emits, or has the potential to emit, 10 tpy of a sin& listed HAP or 25 tpy 
of multiple U s .  A proposed list of source categories was published in tk Federal Register on 
June 21, 1991 (FR 56 June 21,1991, 28552). While the industry group “Fuel Combustion 
Sources” was proposed, utility boilers wen temporarily exempted pending further investigation by 
EPA. EPA is quired to conduct a comprehensive study to evaluate emissions of the 189 HAPs 
from utility boilers, the risk imposed by thtse emissions, potential control technologies, and costs of 
these technologies. The results of the study arc to be presented to Congress by November of 1995. 
EPA may delete any source category from its list if it determines that no source in the category 
either causes a lifetime cancer risk greater than one in a million to a maximum exposed individual, 
or, will emit noncarcinogenic pollutants which below a level adequate to protect public health with 
an ample margin of safety. 

If cod fired utiIity boilers arc determined to impose a risk, then EPA must promulgate 
regulations estabiishing emission standards. These regulations arc to require the maximum degree 
of reduction in emissions of a pollutant that EPA detexmines is technologically achievable taking 
into consideration cost, non air quality health and environmental impacts, and energy nquiremcnts. 
This technology based standard is defined as the maximum achievable control technology or 
MACT. MACT may include process changes, substitution of material, and work practices, as well 
as add-on control equipment. 
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TABLE 3.1. 189 CLEAN AIR ACT POLLUTANTS 
L 

Chemical Name 

Acetaldehvde 

2-Acetylaminofluorene 
Acrolein 

Diazomethane 
Dibenrofu rans 

‘Ac&Ionitrile 
AIM chloride 

1,4-&&iorobenzene(p) 
13.3-Dichlorobe zidene 

Asbestos 
Benzene (including benzene from gasoline) 
Benzidine 

4-Aminobiphenyl I Dichloroethyl ether (Bis(2-chloroethyl)ether) 

Diethanolamine 
N,N-Diethyl aniline (N,N-Dimethyhniline 
Diethvf sulfate 

Aniline 11 ,&Ddrlotopmpene 
odnisidine IDichloms 

1 Bemotrichloride 13,&Dimethoxybenzidine I 

1CaMnyl sulfide I Ephichlomhydrin (1 -Chloto-2,3-epolypropane) 1 
Catechol Chioramben 
Chioramben 

1 ,2-€poxybutane 
Ethvl Benzene 

IC hlordane 
,Chlorine 
Chloroacetic acid 

Ethyl Carbamate (Urethane) 
Ethyl chloride (Chloroethane) 
Ethvlene dbromide (Dibromoethane) 
Ethkene dichloride (1,2-Dichloroethane) 3 
Ethvlene alvcol I 

I Ethylene imine (Hridine j- 
,Ethylene oxide 
1 Ethylene thiourea 
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TABLE 3.1. 189 CLEAN AIR ACT POLLUTANTS (CONTINUED) 

I Chemical Name I Chemical Name I I 

resoWCresylic acid (isomers and mixhre) I Formaldehyde 
o-cresol Heptachlor 
m-Cresol Hexachlombenzene 
Hexachlorobutadiene Phosphorus 
Cexachlorocyclopentadiene Phthalic anhydride 
Hexachloroethane Polychlorinated biphenyts (Aroclors) 
Hexamethyiene-1 ,Miisocyanate 11 ,&Propane sultone 
Hexametttylphosphoramide beta-Pro piolamtone 
Hexane Propionaldehyde 
Hydrazine PropoXlJr (Baygon) 
Hydrochloric acid Propylene ddrloride (1 ,2-Dichloropropane) 
Hydrogen fluoride (Hydrofiuoric acid) Propylene oxide 
Hydrogen sulfide 1 ,O-Propylenimine (2-Methyl aziridin) 
Hydroquinone )Quinoline 
IsOQhonone Quinone 
Lindane (all isomers Styrene 
Maleic anhydride - Styrene oxide 
Methand ) 2 , 3 , 7 , B - T e t r a c h l o r i ~ ~ i o x i n  
Methoxychlor 1 ,1~,2-Tetf8chl0foethane 
Methyl bromide (Br~momethane) Tetrachloroethylene (Pemhlomethylene) 
Methyl chloride (CMOrwnethane) T i i u m  tetrachloride 
Methyl chloroform (1,1,1 -Trichloroethane) Toluene 
Methyl ethyi ketone (2-Butanone) 
Methyl hydrazine 2,410luene d i i n a t e  
Methyl iodide (lodomethan) 0-Toluidine 
Methyl isobutyl ketone (Mexone) 
Methytisocyanate 1,2,4-1richlorobe1nrene 
Methyl methacrylate 1,1,2-Trichloroethane 
Methyl tert butyl ether Trichloroethylene 
4.4-Methyiene bis(2chlomniline) 2,4,5-Trichlomphenol 

Methylene diphemyt d i i i n a t e  (MDI) 
44'-Mett\ylenedianiline Trifluralin 
Naphthalene 2,2,4-Trairnethylpentane 
N iit robenzene Vinyl acetate 
4-Nitrobihenyl Vinyl bromide 
4-Nitrophenol Vinyl choride 
P-Nitropropane Vinylidene chloride (1,l -Dichloroethylene) 
N-Nitroso-N-methylurea Xylenes (isomers and mixture) 
N-Nitrosodiumethylamine o-X ylenes 

2,4-Toluene diamine 

Toxaphene (chlorinated campheme) 

Methylene chloride (Dichbmmethane) 2,4,&Trichlo~henoI 
Triethylamine 1 



Chemical Name Chemical Name 

N-Nitmmopholine m-Xylenes 
Parathion p-Xylenes 
Pentachloronitrobenzene (Wintobenzene) 
Pentachlorophenol 
Phenol 
'0-Phenlvnediimine 
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Assuming that d-fired utility boilers are to be regulated, MACT would be established 
according to the following discussion. For new sources, MACT must not be less stringent than the 
level demission control achieved in practice by th best controlled similar sonrce. For existing 
soutces, MACT must not be less stringent than the average emissions limit achieved by the best 
performing 12 percent of existing sources. If there are fewer than 30 sources in the SOUTCC 
category, MACT must not be less stringent than is achievable by the best performing five existing 
sources. If there is an established Mth threshold for the substance, EPA can consider it, with an 
ample margin of safety, when setting MACT standards. EPA must review and revise as necessary 
MACT standards at least every eight years. In addition, MACT standards do not replace any 
stricter state or local standanls. 

For new sources, MAC" standards arc effective upon promulgation. For existinp.sourccs, 
compliance must be achieved no later than thne years after promulgation, with a possible one year 
extension granted by permit if the time is n d d  to install control technology. Benefits are 
available for facilities that show early Itductions. Sources arc eligible for a six year extension if 
they make voluntary reduaions of at least 90 percent from their 1987 levels befoE the applicable 
MACT standard is proposed In addition, sources can obtain a five year extension if they install 
Best Available Control Technology (BACT) or Lowest Achievable Emission Rate (LAER) 
technology for that pollutant prior to promulgation of the applicable MACT standard. 

After the application of MACT standards, EPA is to determine the residual risk associated 
with each controUcd source and source category. By 1996, EPA is to report to Congress on 
methods of calculating the remaining public health risk after appfication of MACI' sta~dards, the 
sigmficance of this mmahing risk, aaethods of reducing such remaining risk, and manmenclarions 
for legislation. If Congress does not act upon EpA's recommendations, EPA must within eight 
years after promulgating MACT standards, promulgate additionai standards based on their residual 
risk findings, if ~ltcessaty to provide an ample margin of day to protect public health. These 
additional standards arc known as residual risk standards. For carcinogenic pollutants, EPA must 
promulgate residual risk standards w h m  MACI' standards do not reduce risk to less than one in 
one million. 

Residual risk standards will be effective upon promulgation. However, existing sources 
may obtain atwo year waiver ifit is nccesaq to install controls, pv iddtht  source will ensue the 
protection of health of the persons effected &om imminent endangerment during the inteim. Also, 
if a source commnas cmst~ction after an applicablt MAC" standard is proposed, but before an 
applicable rtsidual risk standard is proPosad, the facility must comply with the MACT standard but 
need not compiy with the residual risk standad until ten years after construction commences. 

3.2 

Due to heightened awareness regarding air toxic emissions and the lagsing implementation 
of federal reguiations, many states have adopted or are considering adopting programs for the 
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control of air toxic pollutants. This 
'stat& to implement air toxic conuol programs (ATCPs). 

presents the CUmcIt status, scope and approach taken by 

Current Status of Stak Air Toxic Control Programs (ATCps) 3.2.1 

Information about state ATCPs can be obtained from the National Air Toxics Infonnation 
Clearing H o w  (NATICH). The infonnaton supplied by NATICH is a result of a survey of 
individual states. The resulting databast contains information on the states' ATCPs including: 

1. 

2. 

3. 

The structure of the statc ATCP, such as a program based on guidelines rather than 
f o d y  adopted nguiations. 

The scope of the state pgrams, which may include: 

A list of pollutants 
A list of &urccs or source categories 

Rmpimmnts for accident prevention and/oremergencyresponse plaunxng 
Submittal of emission inventory iafonaation 

Permitting of new sour#s/permr 't mewal for air toxks 

T h e e x t e n t o f c n f o ~ n t  

If the pennit renewal prcKx!s is used to amml airtoxics, the regulating agency may use 8cceptBble 
ambient concentration guidelines (AACG) for air toxics or formally adopted standards (AACS). 
So= or all of the M C G  or M C S  may be based on tk application of an uncertainty factor to an 
established Occupation Expomrr: Level and/or the d t s  of ahealth effecs litmame review by the 
agency. ALtrmatively, a technology basad control quintment may be wed, such as "State of the 
Art' control for identified SOUFOCS of specified pollutaats. Risk assessments for cancer causing or 
systemic pollutants may also be ruluired. 

Table 3.2 provides the results of the NATICH survey. Responses from 43 states arc 
presented, indicating whetherthey bave acurxcnt program, a future program, or no prom All of 
the states responding have some type of control program in place. Of particular interest arc the 
stares which curxcndy have programs m place. Table 3.3 shows which states have a current air toxic 
control program (32) and which mtfely have NESHAP autharity or regulations which apply only to 
NESHAP like pollutants and sources (17). Table 3.3 ais0 identifies the 21 states with ATCPs 
based on promulgated regulations rather than guidelines. For the states which do have a current 

Table 3.4. 
ATCP for which information was available, the characteristics of thtse programs arc summarized in 
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TABLE 3.3. SUMMARY OF STATES WITH AIR TOXICS PROGRAMS 

I 
AL 
AK(1) 
AR(2) 

I I X X 
X I X I 

X I 

~~ 

Az 1 
CO(1) I 

I 

I1 I X I I I 
IN I X I I 

X X 
X X 1 

1 v " 

I X -  1 
I X 

NJ X 
NM X 
w 2 \  I Y I 

DE I X 
R t X 

X GA(2) 1 

I I I 

I NY X X 

I 

t8 . .-, , 

X X I K !  V 

I 
I 
I I 

. (2) For the foUowing sum. no infarmuion was 8vril8bic from the NATICH Air Toxics D.ubrre: AR. GA. w, 
TN. UT. urd wv. 
NOR: No dormation was found for the stpti of Minnirou. 
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3.22 State Regulations Applicable to Coal*& Units 

For tht 21 & baving a cumnt ATCP based on pmmdgatcd xeguhons, dcschptions of 
the individual regulations wen obtained from the Bureau of National Main. These regulations 
were then assessed as to their applicability to ~0al-W units. Table 3.5 presents a summary of 
state air toxic rtgulations which may be applicable to coal-fired. units. Most identified state 
regulations specify a general applicability (ie: new, modified, or existing stationary source). Tbe 
standards imposed by cach of thc statc ngulations follow one of six approaches. These approaches 
Canbesummanzed - asfollows: 

Approach A - Emissions shall not exceed a calculated site s p c d c  stack emission limit; 

Approach B - Emissions shall not e x d  a specified stack emission limit; 

Approach C - Emission shall not endanger human health andor the environment; 

Approach D - Emissions shaU not cause or contribute to a violation of au M Q S ;  

Approach E - Emissions shall not caw or contribute to a violation of an AAQS for those 
sources which emit above a specified significaut level; 

Approach F - Applicable source shall perform specified activities such as registration and 
emission inventory qxming. 

A desaiption of these approaches follows. 

Approach A. Under Approach A the standard directly specifics that no person shall cause 
or pennit the emission of any listed HAP to ex& its stack emission limit. Dettnnination of a 
stack emission limit is based on an equation which takes into account site specific parameters such 
as stack height and distance to point of pollutant h p a a  If the sours complies with the calculated 
emission limik then it is ass& that the owner or operator does not cause or exgccrb8tt a violation 
of the applicable ambient air quality standard (AAQS). This is demonstrated by the use of air 
quality models, data bases and other approved procedures to determine the ambient air 
concentration that is a muit  of the emission in question and then comparison of this value with the 
AAQS. 

If thc source does not matthe calculated stackemission limit, thtn the owner or optrator is 
required to install and usc BACT or some other specified equivalent, in addition to demonstrating 
that the source will not cause an impact in excess of the applicabie AAQS. In some cases BACT is 
only required for new or modified sources and a less stringent Reasonably Available Control 
Technology (RACT) requirement is imposed on existing sources. 

3-10 



Y 
c. 
c 

TABLE 3.5. SUMMARY OF STATE AIR TOXIC REGULATIONS APPLICABLE TO COAL HRED UNITS 

specifad signiriurt kvel.  

cod. v e n i d  from a stack with an 
appmvd height which minimizes IggNgalC. IO pry or mure or 2S tpy 

f a  specified acceptable 



TABLE 3.5. SUMMARY OF STATE AIR TOXlC REGULATIONS APPLICABLE TO COAL FIRED UNITS (CONTINUED) 

Iany air toric [violation of a specified rcceprrbk AAOS (41 I 
Icg No, 22 (Any new or modified stationary ]No ~u lce  shall emit m y  listed air toric which will cause a I Y 

soufcc 

emitted greater than a minimum kvel inventory infomation 
of air toricr. 

violation of a specifid recepcrble AAQS. 
Any stationary source which used or All saurces must register uwl supply air toxic emission Y 

(3) Any stationary source which emits ah No wwce shdl  emit my listed air toric which will cause a 
torics 

Does not apply IO fuel bumin8 
SOUFC~S which burn only virgin fuel 
or used oil. 

violation of a specifid wcqnnbk AAQS. 

'AC, NRClll Any source opention (ic: spray t (3) N 
I5 chamber with the potential to erist 

VW'S COUin8) 
:ulc 4-3 Any stationuy sourcc which emits or No facility shall emit any air toric in such quantities that may Y 

may emit my ah toric above a 
specified significmt l e ~ t l .  

cause or Conlribute to the CIIdUIpfIWnt of human hedth. 
This may be demonstrated by comparison IO a specifid 
acceptable AAQS or AAQa (4) 

violation of a specified rceeptabk AAQS. 
'SA 5-261 Any suiionary source which emiu a No source shall emit m y  listed air toric which will cause a Y 

list4 air toxic above a specified 



TABLE 3.5. SUMMARY OF STATE AIR TOXIC REGULATIONS APPLICABLE TO COAL FlRED UNITS (CONTINUED) 

No informalion was avallabb from the Bureau of National Affairs. 
No AAOS's have been s lied as of 12-21 -90 
No information was.avai& at the time of which this report was pepred. 
The comntralmn hmits are based on Occupational Exposure Lhtr (OEL), therefore the regulation is directed towards worker satety. 



Both connecticut and Kentucky use this type of approach. Kentucky has an additionai level 
of applicability in that only sources which emit air toxics above a specified si@cant amount nctd 
to caicuiatt an emission limit to demonstrate compliance. This screens out s n d  quantity 
generators from even being regulated under the standard. 

Approach B. The standard directly specifies that no person shall cause or permit the 
emission of any listed HAP to exceed its applicable stack emissiOn limit. In contrast to Approach 
A, the stackemission limits arc specrfied xathcr tban calculated. This may mult in a more stringent 
standard in that the benefit of a limit calculated using site specific parameters is not utilized. If the 
source does not meet the specified stack emission limit, then the owner or operator is required to 
install and use BACT or equivalent, and demonstrate that the source will not cause an impact in 
excess of an applicabie AAQS. The states of Louisiaaa and Wisconsin employ this type of 
VPro=h 

Approach C. In Approach Cy the standard does not specify a limit but rather calls for the 
total allowable emissions of any listed HAP to not reasonably endanger human health andor the 
envirommt. This xcquizeroent may be demonstrated by a va&y of ILltthods includtng comparison 
of resulting ambient air conccntra!ion with sptcified AAQS. Usually BACT or the equivalent is 
required regardless of the human Mth assessmut. 

Approach C is utilized by Maryland, North Carolina, Washington and V i  Under the 
Maryland program, an owner or operator may demonstrate compliance with the human h d t h  
standard by comparing an ambient air conccntxation due to the facility’s noncarCinogenc emissions 
with specified standards. Based on the result, a risk assessment must be conducted for 
carcinogenic pollutants to &tennine ifthese cause more than a 1 in lO0,OOO incnase in a person’s 
l i f ~ c a n c e r r i s k .  

The Nor& Carolina and Wasbington programs are soMwhat less stringent in that resulting 
ambient air concentrations need only comparc favorably to an applicable AAQS to demonstratt 
compliance to the standan& m e s s  if th pollutant is carcinogenic or noncarcinogenic. Both 
states rtqUirt the usc of BACT or some state specitied equivalent. V i s  program is similar to 
this approach, but in addition, the size of tht facilities regulated is limited. This is achieved by 
emission scnening limits. For facilities which emit air toxics below their applicable d g  limit, 
the regulation does not apply. 

Approach D. Under Approach D the standard directly specifies that no p&on shall cause 
or permit the emission of any listed HAP in such concentrations as to cause or contribute to a 
violation of an AAQS. Similar to the previous approaches, this is demonstrated by the use of air 
quality modcls, data basts and other approved procedures to dctermine an ambient air concentration 
impact resulting from the facility of concern and then comparison of this value with an applicable 
AAQS. 
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Consequences for sources not meeting the specified AAQS, vary fram state to state. In 
general, most require the owner or operator to install and use BACT. Some states which use this 
appmach, allow the use of the less stringent RACT requinment for those pollutants identified as 
being of low OS moderate toxicity. Other statc programs arc more stringent in that they specify an 
additional risk assessment requirement for new sources or those that emit highly toxic pollutants. 
New Mexico, New Hampshire, and South Carolina, all use Approach D. 

Approrrch E. Approach E is essentially the same as Appmach D but the size of the facility 
to which the regulation is applicable is indirectly limited. For example, in Virginia, screening 
emission limits azc specified below which a facility is not ~lcgulated 

Ap@roach F. Approach F is all other programs which do not spec* a standard or limit 
but mer+ly require activities such as registration of source, public notice and/or quantification of 
emissions for inventory purposes. Regulations imposed at a state level by Califomia and New 
Mexico fall mto this category. 

3.2.3 State Specified Air Toxic Pollutants 

Seven states with c-nt ATCPs based on promulgated regulations were identified in the 
pnceding section as being possibly applicable to c4-W utility boilers. Appendix A lists the 
corresponding acceptable ambient air quality standards, illustrating the type and to what level air 
toxics arc xegulated by these programs. For the states employing approach A or B, acaptable 
emissionnrtesinsteadofAAQSsarr:~ora~tocalculatemchvaluesisprovided. 

3 2.4 Local Disnict Conml 

Air toxics can be ttgulatad and often an=, at a local level by air quality management districts. 
Table 3.6 gives a list of local agencies with air toxic programs as identified by the Air Toxics 
Clearing House (NATICH). 
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TABLE 3.6. LOCAL AGENCIES ATC PROGRAMS 

STATE 

Alaska 

California 

FlOIida 

Iowa 

Kansas 

Maryland 

North Carolina 

Ohio 

Oklahoma 

Pennsylvania 

TennesSee 

Washington 

AGENCY 

Jefferson County Air Pollution Control Program 

Bay AreaAirQuality ManagexnentDistrict 
South Coast Air Quality Management District 
San Diego Air Pollution Control Disuict 
Colusa County Air Pollution Control District . Ventura County Air Pollution Control District 

North Coast Unified AQMD 
Sacramwto Mctfopoltan AQMD 

Lassen county APCD 

Hillsbornugh Co. Environmental protection Commission 
Bmward County Office of Natural Resource protection 
Orange County Air Pollution Control Board 
Pineilas County Air Pollution Control Board 

Polk County Physical Planning Dept. 

Wyanciotre Co. Health Dcpt.; Bur. of Air C Wate Mgmt. 
Wicbita-sedgwick County D q t .  of Community Health 

Prince George’s County HcalthDcpartumt 

Mccklenburg County Dept. of Environmental protection 

Toledo EnvimmcntaI senrices Division 
Southwest Ohio Air Pollution Control Agency 
North Ohio Valley Air Authority 

Tulsa City-County Wth Dcpt., Air Quality Control 

Phil. Dqt. of Public Health, Air Managemnt Services 

Chntranaoga-Hamilton Co. Air Pollution Control Bureau 

Puget Sound Air Pollution Control Agency 
Grant County Clean Air Authority 
South West Air Pollution Control Authority 
Northwest Air Pollution Authority 
Benton-Franklin-Wa Counties APCA 
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4.0 AIR TOXICS MONITORING PROGRAMS 

In today's zeguhtory framework, the control of emissions is first written into law; it is then 
up to polluters to test for the regulated compounds and manage them according to residual risk. 
Rarely, is this proces~ reversed, allowing sources to determine emissions of concern, categorize 
them according to risk, and then have legislators enact risk-based laws for the EPA to enforce as 
appropriate. It is no wonder then that because the enforcement of the 1990 Clean Air Act 
Amendments (CAAA) is still, from a regulatory standpoint, "new", thcn is little emissions data for 
the 189 substances listed under Titie III. This lack of data makes it difficult for the EPA to 
determine whether nguiation of any source, much less utility boilers, is neassary. 

An exhaustive literature search was conducted to ascertain exactly how much emissions data 
from coal-fired utility boilers arc availabit, how c m n t  the data arc, and how many substaaccs on 
the CAAA Title III list does the existing data base cover. The scarch began using the Dialog@ 
Information Retrieval SeMce and the University of California On-Line MELVYLO Catalog. 
Environmental, pollution, and energy abstracts were the focus with a total of 42 unique databases 
searched. Using these results, several documents were ordered from the National Technical 
Information Service (M IS) .  A brief review of these documents showed there were other primary 
sources of information. After locating and reviewing, these new sourccs, it was clear that the same 
data circulates among scvcral souxccs, and when a new source was supposedly found it referenced 
data from documents already in house. In short, the pnsent data axe finite and extremely limited in 
Scope. 

The existing emissions data from coal-fired utility boilers covers mainly inorganics, - 
specifically metals. What little organic emissions data exists is close to ten years old and caa no 
longer be considered ~ccuratc because of the test mctbods used. Efforts arc presently undmvay to 
verify the current data and N1 the gaps in the existing emissions data basc. This section briefly 
discusses these air toxics monitoring programs and assesses the present "state of knowkdge" of 
air toxic emissions from C0al-W power plants. 

' 

. 4.1 

The research currently being conducted to characterize air toxic emissions from coal-fhed 
utility power plants is an attempt to expand the scope of the current data base of emissions. The 
new analytical data obtained from these studies wiU help the EPA dctcxmine the potential air toXics 
from coal-fired boilers and whether regulation of these facilities is appropriatt and necessary. This 
determination is slated for November 1995, Then are four investigations cunrcIltly in progress and 
one that is planned to asscs~ hazaidous air pollutants (HAPS) from coal-hred utility power plants. 
Two arc sponsored by the Electric Power Research Institute (EPW and Ontario Hydro of Canada, 
and three are being conducted by the Department of Energy's (DOE) Pittsburgh Energy 
Technology center (PETC). No data h m  these studies were available for analysis. 

4.1.1 PISCES 

In 1988, EPRI initiated a program to assess the emissions of HAPS from power plants 
under the acronym PISCES (Power Piant Integrated Systems: Chemical Emission Studies). The 
study evaluates the presence and fate of chemicals in air, water, and solid waste discharges. This 
holistic approach allows controls to be applied with full knowledge of impacts on other plant 
process streams (Chow, 1991). The program also includes a relational database on chemical 
species in power plant systems. The database allows users to draw relationships between 
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chemicals, prootss sbeams, and plant ~bnfigurations. To date, the database includes 80,000 records 
of reported quantity data from 10 utility sites for 36 of the 189 hazardous air pollutants listed in 
Title III of tk CAAA (Chow, 1991). Table 4.1 lists the 36 hazardous air pollutants for which data 
are available. This list of coqunds  is based on whether or not the substance was detected in the 

As part of the Iiteranvt review, EPRI was contacted to investigate further details of the 
PISCES database and to possibly obtain a copy of a relevant data printout. However, according to 
EPRI, the database is still undergoing verification and some data collection remains to be done. 
Currently, the chemical data in the database is limited to inorganic species in the liquid and solid 
process strcams and includes few organic compounds. EPRI hopes to inciude data for more 
organic species in all ttmt process streams and inorganic species in the gaseous process streams 
when it becomes available. Since PISCES currently contains little data of interest, and the data 
qualitvhadyettobcverifiednoemissionsdatawenuscdffomthissourcc. 

' flue gas; it is not ranked according to actual risk. 

4.1.2 Ontario Hydro 

At gmt expense, Ontario Hydro, a publicly owned utility that supplies electricity to the 
province of Ontario, C a w 4  has been charactenzln ' * g organic emissions from all six of their fossil- 
fuei fired generating stations in anticipation of Canadian reguiations (Curtis, 1991). Four of their 
plants fire bituxninous coal: Lakeview, Lambton, Nanticoke, and Thundtrbay. Of these four, only 
Lakeview and Lambton have completed the testing and data analysis. When all of the data have 
ban collected and verified it will become part of the PISCES database. 'RE parameters measumi 
at th t twoco~ l~s i t c sareg iv~be low:  

Lambton - dioxins, furans, chlorobenzenes, chlorophcnols, polychlorinated biphenyls 
(KW, and polyatomatic hydtocarbons (PAHs). 

Lakeview - 32 metals and acid gas anions, a wide mge of c h l u  aromatics, aldehydes, 
ketones, and 38 PAH compounds. 

A strong attempt was made to acquire this data, but, since the data from Nanticoke and 
Thunderbay have yet to be verified, Ontario Hydro was somewhat reluctant to release the 
information. 

4.1.3 Battclle and Radian 

The Pittsburgh Eacrgy Tachnology Center has two current projecu to assess the air toxics 
emissions from coal-fired utiiity boilus. The DOE has contracted the Ba#elle Memorial btitute 
and Radian Corporation to investigate which air toxics tend to associate with various size 
distributions of paxticulate matter emitted from the stack (Brown, 1993). The selected compounds 
for these studies are again mostly inorganics, but benzene, toiuene, formaldehyde, and polycyclic 
aromatic hydrocabns (PAHs) arc also being investigated. 

Baatlle Memorial Insticute @MI) and its subcontractor Keystone/IEA are comlating the air 
toxics produced by a la&oratory-scale combustor with those from two full-scale, cod-fhd electric 
utility boilers. To help determine how well the lab-scale combustor simulates emissions from a 
full-scale system, BMI is firing the same coals uscd at the two coal-fired eiectric utilities. Once the 
emissions from the lab combustion work arc quantified, the DOE and EPRI can use this 
information to assist them in determining which air toxics to sample in future emissions 
characterization studies (Brown, 1993). 
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TA8J.E 4.1. HAZARDOUS AIR POLLUTANTS IN THE PISCES D A T W E  

Compound 
~ -~ ~~ 

Acetaldehyde 
Antimony Compounds 
Arsenic Compounds 

Benzene 
Beryllium Compounds 

Biphenyl 
Bis(2-ethylhexyl)phthalate (DEHP) 

Cadmium Compounds 
Carbon disulfide 

Carbon tetrachloride 
Carbonyl sulfide 

Chkrine 
Chlorobenzene 

Chloroform 
Chromium Compounds 

Cobalt Compounds 
Dbenzof urans 

1,4-Dichlorobenzene(p) 
Formaldehyde 

Hexachlorobenrene 
Hydrochloric acid 
Hydrogen fluoride 
Lead Compounds 

Manganese Compounds 
Mercury Compounds 

Naphthalene 
Nickel Compounds 
Pentachlorophenol 

Phenol 
Phosphorous 

Selenium Compounds 
2,3,7,8-Tetrachlorodibenro-p-dioxin 

Tetrachbrorethylene (Perchloroethylen 
Toluene 

Trichloroethylene 
2,4,5-Trichlorophenol 

Source: (Chow, 1991) 
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The Radian corporation wilt collect si+actionared partick h m  the stack of a full-scalt 
coal-fired utility boiler and characterize the particles for both bulk and surface chemical 
composition (Brown, 1993). Sampling will take place during a high-load scason (winter)* a lower- 
load k s o n  (spring), and load swings. Each test period wiU last three to four weeks. Particulate 
samples will be collected at the stack under both hot-stack and dilutionlcooled conditions. To date, 
Radian has also evaluated several sample preparation procedures and analysis techniques to 
detenninc which proadures to use on the flyash samples collected from both the hot and cooled 
stack gas. Two bulkcomposition and thru surface-leaching tcchuiqucs have been choscn. 

The bulk composition of the flyash particles will be determined by neutron activation and 
glow discharge mass spectmmay (GDMS). To identify the surface composition of the flyas4 the 
partick will fixst be exposed to three leaching agents: nitric acid digestion, gastric fluid, and acetic 
acid. AU h leachate samples will then be a n a l e  using inductively coupled argon plasma mass 
spectrometry (ICP-MS). ICP-MS provides lower detection limits and improved precision 
compared to thc conventional inductively coupled argon plasma emission spectrophotometry (I-) 
or graphite fiaaact atomic absorption spectmphotoxnctq (GFAA) (Brown. 1993). 

Results fiomthis program wil l  allow the DOEand EPAto beaerdctarmne * which air toxics 
am of primary concern in coal combustion and which analytical techniques to use to characterize 
them. 'ibese data however9 arc not yet availabk, and could not be used in this study. 

4.1.4 Comprehensive Assessment of Toxic Emissions h m  Coal-Fd Power Plants 

Since there arc large gaps in the existing air toxics data from power plants and little or no 
analytical data on the removal of toxics using an electrosratic precipitator (ESP), baghouse, or wet 
lime scrubber, the DOE has just initiated a program to assess toxic emissions h m  8 different coal- 
h d  power plants with various types of conmi technologies. The program is a collaborative effort 
between tht DOE the Utility Air Regulatory Group (URGA), EPU and the EPA. 

The undertaking will involve measuztrnents at eight power plants having different boiler 
designs, N4, conml methods, particulate control &vices, and SO2 removal systems (wet and dry). 
The tests will include measurements of all elements and compounds denoted in Table 4.2. Of the 
189 subs!aacts listed as airtoxics, approximately 80 will be mcastllbd in the DOEprogram. AU tb 
tests will use the same testing and analytical procedures. Solid, liquid, and gaseous samples will be 
taken at collection points both entering and leaving the plant to determine the concentrations of 
pollutants at each stage (DOE, 1993). The major objectives of the tcsts at each site arc: 

- 

0 

To determine the ability of various types of pollution control equipment to capme 
toxic air cmissiorrs; 

To dctammc * 

To determine how the level ofthe emissions in the flue gases varies by the size of 

tk mabctial balances of selected pollutants; 

thc parricles; 

To measure the relative levels of the emissions in the particles and vapor of the flue 
gases. 

Work under the program will begin later this spring, with testing to conclude at all sites by July. 
The DOE hopes to have the reports finalitHf by the end of the year so the EPA may be& the 



TABLE42 FLlJEOASSAMPLETRAlNSANDANALMESFORDOE'SAIR 
ToxlcsAssEssMacTeRoGRAM 

Isokinetlc Trains 
&tis 

*svocs 
*PCDD/PCDF 
*POM 
OPAH 
*Velocity 
*Moisture 

*Metals (As through V) 
*Velocity 
*Moisture ' 

*Metals (As, Hg, Se) 
*Velocity 
*Moisture 

& 
*Total particulate emissions 
*Radionudides 
*Bulk fly ash analysis 

Carbon 
Chbtide 
Fburide 
sulfates 
Phosphates 

*Sulfates (impingem) 
*Phosphates (impingers) 
*Velocity 
*Moisture 

Nonisokinetic Trains 
m a  

*vocs 

u6 
*HCI and C12 
*HF 
*NH3 
*HCN 
*Total Organic Carbon 

rUdehvdes 
*Formaldehyde PIUS 7 others 

*Fractionated particulate for 
chemical analysis 

b 
*Particulate size distribution 



review process by d y  1994. The five firrrms selected to conduct the tests along with the planned 
ttstsitesaregijvlenbelow: 

Southern Rcservch Institute, Birmingham, AL 
Northem Indiana Public Savice Co. Bailley Station, Gary, IN 
TucsanElectric Spriugedk Station, Sprhguvillc, AZ 
Battdle Memorial Institute, Columbus, OH 
Ohio Edisan Ni l s  Station, Niics, OH 
CoOpaative Power Amciation Coal Creek Station Underwood, ND 

Roy F. Weston, Inc, West Chester, PA 
Mimcmta Power Co. Clay Boswell Station, C o m  MN 
Wois Pcwr Co. Baldwin Starion, Baldwin, IL 

4.2 

Radian Corporathn, Austin, TX 
G a q a  P o w  Co. Plant Yam, Newnan, GA 

Energy and Eovironmentd Reseruch, Inc, Inin6 CA 
Ohio Power Company cardinal Station, BriUiant, OH 

 he current state of how1;dge concerning air toxics fmm cod-fired utility boilers is not 
defined by one authoritative sou~ce of informaZion. Instead, one must assemble bits of data &om 
several different sources to gain a comprehensive view of tk subject. Discussed below are the 
sources of information in which the limited emissions data we= found for this project. For each 
document, a general dtsciipion of tk resuuch conducted and datapvidcd is given. If discussed 
in thc final report, the study's quality assurance procedures arc ais0 mentioned. Except for those 
studies that mcommended otherwise, all information used from these documents was based on 
measwed data. A list of substances from each report for which emissions data were uscd is also 
provided. Emissions information for 47 HAPs is reviewed and summan& - inthefollowing 
sections. Each section describes a different report or infomation sourct. 

4.2.1 Estimating Air Toxic Emissions from Coal and Oil Combustion So- (Brooks) 

This report contains emission factors for arsenic, beryllium, cadmium, chromium, copper, 
lead, manganese, mercury, nickel. radioauclicks, forxnai&hy&, and POM eniissions b m  coal and 
oil combustion sources. "he emission factors are organized in the following hierarchy: 

Fuel type 
Pdlutant 
Combustion sector 
Boilcrtypc 

Controlled and uncontrolled factors arc presented for all pollutants. For trace metals, the data arc 
presented in tenns of measured factors (based on source tests) and calculated factors (based on 
levels of trace metals in the fuels and theoretical partitioning assumptions). In addition to the 
emission factors, conml &vice effectiveness perrxnta%es arc provided for tk traa ~ t a l s  based on 
~ O u r c c  test results. 
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The emission factors for coal-fired combustion sourcts arc derived from a Combination of 
measwed data and calculated emission faaors. The literame was reviewed for test data fkom which 
trace elemeat emission factors could be derived. The report lists about 35 references which 
reported masurd emission factors for one or mort of the trace pollutants and types of combustion 
sources under study. The report's emission factors, however, should not be construed to represent 
a fuUy cbaractcrhd or repxesentative emission rate for the given combustion source situation. 
Extensive data quality assurance procedures, necessary to monably characterize a data set as 
rcprtsentative of a patticular souxcc, w m  not performed in this study. Instead, the fadors given m 
simply straightforward calculations of emission factor averages and ranges based on data presented 
in the reviewed litcraturt. With this in mind, the emhion factors selected from this document an 
for the following compounds: 

e 
e 
e 
e 
e 
e 
e 
e 

e 

43.2 Toxic Air Pollutant Emission Factors: A Compilation for Selected Air Toxic 
Compounds and sources, Second Edition (Pope, 1990) 

The report contains emission factors for selected air toxic compounds and sources, and 
associates the factors with levels of source activity. The emission factors, compiled from a review 
of the literame, arc sorted by pollutant and source. Each f a o r  is idcntifkd by pollutant name, 
CAS number, process and emission source descriptions, SIC code and SCC's. There arc 
approximately 270 compounds and 470 sources having emission factors in this edition of the 
compilation. However, only 18 compounds are c o v e d  for coal-fid boilers. From this list of 18 
compounds, only the data that wen based on actual source tests were selected. The emission 
factors for coal-fired boilers errtractcd fromthis repolt include the following compom&. 

e ChIOrine 
e 2 , 3 , 7 , 8 - @ y d ~  
e Polycyclic organic Umter 0 
e selenium 

The quality of emission factors presented in this compilation vary considerably. Emission 
factors arc derived in a variety of ways including source tests, theoretical calculations, or a 
combination of both tests and calculations. Analyses of several source tests or a single source test 
may be used to detcrmtne * some of the factors in this report. Other fxxors are calculated by using 
mass balances or national emissions estimates divided by national production capacities for 
chemicals. Because insufficient data exist to determine the accuacy and validity of the emission 
factors in this compilation, no estimates can be made of the error that results from using these 
factors to calculate toxic air emissions from any given facility. 



4 2 3  Tk Fate of TRWX Elcmcx~ts at Coal-Fued Fbwcr Plants (Meij, 1992) 

In this research program, N.V. KEMA of the Netherlands studied the element 
conaatrations of a4 boaom ash pulvcrized-fuel ash (PFA, ash collected in the ESPS) and fly ash 
from a coal-fired utility boiler quipped with an ESP and a aut-gas desulfurization (FGD) device. 
.Special -tion was given to minor and trace elements pltsent in the vapor phase in drc flw 
downstream of the ESP (As, B, Br, CL E Hg, I, Se). In ordcr to establish lltlationships between the 
elemntsintbediffcrentstrtams,materialbatanaswere~ . to obtain a good impression of 
the accuracy of the measuFtmcnts. The research established that an ESP Ilcmoves hardly any 
gaseous inorganic trace elements. This study proved to be a good source of infomation. The data 
pmented heie b en ustd predict the amount of halogenated organics that might be emiW from 
a utility boiler. 

4.2.4 Hydrogen Chloride and3ydrogen Fluoride Emission Factors for the NAPAP 
Emission Inventory (Miscnheimtr, 1986) 

In this report, sources emitting hydrogen chloride (Ha) and hydrogen fluoride (HF) were 
identified and ratcs of emissions for each source werc estimated . When available, the emission 
factors based on source tests by a sound mtthodology and accompanied by adequate background 
data w e ~ t  chosen from th: m k w e d  literahnt. Emission factors were evaluated using a system 
similar to tbt one uscd in AP42. The scaling system is as follows: A mprcscnts data from a large 
data base covering a good cross section of the industry, detctmined from valid test methods, and 
with a high collfidCILa level; E rqxcscats data from a small database, not necessaril yxcprescnntative 
of the industry, and with a low confidence level; B through D represent data with inttimediatc 
confidence levels. The two emission factors c b n  h m  this qoxt axe ratcd an A 

4.2.5 

H y h p  Cblori& 
Hydrogen Fluoride 

Emissions Assessment of Conventional Stationary Combustion Systems; Volumt 
RL Externai Combustion Souras for El&city Generation (Shih, 1980) 

This study employed a phased approach to assess the emissions from coal combustion 
sources. The assessment method first involved a critical exammt~ * 'on of existing emissions data, 
followed by a source testing program to fill the data gaps based on phased sampling and analysis. 
Data acquired as a result of the mc8surcmetlt program and existing data were then evaluated 
together. 

Specifically, the p W  appmach uses two levels of sampling and analysis. Level I Utitizes 
semiquantitative techniques of sample collection and laboratory and field analyses to: provide 
plummy emissions data for was& stnams and pollutants not adequately charactenzed * ;identify 
potential problem areas; and prioritize waste streams and pollutants in those streams'for furrher, 
mort quantitative testing. Using tbe information h m  Level I, available resources can be d d  

which contain signi!icant pollutant loadings. 
toward Level XI testing which involves specific, quantitacivc analysis of co-ts of those stream 

By comparing the emission fstors calculated b m  data c o l l d  during this program with 
the corresponding emission factors derived from existing data, this study showed there is poor 
agreement between the two. This discrepancy is not surprising btcause of the dif€aences in trace 
element contents of various coals and differences in the efficiency of particulate control devices. 
The report claims the emission factors from the existing data are more reliable than the emission 
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factors from the current study since the existing data arc based on average nationwide 
concentrations of trace elements in bituminous coal, average collection efficiency of particulate 
control devices, and trace eknmt data determined using mofe reliable techaiques such as atomic 
absorption spectromeby. Therefore, the emission factors chosen from this report inctude those 
from the existing data base not the ones generated during this study. The emission faaors chosen 
arc for tk following CompoUxKk 

4.2.6 

Antimray 
Biphenyl 
cobalt 
Naphthalene 

Air Emissions Species Manual: Volume I Volatile Organic Compound Species 
Rofiles, SecondEdition (EP& 1990) 

This document is a comphtion of over 250 o n a d  volatile Organic compound (VOC) 
profrles. Of these profiles, the majority atre newly developed from existing data or based on 
enginecxingjudgemnt. Tht otha portion are fromthe 1980 VOC DataMand or new data from 
the VOC species field pmgram. Ea& profile contains the following information: 

Profile Number 

Data source 

Source Classification Code (SCC) 

Chemical S@cs Identihed By: SAROAD code, CAS number, Species name, molecular 
weighs weighparrat 

Date 

To assist the userin identifying the dataquality, therepart uscs an arbitrary scheme (A B, 
C, D, E) similar to tht one Mcd in AP42 to m k  each profile. Tht following Criteria wc~cuscd to 
assign data qwlity mdicams @PA, 1990): 

DataQualityA Data set based on a composite of several tests using analytical 
techniques such as GC/MS and can be considered representative of 
thetDtal~uia&ioIl. 

DataQuaiityB: Data set based on a composite of several tests using analytical 
techniques such as GC/MS and au~  be consided npr#entative of 
alargc pcnxmgc of the total poputatian. 
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-Quality C: Data set based on a small number of tests using analytical 
techniques such as GC/MS and can be considered reasonably 
repiesentative of the tota population. 

DataQualityD: Data set based on a single source using analytical 
techniques such as GC/MS; or data set from a number of sources 
wkn data an based on engineering calculations. 

Data set based on enginwing calculations from one source; data 
set(s) based on engineering judgement; data sct(s) with no 
documentation provided; may not be considered npnsentativc of the 
total population. 

DaaQuaIityE: 

Of the 250 VOC profiles in this document, only two an horn C0a-W boilers. These two 
profiles quantify four of the air toxics listed under Title III of the 1990 Clean Air Act Amendments 
(CAAA). The data quality for these two profiles ate given a ranking of D and E. These rankings 
are understandable considering the limited amount of organic emissions data available. The 
following compounds and their emission factors wen selected from this-: 

0 EthylbClKCllC 
0 Hexane 
0 Toluene 
0 xylent 

4.2.7 Compilation of Air Pollutant Emission F w  Volum I: Stationary Point and Tht 
Azca Sources, F d  Edition (EPA AP-42,1988) 

Volume One of the two volume series, contains emission data obtained from source tests, 
material balance studies, and engineexing estimates, which have been compiled for use by 
individuals and groups responsible for conducting air pollution emission inventories. The 
document covers most of the common stationary and asca source emission categories: fuel 
combustion; combustion of solid wastes; evaporation of fuels; solvents and other volatile 
substances; various industrial processes; and misccllaneous sources. Emission factors given in the 
document include most of the familiar pollutants associatad with tbcsc sources' emissions: criteria 
pollutants; volatile organic c o m d s  (VOCs); aldehydes, and hydroarbom. 

To date, the air toxic emissions factors in this documeat an limited to a few compounds. 
The air toxics data arc based on uncontrolled emissions and arc mostly calculated, not measured. 
Consequently, these data wuc not seleded during the review process. 

4.2.8 Catdiau Electric Association (Bmwn, 1993) 

During the h t  pbasc of atwephase propam thecanAAian E l d c  . 'onconducted 
a study to examine air, water, and ash pathways for trace constituents released to the environment 
from four Canadian coal-- power plants. Ail the major input and output strtams of the utility 
plant were sampled for up to 45 elements. Material balances were made based on the average of 
several runs. Material balance closures to within 20% were found for 37 elements. Closure was 
not obtained for fluorine, silicon, phosphorus, cadmium, mercury, and boron. Table 4.3 
summarizes the emission of elements from this prograxn that arc on the list of 189 substances. The 
second phase of this study d e t  with the envitonmental dispersion aud biological implications of 
the release. 
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(Element 1 

Sburce: (Brown, 1993) 

el 1 



Since thedata b m  this study arc d y  1Oyearsold aud most ofthe analyes are inorganic 
species for which thm arc newer data, no information from this report was extracted during the 
litualurcreview. 

4.2.9 National Dioxin Study: Tier 4 - Combustion Sources (EP& 1986) 

The main o b w v e  of this study was to determine the magnitude and scope of chlorinated 
dibenzo-p4iox.b (CDD) compound releases from combustion sources. It was designed to 
determine which combustion source categories emit dioxins and in what mcentrations. Tbe focus 
was on releases to the ambient &, however, other samples, such as ash and scrubber water, wen 
also obtained to determine ifthese CompoUILds arc released to other media. In terms of c o d - h d  
boilers, the study did not detect any dioxin releases. 

4.2.10 Background Infomation Document for the Development of Regulations for PIC 
Emissions from Hazardous Waste Incinerators @PA, 1989) 

Since tbe li- discussed above turned up little information on organics, attention was 
focused on other sources of information during the final phase of the liteatun review. This 
document swmmeriztS current icnowkdge concerning products of incompler combustion (PICs), 
total hydtocarbons (THC), and CO emissions from hazardous waste incinerators OIWr) and 
boilers and industrial furnarxs (BIFs). This study supplies emissions concentrations for many of 
the organic species listed m Title III of the CAAA that mimy sources do not. Since the emissions 
given in this report axe fmm BIFs, the data am not totally npreSentative of organic emissions h m  
coal-fired utility boilers. However, because some BIFs supplexxmt their primary feed with 
hazardous waste, these data could be considered a worst caw condition for many coal-- power 
plants. Table 4.4 lists the compouads for which emission f- wac selected from this wxt. 



b 
Substance 

m e  (including benzene from gasoline) 

lidene chbride (1 (1 -Dichbroethane) 

Hexachkrobenzene 
Methyl ethyl ketone (2-Butanone) 
Methylene chbride (Dichbmmethane) 
Pentach brophenol 

2,3,7,8-Tebachlorodibenzo-p-dioxin 
.1.2,2-Tetrachloroethane 
etrach brorethylene (Perchloroethylene) 

,2,4-Trichlorobentene 
,2-Trichloroethane 

Source: (EPA, 1989) 
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Emisslon 
Conunttrtion 

(nWL) 
0.26 
4928 
77.7 
99.5 
1407 
86.5 
3.37 
892.2 
8.95 
33.2 

1755.3 
9.3 

33.1 
0.001 57 
17 
297 

550.5 
77 

36 .? 
81 .8 
143.6 
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5.0 AIR TOXICS EVALUATION OF ABB COMBUSTION ENGINEERING LOW 
EMISSION BOILER (LEB) AND ITS CONTROL ALTERNATIVES 

The CLCan Air Act Amendments (CAAA) of 1990 list 189 hazardous air pollutants (HAPS) 
which must be controlled &om various types of sources. Extensive resources would be required to 
quantify and determine maximum achievable control technology (MACT) for each of the 189 
HAPs for each source type. To reduce the resources required, various agencies and industry 
groups arc attempting to eliminate HAPS from consideration based on previous research and 
testing. For coal fired utility boilers, scvcral studies have been conducted to try and eliminate so= 
of the compounds &om wnsickrarion. For example, the Power Plant Integrated Systems: Chemical 
Emissions Study (PISCES) developed a list of 36 air toxics of concern (see Table 4.1). The 
limitation of the PISCES study is that it only considered those substances which have been 
measurd to date and did not specify which substances would be emitted at levels of concern to 

Only alimited set of the 189 H A P s  havebeen measured to date from coal fired utility 
boilers as discussed in Section 4.0. Most of the tcstiug focused on mttals and only a few tests have 
becn conducted for organics. If mting programs are planned which only seck to quantify those 
substances which have already been measured, the expected levels of a large number of the 189 
HAPS will not bc determind Many of these unquantifid substances could pose a substantial risk 
to the pubic even if they arc emitted at low levels h m  utility boilers. To determine if substances 
which have not been quantified in past testing programs could be present, techniques such as mass 
balance should be considered. For example, there may not be enough chlorine in the feed to 
produce hcxacblorobenzcne emissions of regulatory conem. Source test data from similar typm 
of systems also can be uscd to estimate potential emissions h m  coal fired systems. 

regulatory agencies. 

Another important topic that most studies have neglected is the relative toxicity of the 189 
HAPS. To dEtcrmine ifasubstance will be a uitical conccm, HAP emissions rnustbecompated to 
applicable state, federal, and local limits. Emissions which exceed acceptable regulatory levels 
should be given special attention when developing MACT. If high risk substances are not 

. controkd, they will have a significant impact on the residual risk standards which will be 
implemented 8 or 9 years after the MAC" standards (Quarles, 1990). Tht residual risk standards 
may lead to additional conaols on utility boilers. 

The objective of this study is to address the concerns outlined above for ABB's LEB. 
Specifically, the objective of this study was to examine each of the 189 HAPs and rank the 
substances into several classes depending on the degree of certainty that the compouuds would be 
found at levels of regulatory concern in ABB's LEB flue gas. Five categories were defined 
including: 

. 

Category I HAPS known to be emitted in quantities sufficient to be of regulatoxy concern based 
upon prior measurtments. 

mtcgcxy II: HAPs may be emitted in quantities sufficient to be of rcguhtory concern based 
upon theoretical analysis or measurements but stronger data or analysis is required 
to confirm. 

Category III: HAPS arc not expected to be emitted in quantities sufficient to be of reguIatory 
concern based upon theoretical analysis or measurements but stronger data or 
analysis is q u i d  to co* 
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& m N :  HAPS with a low probability of being emitted in quantities sufftcient to be of 
regulatoryconcunbasedupontheortticalapalysisormasurtments. 

cattgory V: HAPS with a vcry low probabiity of being emitted in quantities sufficient to be of 
regulatory concern based upon theoretical analysis, measurements, or 
cbcmicaUphysicalrcstmints. 

Whae possible, emissions levels have been dctuminai using rcpscntative mtasulrcmcLlts. 
Unfortunately, little organic emission information exists for cod fired utility boilers. However, 
there is a large database for mctals emissions as discussed in Section 4.0. To acbieve the project 
objective of categorizing all of the 189 HAPS, other indicators of emissions potential had to be 
examinad some of tk indicators examined include: 

Dayton Ranking: 

Boiling Point: 

water Solubiity: 

ChemicalstIUaute: 

Rimary Emission Sourct: 

Total W c  Compounds: 

Hazardous VJaSte Emissions: 

Metals Partitioning Model: 

Rciat ive~stabi iofarganics .  

A b i I i t y o f ~ ~ u m t r o l ~ t t o n m o w H A P s .  

Ability of wet scxubben (WS) to remove HAPS. 

FodonpotenbialofHAPs. 

Key H A P  emission sources. 

Maximum emission kvcL 

Maximumenaission level 

Rsdictions of controlled and unccmtroUed mctal emissions. 

SectionS.1 pvicbadditianal details an &of these-. Consmm ‘ve emission 
limits BIC determined and described in Section 5.2. Using the stmated emissions levels, key 
parametas and emissionlimits, each HAP is classiid in Section 5.3 as Category I, I& IIt, N or V 
for ABB’s LEB withaat post combustion controls. Tbe influence of combustor operating 
parameters on uncontrolled xxmals emissions is also discussad in Section 53. In secoioh 5.4, the 
tluec potMcial control ahanatives king considered forthcLEB rn evaluated in terms ofcontrol of 
air toxics emissions. Based on tk evaluation, some of the toxic comp~mds classified as Category 
I and II in the uncontrolled flue gas arc moved to lower probability Categories. The revised 
categories for tbe LEB post combustion control Ahmarives 1.4, and 6 = p v i d d  in Section 5.4. 

5.1 

To derrmine which HAPS are likely to be present in emissions &om ABB’s LEB, several 
indicators of thermal stability, control equipment effectiveness, and emissions wue exarmned . By 
considering tach of these indicators, the dative emission potential of each of tk 189 HAPS can be 
dettrmined Each H A P  emission potential indicator is described in the following sections. Values 
for tk indicators axe provided in Appendix B. 
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5.1.1 

In a combustion system, organics emissions may ftsult from the incomplete destruction of 
organics in the coal or as products of incomplctt combustion @ICs). In the first case some of the 
HAPS in the fuel do not react as they pass through the system and arc emitted in the same form 
present in the coal. PICs result from either the decomposition of the HAPs present in the fuel or 
reactions between elements in the system which produce HAPS. For example, chlorobcnzenc can 
decompose to form benzene and hydrochloric acid and methane and chlorine can nact to form 
Chlarometharac. 

* 

kstruaion of H A P S  prcsent in the fuel and PIC formation are conmllcd by the combustor 
temperature, residence time of gases at combustion temperatures, overall stoichiometry, and the 
degree of mixing between the fuel and air. Generally, higher combustion temperatures, longer 
residence times, and excess air provide good destruction of HAPS. Models which accurately 
account for the impact of each 63 these VIViablts on HAP emiSSi0PS am still unavailable. However, 
several ItseatchQs have developed modcls which can be used to &tcrmine which HAPs arc more 
likely to be desmyuj in a combustor. One such model was developed at the University of Dayton 
Research institute (US EPA 625M9r019). The Dayton model provides tk minimum temperature 
("99(2)0(C)) for 99% destnrdion at 2.0 seconds gas residence time m&r fuel rich conditions in tbc 
post-flame zone. This model assumes that gas-phase residence time and temperame in the post- 
flame =ne controls the lctative emissions of most HAPS. Fuel rich conditions are assumed 
because oxygepstarved emission pathways in the combustor arc the main source of HAP 
emissions. Assuming oxy- conditions will generally provide a worst case estimation of 
thermal stability since most of the ~mbustion gases have cxccss air. 

, 

The Dayton ranking classifies substances into one of seven gmups based on thc theoretical 
or measwed T f l )  tenpramre. The classification system is shown below. 

class 
1 
2 
3 
4 
5 
6 
7 

800-895 
705-790 
604495 
425600 
3-15 
100-320 

Class 1 compounds would rtquite tempetatures from 900 to 1590% under starved-oxygcn 
conditions with a 2 dresidenatime to provide adestruction efficiency of 99 penxnt. Class 7 
compounds would require a much lower temperature for adequate destruction. Appendix B 
provides the Dayton classificrrtian for many of the 189 HAPs. A complete listing of Dayton 
rankings is not available at this time. 

Tbe Dayton ranking can be used to determine which substances would most likely be 
emitted from coal fired boilers using xesidence timc and ernperatwe data for a typical unit. Figure 
5.1 shows a tempcxame vs. d b c e  time profile for a purvcrized coal system with tangential 6uing 
(Widmer, 1993). This profile shows that the boiler maintains a tcmpMaturt of over 727OC for 
approximately 2 seconds. Thus it is expected that substances with a Dayton nrsking of 4 or less 
will be easgy destroyed in thc coxnbustor. substances with a Dayton ranking of 3 or more may not 
have sufficient tim for complete combustion and may be emitted 
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. .  

Residence Time, sec 

figure 5-1. Example of a furnace time+mperame profile. 
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5.1.2 Boiling hin t  and Water Solubility 

HAPS which arc emitted fhm the boiler can k removed from the flue gas by one or more 
of tht following mtchanisms: 

0 condensation 
0 Absorption 
0 Adsorption 

Condensation is an effective removal mechanism for those HAPS which have boiling points well 
above the particulate control device inlet temperature. Removal efficiencies over 80% can be 
obtained as long the inlet concentration is grcatcr than a few thousand ppmv (Buoniuxc, 1992). To 
determine the potential for capture by condensation, boiling points arc included in Appendix B 
(MERC index, 1983; Handbook of Chemistry and Physics, 1979). if the boiling point is greater 
than 175OC. typical air preheater exit ttmperaturt, some condensation may occur. If a paxticulatc 
control system is pnsens somc of tht condensed mattrial may be captured. 

H A P s  with W i g  points less than 175OC remain in the gas phase and exit the system 
unless they am absorbed or adsorbed. In absorption, the gas phase HAPS m dissolved into a 
liquid phase. Tht liquid phase might include a scrubber liquor or moisture condensing in the stack 
gases as the temperature dtops below the saturation point. In general, the removal efficiency of 
absorption depends on the HAP concentration in the gas phase, the liquid to gas ratio, and the 
solubility of the gas phase in the liquid. For soluble HAPS pnsent in concentrations above a few 
hundred ppmv, removal efficiencies in the upper 90's can be achieved (Buonicore, 1992). To 
determine the potential for removal of HAPS by absorption, HAPS which axe water soluble have 
been noted in Appendix B (MERC Index, 1983; Handbook of Chemistry and Physics, 1985; 
McCoy, 1992). If the solubiity is than 90,oOO mgh at 77F* the HAP is consided soluble. 
This standad was taken &om the Handbook o$chemistry and Physics. 1985. 

Gas phase HAPs also may be removed from the system by adsorption on the surface of 
solid or liquid particles (adsorbent). In adsorption, the gas phase molecules arc retained on the 
surface of the adsorbent and do not become dispersed throughout the adsorbent. The removal 
efficiency of HAPS by adsorption depends on the properties of the adsorbent and the gas beig 
adsorbed, the surface areaof the adsorbah the tcmperaaut, and t h e m u t e  of the gas. Common 
adsorbents include activated cadmu, activated al- silica gel, and molccuku sieveS. Activated 
carbon can achieve removal efficiencies greater than 95% for gas phase conantrations exceeding 
loo0 ppmv (Buonicore, 1992). Carbon adsorption efficiency for some HAPS are provided Table 
5.1. Perchloroethylene has tbe &reatest potential for removal by carboll adsorption of the 
compoundsiisted. 

5.1.3 CbemicalstructuFt 

The chcmicai stnrctun of a HAP also will provide an indication of ik stabiity and potential 
for emission. For exampit. the aromatic ring structure is very stable as a result of the Ir-electron 
delocalization. Therefore, simple aromatic structures such as benzene and toluene tend to be more 
stable. Complex aromatic stnrchllw such as DEHP arc not as stable because of the large chains 
which arc substituted in the hydrogen positions on the ring. While these complex aromatics 
generally do no survive combustion, the aromatic ring(s) conmimi in these substances can surviVe 
as PICs. S t r u m s  for many of the 189 HAPs arc provided in Appendix B. By examining these 
structures it is possible to detcxmine ifa substance is likely to sucvive the combustion process. 
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TABLE 5.1. PHYSICAL PROPERTIES OF COMMON VOCs. 
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5.1.4 Rimary Emission Sources 

Key emissions sources have been compiled for many of the HAPs. For example, the 
California Air Resources Board generated a list of primary emission sources and other proputies 
for toxic air contaranants (TAG) as required by assembly bill 1807 (Jones, 1989). The TAC 
listing is an impOrtaat resource because it ickntifies pesticides and other substances which would 
generally not be present in the exhaust from a combustor. The Merck index also provides 
information on the key uses of many of the 189 HAPs (Merck, 1983). The primary emission 
sources for many of the 189 HAPs an provided in Appendix B. Since few measurements have 
been conducted on utility boilers, the list of primary emission sources given m Appendix B is not 
complete. "Rerefort, if boilers arc not listed as a primary emission source for a HAP, the HAP wilI 
not necessarily be excluded as an emission of concern for ABB's L. 

5.1.5 

One of the best ways to determure if H A P S  will be present in the exhaust of a coal fired 
boiler is to sample and analyze the emissions. As discussed in Section 4.0, only a few HAPs have 
been quantified in emissions fmm utility boiiers. Most of the HAP emission data were collected in 
the 80's and focused on inorganic emissions. As a nsult, there is little informaton available for 
organic emissjotls and the data available are of questionable quality. Several studies arc unckway 
to improve both the scope and quaiity of the existing database. These studies are described in 
Section 4.0. 

HAP Emissions From Bituminous Pulverized coal systems 

Several controlled and uncontrolled HAP emission factors wen located for bitumiuous 
pulverized coal systems. A description of each emission factor is provided in Section 4.0. 
Emission rates for ABB's LEB wetrt calculated usingtk emission factors and the ABB LEB heat 
input rate of 2,857 MMBtulhr (Regan, 1993). The emission rates m provided in Appendix B. 
Since metal emission rates arc strongly affkted by the concentration of a t a l s  in tbc coal, the 
measured metals emission rates provided in Appendix B m y  not be representative of emissions 
hmABB'sLEB. Todemmm mctals emission rates which can be expected for Illinois #6 coal, 
ABBLEB fue1,EER's mdspartitioningmodel wasuscd. Thismodelisdiscussedin Section 
5.1.9 and the p r r d i a e d  d e m i s s i o n  rates are provided in Appcodix B. 

5.1.6 HAP Emissions From Other Types Systems 

As discussed in ssction 5.15, Iitrle organic emission information is available for bituminous 
pulverized coal boilas similar to ABB's LEB. To determine the levels of organics which could be 
present in emissions Erom these systems, a search was conducted for emission faaors from other 
types of coal systems. As a result of this search, eleven a d d i t i d  organic emission factors were 
located. A discussion of the source of each emission factor is provided in Section 4.0. Tbe emissioIL 
factors were uscd to detexminc emissions rates from ABB's LEB (see Appendix B). Since these 
emission rates may not be representative of ABB's LEB, t k y  werc used only to determine if a 
HAP may be of concern (Category II). Thus additional testing would be requued to determine if 
the HAP is actually a concern (Category I) for ABB's LEB. 

Even with the emission faaors &om other types of cual W systems, tk organic emissions 
database is sti l l  limited. To furthcrincrcasc the scope of thtdatabsc, asearchof hazardous waste 
incinerator emissions was conducted. Hazardous waste systems have similar operating practices 
(Le. residence time, temperatun and stoichiometry) as coal fired systems, thefore, comparabk 
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removal of organics in the combustor and air pollution control system is expected. Emission 
concentrations for over 30 HAPs were located in the ka iure for hazardaus waste inchemtors. A 
discussian of the source of these emission concentrations is provided in Section 4.0. Emission rates 
for ABB's IEB w c ~ t  c s t b t a l  using tht hazardous waste kkratoremission concentrations (sec 
Appendix 8). The hazardous waste incinerator concentrations arc conservative in most cases 
because HAPS Were spikcdinmtht waste to detmrunt ' destnrctionefficicncy. I n ~ a m l d o c s  
not contain high HAP concentrations. Ifa HAP concentration for a hazardous waste incinerator is 
less than the regulatory limit, the corresponding coal fired boiicremission concentration probably 
willbelowertbaathelimit. 

5.1.7 Mass Balance 

Over 40 HAP emission rates were estimated for ABB *S LEB using coal fired utility bikr 
and havvdous waste incinerator emissions data, To determ;me ' ifthe mnahing HAPs could be 
emitted at levels of xeguiatoq concern, sulfur, halogen (Cl, Br, I and F) and =tal mass balances 
w e n a m d d .  T b e g o a l o f t b e s e m a s s b a l a n ~ w a s n o t t o ~  * the exact level of emissions 
of each HAP but to detamme * themaximumemissionlcvelthatcanbeexpected. Ifthemaximum 
emission level of aHAPis less than the cmwponding -limit, it is unlilrclythatthe HAP 
wiU be akey concern fortbe ABB's LEB. 

To estimate the maximum amount of HAPS containing sulfur* metals and halogens that 
could be formod from burning coal, sulfur, metal and halogen elemental mass balances wen - 
p c r f o d .  These balana wae  conducted by calculating the total number of moles of sulfur, 
metals and halogens that could be present in the stack gases based on atypical Illinois #6 coal 
analysis. A large fraction of the sulfur and halogen moles in the stack wen assumed to react to 
form kinetidy favored products such as HCl, HF. HBr, S@, etc. The remaining sulfur and 
halogen moles wcrt 8ssuII1cd to n q t  to form HAPS containing sulfur and halogens. Tbt complete 
mass balance equation is shown below. 

EF 
FEC =weight~onofmassbalanceelemntinfuel. 
CF 
MHAP 
MEC 
Hv 
NEHAP 

- - Estbukd CmisSioD firctor for HAP (IbmlBtu). 

=Weight 6roctioa of mass balance &nmt available for HAP formation. 
= Molecular weight of HAP. 
= Molecular weight of mass balance e l e m  
= Hcating value for cod (Btdlbm). 
= Number of moles of mass balance elemtat in HAP. 

Ultimate analyses (FEd) and a heating value (HV) m provided in Tabk 5.2 for #6 Illinois 
coal. Thtse analyses wen talten from the ABB Cornbustion ' * evaluation xepozt a study 
conducted in thc Netherlands by KEMA (see Section 4 . 2 . 3 m d y  conducted by Cons01 
@evitO* 1993). 
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TABLE 52. PULVERIZED COAL ANALYSES. 

leating Value -(Btu/lbm) 

bmpositiin Percent Basis 
Ash 
Hydrogen 
Carbon 
Sulfur 
Nitrogen 
Oxygen 
Chbrine 

bmposition ppm - Whole - Coal - Basii 
As 
B e .  
cd 
co 
cr 
F 
Hg 
Ni 
Mn 
Pb 
sb 
se 
Br 
Q 
P 
I 
Ti 

11477 (Regan, 93) 

18.2 (Regan, 93) 
4.2 (Regan, 93) 

65.3 (Regan, 93) 
4.5 (Regan, 93) 

1 (Regan, 93) 
6.6 (Regan, 93) 

0.47 (Devito, 93) 

9.57 (Devito, 93) 
1.1 (Devito, 93) 

0.11 (Devito, 93) 
4.44 (Devito, 93) 
10.5 (Devito, 93) 
48.8 (Devito, 93) 
0.08 (Devito, 93) 
14.6 (Devito, 93) 
9.77 (Devito, 93) 
16.8 (Devito, 93) 
1.13 (Devito, 93) 
1.32 (Devito, 93) 

8 (KEMA. 92) 
2500 (KEMA. 92) 

1 00 (KEMA. 92) 
2.3 (KEMA. 92) 

700 (KEMA, 92) 



Another key parameter which must be specified to conduct the elemental mass balances is 
thc weight fraction of sulfur and halogens available for HAP f o d o n .  If it is assumed that all of 
thc sulfur and halogens in tk coal arc available for HAP formation, HAP emissions wiU e x d  the 
regulatory limits in most cases. In combustion systems, however, most of the sulfur and halogens 
available in th coal mct  to form Sa, HCI, HBr, HI, and HF (AP4Z1993; IEA coal Research, 
1992). 'herefore:, only a smaU -on of the available mlfur and halogens exit the system in the 
form of HAPS. Few studies have been conducted to date to detcrmiuc the fraction of sulfur end 
~ o g e n s i n c o a l t h a t a r t a ~ l e f o r H A P f ~ o n .  HazardouswasteinckratordataisavailaMe 
which can be used to estimate the ratio of total stack organic chlorine to waste chlorine. In ascries 
of tests conducted by Castaldini (Castaldini, 1987) on industrial boilers co-firing hazardous waste 
and fossil fuels, the ratio of total stack organic chlaine to total input cblorinc was less than 1EW 
for most tests. Based on Castaldini's research, it was assumed that 0.01% of the total halogen 
input leplained in the organic form. This study assumcs that Br, I and F have that same behavior in 
the combustion s y s w  as Cl. Results from tht halogen mass balance axe provided in Appendix B. 

The ratio of total stack organic sulfur to total input sulfur was based partly on a hazardous 
incinerator testing program conducted by the Midwest Research Institute (Trcnholm, 1984). During 
this testing program, the total fad rate of sulfur and the emission rate of organic conpun& 

Sulfutmass balances also have be& c o n d d  internally at EER. 'Ibese balances have shown that 
approXimately 0.3% of the sulfur input to coal fired systems cannot be accounted for by SO2 and 

0.3% was used in the sulfur mass balance. 

containingsulfilrwartdetennured - The measured mass ratio of emiEtcd to input sulfur was 0.0246. 

Sa emissions. To remain conscxvativc, the higher stack organic sulfur to input sulfur estimate of 

5.1.8 Total orgdnic Compounds 

Even when the sulfut and halogen mass Balances, hazardous waste incinerator emission 
factors, and coal fired boiler emission faaars am used, emissiOn levels for over 70 HAPS still weit 
not available. To determine an order of magnitude emission estimate for the remaining HAPS, it 
was decided that two groupings of total organic compounds (TOO) should k used. The first 
TOC group included compounds with one to six carbon atoms excluding methane and the second 
group included compounds with more than seven c8cbop atoms. For pulverized dry bottom ash 
coal combustion, TOC emissions for each group axe provided below. 

Grour, 
C 1 4 6  (With CX4) 
C7 or Greater 

xa€mwmc 
94 
6 

1Wlel2Btu 
3387 
216 

The TOC percentages were taken b m  a detailed study on combustion system emissions by Shih 
(Shih, 1980). The TOC levels were calculated using Shih's percentages and an AP-42 TOC 
emission factor of 3604 IWlE12Btu (AP42.1993). A Nonrmethane C146 TOC emission factor 
was calculated using the AP-42 methane emission factor of 1441 IbllE12Btu. The final TOC 
numbers used in Appendix B axe listed below. 

GrouD 
C146 (No CH4) 

iMld2m 
1947 
216 
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Thtse numbers provide vciy conservative estimates oforganicHAPemissionsfromABB’s 
LEB. -fore, ifthe appropriate TOC emission level is less than the emission limit for a HAP, it 
is very unJikely that the H A P  will be emitted at levels of concern for ABB’s LEB. Since the 
emission levels arc bigh for C146 and (37 or gnats TOC pups, the emission h i t  will g e n d y  
have to be higb to exclude a HAP using the procedure given above. 

5. k.9 Metals Partitioning Model 

Metals behavior and mechanisms of mttals partitioning during coal combustion as well 3s 
the m d s  partitioning modtling approach and thc validation of thc modelingnsults wexe pnsented 
in Section 2.2. Based on the understanding of metals behavior during combustion, the modeling 
procedure was used to predict rnetals partitioning and emissions fimn a pulvaized bituminous coal- 
fired combustion system simulating the operating conditions and coal composition (Table 5.2) of 
the ABB LEB. This -tis not intended to bea substihm for actual compliance tests but as an 
indicator to help planners and engbcrs pndict mttal emission levels h m  their coal-fircd power 
systems, and to undcxstand the impact of operating conditions on metals behavior during coal 
combustion (predicted impact of combustor paramtus on the uncontrolled emissions of metals arc 
presented in Section 5.3.2). 

AS discussed in mon detail in section 2.2, uI1contmW emissions of metals arc dependent 
on several parameters including the volatility of the metal, mtal and halogen (especlauy chlorine) 
concentrations in the coal, and the combustor operating conditions (e+, temperature and excess 
air). Table 5.3 summarizfs the predicted metals partitioning between thc bottom ash and the flue 
gas of the combustor (entrained and vaporhi), and metals uncontmllcd emissions from ABB’ s 
pulverized biatminous &W LEB. The partitioning modcl in this case was used as an indicator 
to establish comerwive estimates of metals emissions upstream of the control equipment. Table 
5.3 indicate that most ~ t a l s  arc expected to during combustion except for chromium and 
nickel which a~ predraed to partition partly to the boaom ash (17.1 paccnt and 15.8 percent) and 
mainly to the flue gas as solid particles (68.3 percent and 63.2 percent), respectively. Based on the 
optiating cmiitions of the LEB, Table S.3 i n d i e  that the un.contmUed emissions of ~ t a l s  may 
range bctwetn 0.02 1bh (Hg) to 4.18 Ibm (Pb). As described in Section 2.2, uncontrolled metal 
emission values -.be used in conjunction with aerosol dynamic study downstream of the 
combustor to estimate metal stack emissions for a given air pollution control system. These results 
will be presented in Section 5.4.1 for tbc LEB emission contml alternatives. 

TABLE 5.3. PREDICTED UNCONTROLLED PARTITIONING AND EMISSIONS OF 
METALS FROM ABB’s BlTUMXNOUS PULVERIZED COAGFIRED LEB. 
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Estimates of uncontrolled metal emissions from coal-fkd boilers arc useful for the 
detesminatiop of the load and form of each -tal to the air pollution control device (APCD). This 
kn~vkdge is important far choosing an appropriate AFCD. For example, if a metal partitions to 
t&: flue gas in tk form of solid cntraintd particles, it is likely that most of these particles arc above 
1- which arc most e&dively rtmoved in parti- AFCDs. However, a mtal which vaporizes 

A m .  For such small particles, it is imporrant to choose the agproPriate APCD so that metal 
Themodelprediaicmsindicatorisolsausefulindaenniningwhethtrtht emissions arc mllllILIlzcd. 

uncontrolled emission level of each metal is of concan in comparison with ngulatory risk-based 
limits. If the uncontrolled emission level of a particular metal is not of concan, there is a good 
chance that its controlled emission level is also not of CoCIctlIL, and thcnforre, the form and load of 
this metal should not influence tbc decision of which APQ) to choose. Comparison of predicted 
controUcd emissions (stack emissions) with rtgulatory h i t s  for ABB's LEB control alternatives 
and other altcmativcs wiU be presented in Section 5.4.1. Uncontrolkd metal emissioIIs d t s  h m  
Table 5.3 and from field measurements will be used in Section 5.3.1 to rank metals based on 
comparisoowithngulatorylimits. 

Wi l l  eventually 4xdensc into and/or onto mbmicIw particles which 81t least effectively rcmvcd in 
. .  . 

5.2 

Once HAPS having the potential to be emitted from cht LEB have been identified, the 
emission levels must be compared to applicable ngulatory limits. If a HAP emission level ex& 
the ~egulatbry limit, the HAP will be a key concan when MACT is determined. Since emission 
limitsalebased an Iisktoderrmure . atthcstackemissionlimits,ambicntconcenbrationsiimitsfor 
each HAP and a dispersion procedure had to be specified. The following sections list the ambient 
concentration limits and describe the dispersion procedures used to estimate conservative stack 
regulatory emission limits. 

52.1 StatcLhitS 

Appendix A lists acctptabk ambient concentrations for over 700 substances. This table is 
described in Section 3.0. The minimum and maximum State HAP conccneonsi from Appendix A 
ale- ' inTable5.3. 

5.2.2 RiskBasedLimits 

Another source of emission limits are chronic and acute Reference Air Concentrations 
(RAC) for noncarcinogenic compounds and unit risk factors for carcinogenic compounds. RAG 
and unit risk fkctors have ban used by the EPA and States such as California to &tennine if 
emissions pose a significant risk to the public. For instance, the EPA used RACs and unit risk 
factors to develop metals and THC limits for boiiers and industrial furnaces (BFs) burning 
hazardous waste @PA, 1989; EPA BIF Rules). Unit risk factors and RAG from the EPA and the 
California Air PoIlution Control officers -on (CAPCXIA) an listed in Table 5.4. 

Tbc unit risk is a measure of tb likeWood of an mdividual developing cancer as a mult of 
alifetime ofexpure to 1 unit concentration of acarcinogenicpollutrurt. Since unit risk factors ate 
commonly expressed in units of risk/(ug/m3), a unit risk of 1W would amsfitwe a one in a million 
chance of developing cancer fiom an exposure to one micmgmm~ of tbe spcdicd substance over a 
lifetime. A unit cancer risk factor c a ~  be multiplied by the actual or expeacd dose an individual 
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receives to estimate the cancer risk to that individual atiributable to that actual or expected dose. For 
example, the risk due to inhalation associated with the exposwe'to a concentration of 5 ug of 
Acaunide per cubic ~ t t f  of ambient air is given by; . 

where the unit risk factor already takes into account tk characmm * 'cs of the exposed individual (ie: 
an adult d e  at rest respiratory rate is equal to 7.5 Vmin.). Conversely, an ambient concentration 
(or limit) call be calculated 8ssuming an acceptable level of risk; 

Accepablc kvel of risk 
Unit risk fador (m3/ug) 

Acocptable Concentration (ug/m3 = 

For each carcinogenic compound identified in Table 5.4, an ambient air concentration limit 
W a s  cstunated from thc equation above and assuming a level of risk equal to 1XlW. A value of 

of risk aad residual risk asscssnmts to be conducted for the CAAA under Title IXI will be bascd on 
1 X l W .  Unit risk factors w e n  obtained from both the EPA's PIC Emissions Background 
Information Document @PA, 1989), CAPCOA Risk Assessment Guidelines (CAPCOA, 1992)' 
and Boiler and Industrial Fumact (SF) technical infomation document @PA, 1992). 

1X1W was assumtd since most agencies cumntiy irr;rpltment similarvalucs SIS an acoeptable level 

For noncarcinogenic compounds that is an identifiable exposun thnshold below which 
adverse health effects do not usually OCCUT. Thenfote, protection against the advase health effects 
of a noncarcinogenic compound is likely to be achieved by preventing exposure levels from 
excteding this threshold dose. EPA has defined the RAC as a fraction of this threshold dose. AU 
RAC's shown in Table 5.4 wen obtained from EPA's PIC Emissions Background I n f o d o n  
Document @PA, 1989). $re CAPCOA Risk Assessment Guidelines (CAPCOA, 1992). and Boiler 
and Industrial Furnace @IF) tccbnical information documtnt @PA, 1992). . 

5.2.3 

To determine if the emission levels expected at the stack arc of regulatory concern, stack 
emission limits had to be estimated from thc ambient concentrations listed in Table 5.4. To 
accomplish this task, a copscrvBtive dispersion saecning procedure was used (SCAQMD, 1991; 
EPA, 1992). Tht scmning prrocectUre utikes a dispmion factor which equals: 

Dispersion Factor' DF = X/Q 

-9 X =  HAP ambient concentration (pg/m3) 
Q = HAP emission limit (IWday) 

The dispersion factor is a function of the stack height and the type of termin. A dispersion factor of 
O.OOO9 pglrn3flWday was used to estimate the stack emission limits @PA, 1989). This assumes a 
stack height of Wft in an urban tUrain. Tbe actual design stack height forthe ABB LEB is SOOft 
(Regan, 1993). however, the EPA only provides diqmsion factors for stacks up to 400 R Since the 
dispersion factor does not dccxeasc significantly as the stack height increases abwe 300 ft, a 
dispersion factor for a 400 ft stack should provide reasonable emission limits for the E t B  LEB. In 

5- 17 



addition, tbe dispersion fador for a 400 ft stack will provide conservative emission limits which is 
an objective of this study. llbe leest and m a t  CoLlStrvative State ambient concentration, carcinogen 
unit risk factor, or RAC were used for the HAP ambient concentration, X, in the dispersion 
equation. These amcentrahu are listed in tht last two columns in Table 5.4. The final controlled 
and uncontrolled categorization of the H A P s  was based on the most conscmative ambient 
=CCIhtIatiolL 

Appendix B lists the emission limits derived from the procedure given above and the 
ambient concentrations listed in Table 5.4. The emission limits arc expressed in €b/hr. The 
emission limits can be compared to the emissions ratcs to classify the emission potential of each 
HAP. 

*- . .  5.3 of I J I  

One of the objectives of this study was to evaluate and a t e g o b  HAP emissions from 
ABB's LEB without post combustion controls. Sptcifying uncontrolled emissions of concern will 
aid in the selection of approp&tc post combustion controls. Section 5.3.1 ria& the 189 HAPS 
using emissjoDs levels, indicators of emission potential, and emission limits. Another objective 
WaStOCkkmWlC * the @act of combustor opetating parameters including excess air, tempemme, 
and cod composition on uncontrolled emissions from ABB's LEB. Section 5.3.2 discusses the 
impact of tbesc parameters on metals emissions. A general discussion of the influence of 
combpscor operation on organic emissions is presented in Section 2.0 and 6.0. 

5.3.1 uncontrolled HAP Ranking 

The guidelines displayed in Figure 5.2 wue used to classify each HAP into Category I, I& 
III, W, or V for ABB's IXB. Again, the categories arc described as follows: 

category I: HAPshlown to beemitted in quantities sufficient to be o f r e ~ c o n c e r n  based 
upon prior ~~~tasurtmcllts. 

HAPs may be emitted in quantities sufficient to be of regulatory concern based 
upon theoretical analysis or measunments but stronger data or analysis is required 
toconfina 

Caregory I][: 

cattgory III: HAPs am not expected to be emitted in quantities sufficient to be of regulatory 
concern based upon theomtical analysis or measmmcnts but stronger data or 
analysis i s~u i f cd to  confirfn. 

Category IV: HAPs with a low probabiity of being emitted in quantities sufficient to be of 
reguIatory concern based upon themetical analysis or measure-. . 

Category V: HAPS with a very low probability of being emitted in quantities su€ticicnt to be of 
regulatory concern based upon theoretical analysis, measurements, or 
chemicauphysical rcstraintS. 

The procedures listed in Figure 5.2 d y  on the Dayton Ranking (Section 5.1.1), uncontrolled 
emissions levels (Sections 5.1.5 and 5.1.6), mass balance (Section 5.1.7), total organic emissions 
(Section 5.1.8), metais partitioning (Section 5.1.9) and emission limits (Section 5.2) provided in 
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~ppendix B. since this e o n  d a ~  not coniider thc impad of post combustion =mi equipment 
on emissions, parameters such as dubility, boiling point, and controlled emission levels are not 
considmd. Sections 5.4 and 5.5 discuss the impact of post combustion controls on emissions 
from the ABB LEB. 

Several decision points in Figure 5.2 require further discussion. If the estimated emission 
level of a HAP excccds the emission limit, the assigned category is based on the Dayton Ranking 
and rnagnitudt of the emission limit (set Box 2). After reviewing hauvdous waste iacinerator data, 
it was found that HAPS with a Dayton Ranking of 3 or less can be pnsent at kvels of 0.1 lbk.  
Therefon, if the emission limit is less than 0.1 l b h  and the Dayton Ranking is less than 4 (see 
Boxes 2a and b), then is a higher probabiility that the HAP may be present in boiler emissions at 
levels of regulatory concern. In these cases, the HAP is assigned to Category II and further 
emissions studies art necessary. Hazardous waste incinerator data also show that HAPS with a 
Dayton Ranking of 4 or grrtater can be present at levels of 0.01 lbmt. Tkrcfoze, if the emissim 
limit is less than 0.01 lwhr and the Dayton Ranking is 40r -(see Box hand c), there also is 
a higher probability that the HAP may be present in boiler emissions at levels of regulatory 
concern. In these cases, the HAP is assigned to Category II and fuaher emissions studies are 
ncccssq. In all  cascs wmtbeuncontrolied emission estimate is gxw&crtbau the emission limit,a 
category no greater than III can be assigned and additional emission study is ncommcnded. This 
proadrnt is necessary since tbe emission limit guidelines in Boxes 2a, band c art based largely on 
hazardous waste incineator conditions and may not be representalive of those found in utility 
boiicrs. 

Ifthcestiraated or maswed uncontrolled emission of a W  is less than the emission limit, 
the HAP will be assigned to Category m, IV, or V (See Box 3). Either Category IV or V is 
assigned if the emission limit is one or two orders of magnitude above the emission level, 
respectively (set Box 3a and b). Since Category IV and V requixe no additional testing, the 
assignment proceduxes arc designed to be as conscwative as possible. If the emission level is thc 
same order of magnitude as the emission limit and the Dayton Ranking is 5 or greater, achegory 
of IV is assigned (See Box 3b and c). In general, HAPS WithDayton Rankings of 5 or greater will 
be easily destroyed in tk combustion process (See Section 51.1). For substances with Dayton 
Rankings of 4 or less, however, there is a higher pcobabiity that a substance could be emitted from 
the boiler and Category of III is assigned. 

To illustrate the pmccdurcs given in Figme 5.2, two ammples PLIC provided below. 

(Z)-Chromium. The measured uncontrolled emission level and risk based limit for 
chromium arc 5.37 lwht and 0.0003 lwhr, respectively. Since the emission level is 
measuftd aud exceeds th= emission limit, chromium is a conccm for ABB *s LEB (see Box 
1). The emission limit of O.ooO3, however, was derived for Hexavalent chromium. Sine it 
is udikclytbat all of thechromium in the stack will bein thehexavalent fonn, chromiumis 
categorized as cattgory II (see Box la). Additional testing is required to determine the 
speciation of chromium. 

(2)-213, 7,8 Tetrachbrodibenzt+p-dioxin (TCDD). The estimated uncontrolled emission 
level and risk based limit for TCDD am 1 . 8 ~ 4 5  1MU and 9.26~47 ME, nspectively. The 
emission level is estimated because TCDD has not been detected in boiler stack emissions 
and is based on a detection limit. Since the estimarcd emission level exceeds the emission 
limit, TCDD may be a concern for ABB’s LEB (see Box 2). Since TCDD is relatively 
difficult to destroy (Dayton Ranking of 2) and tht emission limit is low (4.1 lWhr), TCDD 
may escape the combustor at levels of regulatory concan and is assigned to Category II 
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(see Box 2a and b). Additional testing is required to deterrmae ifTCDDisemittcdatlevels 
of regulatory concan. The testing must be conducted with a detection limit which is lower 
tbantbertgulatoryiimit. 

Tables SS and 5.6 list HAPS assigned to Categories I, II, III, IV, and V for ABB's LEB. If 
an emission level and/or iimit far a HAP was not available, the HAP was not catcgorki. As shown 
in Table 5.7,26 HAPS could not be catelprized. Table 5.5 shows that only d c ,  beryllium, and 
cadmium arc likely to enter the post combustion control equipment in quantities sufficient to be of 
regulatory concern based on pnor measunments (category I). 20 HAPS may be emitted and 
r q u i n  further study (Category n). 38 HAPS a~ not likely to be emitted, but further studies are 
required to verify this oonclusion (Category m). 102 HAPS have a low to very low pbabi i ty  of 
being emitted (Category lV and V) and require no further study. It should be noted that the 
categories in Tables 5.5 and 5.6 only apply to uncontrolled emissioIls from the ABB LEB. Control 
Alternatives 1.4, or 6 may provide sufficient removal to reclassifv m y  of the Category I, It, or IU 
HAPS. control altcmativcs are evaluated m Sections 5.4 and 5.5. 

Several other studies have been conducted to determine which HAPS will be emitted from 
coal combustion systems. As mentioned earlier, tbcse studies usually only specify if a substaace 
could be emitted and do not consider if the emission level is significant In 1992 Moskowitz et al. 
(Moskowitz, 1992) identified HAPs which arc unlikely to exist in effluents from clean cod 
technology demonstation projects (see Table 5.8). To compm the results from Moskowitz's 
study to those given in this study, unlikely emissions wen assumed to axrespond to Categories III 

have greater emission potential in this study than the Moskowitz study. This excellent agecmnt is 
surprising since the Moskowitz study did not consider risk. According to the Moskowitz study, 
H A P s  with the highest potential emission concentrations include: 

through V (SCC Table 5.5 and 5.6). 1,l-DiraUhyl Hydazine was the only substance pndicted to 

* Metals- Arsenic, cdmium, chromium, Lead, and Selenium 
e organics - Polycyclic organic matter including priaparily bcm-a-pyIcnc. 

These H A P s  arc predicted to have high emission potential (Category I and II) in this study. 
Beryllium also is listed as a substance which may be emitted h m  ABB *s LEB (see Table 5.5). 
Since Beryllium has the same emission limit and level as Cadmium, it should be considered a 
Clitica! substanct. 

The PISCES project (see Section 4.0) identified 36 HAPS which have k n  emitttd from 
cod fircd boilers as shown in Table 4.1. One of the HAPS on the PISCES list, Dibenzofuran, 
could not be categorized because emission limits were not available. Oftbe remaining 35 PISCES 
HAPs, 12 were classified as likely to be emitted at levels of matory concern (category I, or n) 
and 23 were classified as lmlikely to be emitted at levels of ngularory concern (Categary ID, IV or 
V) in this study. This indicates tbat a majority of the substances identified by PISCES may not be 
emitted at kveis of ngdatmy amccm. This illustmtcs the importance of considaing risk as well as 
the emission levd. 

5.3.2 

The major parameters which may influence vaporization and speciation of metals are: 
combustion system temxraturc, air to fuel ratio, and fuel composition, including metals and 
halogens content, The e:?a of these parameters on mtals vapor pressures arc discussed below. 

Impact of Combustor Operating Patametcrs on Uncontrolled Meta Emissions 
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TABLE S.5. UNCONTROUD GATEWRY I, II. AND 111 HAPS FOR AB8 LEB (sldr Wght 4 0  h). 

(c) Nidul h atogurizod u a2inrtud d a  1 boaus0 lho €PA BIF rulr do noteenridor Nickd 

(d) Solodurn is atogorized 88 8 2 instoad of 8 1 k c w s o  tho omission limit is M 
as I -onn. Undw #m BIF rulos NidtJ would not bo a risk 

on I ra.cning vduo tor tho Caliiornia Air Pdluth Control Oificorr kroci.tion. Tho 
scrooning d u o  dom r#( t w o  to bo applied to all facilities. 
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TABLE58 TITLEIIIPoLtUTANTsWHICHAREUNLIKELYTOEXTSTIN 
EFFLUENTS FROM COAL FIRED BOILERS (MOSKOWITZ, 92) 
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Impact dTempcmtme. figure 5.3a illustates the change in mdals vaporpressues as 
the combustion ternperamre changes between 8WC and 1800% during cod combustion at 20 
pmxnt excess air. This figure shows that vapor p = m  of volatiie metals (Cd, Pb, As, Sb, Tl, Se, 
and Hg) do not change s the tempcramre changes between 800% and 1800% and, thcrefok, 811: 
not expected tobe saturatbd in the gas phase. This indiwe~ that these metals may partition to the 
combustor gas as vapors. Figure 5.3a also shows that vapor pnssmes of non-volatile k t a h  @a, 
Ni, Be, and Cr) decnase as the temperature dect.eases for the plotted temperature range. This 
indicates thatvaporpnssuresof these metals axe sanvated in the gas phase and that these metals 
may partially vaporize &pending on the temperature and the corresponding magnitude of their 
saturatd vapor pnssures. Figure 5.3a indicates that vapor pressures of Ba, Be, and Ni are most 
sensitive to temperature changes between 800'C and 1800'C, and vary by a few orders of 
magnitude; however, the vapor pressure of Cr is less sensitive to temperature changes above 
1ooo'C. The vapor pressure of Cr becomes saturated below 12WC in Figure 5.3a 

The saturated vapor pressure of a metal contsponds to the maximum amount of that mctal 
which may vaporize at a given temperature. Thertfore, an increase in a saturated metal's 
concentration in the coal will not increase its vaporization but will increase the poxtion which 
partitions to the bottom ash aud its entrainment. An increase of a non-saturated metal's 
concentration in the coal, however, will incrtase its vapor pressure and, hence, the total amount 
which-. 

MC- is h i a y  volatile and is predicted to rrmain in the vapor phase CVCI~ at airpnution 
control device (APCD) tcmpcratum of 180'C. The chemical form of Hg in the vapor phase at tbe 
inlet of an APCD plays arok in detennuun - gtkappropriarcAFCDwhichmaybeusedtoscavengc 
Hg from the gas. Egun 5.3b illustrates the impact of tc- on the vapor phase species of 
Hg as the flue gas cools from the 1200% (Combustor exit) to 180T (APCD ialet). This figure 
indicam that at tbe high combustion temperaturrc, elemental Hg is the dominant Species and remains 
dominant up to approximately 600%. Below approximately 4OO'C, the dorninant form of Hg 
changes to the ctrioridc form (HgQ). Between 400°C and 600°C, both Hg and HgQ exist. HgO 
is also formed but is a minor species for the plotted tempaturc nrnge in Figure 5.3b. 

Since paxticulate APCDs do not capture Hg from the vapor phase effectively, several other 
methods have been employed in conjunction with regular particulate APCDs to clan Hg b m  flue 
gases (Guest, 1992; Christiansen and Brown, 1992; White et al., 1992). These include using a 
spray dryer to scrub Hg h m  the gas by converting it to a soluble form such as chlorides. Some 
field tests have shown beaer nmoval of Hg in systems firing high chlorine coals. Figure 5.3b 
shows that the chloride fonn (Had is dominant at low tcmperaturcs and, thenforr, spray dryers 
may be a viable choice for Hg removal. Another method is adsorption of Hg utilizing activated 
carbon sorbents. This can be accomplished through spraying finely ground activated carbon in the 
mnml &vice or by psing tbe gas through an activated carbon bed. 

Impact of Stoichiometric Ratio (SR). Figure 5.4 illustrates the impact of stoichiometry 
on metals vapor pressurts during coal combustion at 12WC. This figure clearly shows that 
stoichiometry only impacts the behavior of chromium. The vapor pressure of Cr drops by two 
orders of magnitude as SR approaches 1.0. This change resembles a step function: when SR> 1 .O, 
Cr is approximateiy 1x104 atm, and when SRS 1.0, Cr is approximately 3x10-8. This is a 
significant change for Cr since its vapor pressure above SR of 1.0 at 1200'C is not saturated and, 
therefore, all of the Cr input with the coal may vaporize; however, the vapor pressure of Cr at SRS 
1.0 is satmated and only a portion of Cr vaporizes. Though the combustor may be operated at 
overall excess air conditions, the formation of a high temperatme, nducing environment near the 
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bunting coal pticles may cause Crvaporizafion to be reduced. These local reducing environments 
decrrase Cr uncontrolled emissionis. From figure 5.4, it can be amcluded that dre local and ovcrall 
stoichiometry during combustion of coal will significantly influence Cr vaporization and its 
uncontrolled emissions, but wilI  not influence thc other metals shown in the f i p .  Since the LEB 
will have the Combustion Engineering ConCenaic Fhg system which employs a fuel rich core, 
emissions of chromium may be lower than for conventional coal fited boilers. 

Impact of CoaLChiorine Content. As indicated earlier, tbe composition of the fuel 
influences the vapor presswe and speciation of most metals. For example, the halogen content, 
particularly chlorine, incxeases the vapor pnssurr of many metals because of the formation of IIlttal 
chloride species instead of metal oxides. Metal chlorides arc more volatile than metal oxidts. 
Modeling mults of bituminous coal combustion indicate that vapor phase arc dominated by 
metal oxide species; this may be a consequence of the relatively smaU concentration of chlorine in 
the bituminous coal flable 5.2). The sanuatcd vapor pressure of Ba and Ni will increasc if the 
chlorine content of the bituminous coal were to increase. This is due to a shift in the compounds 
that will dominate; for example, Ni(0H)z wil l  shift to NiCl2 and Ba(Om will shift to BaCl2. An 
inrrease in the saturated vapor pressure for Ba and Ni will haease the Vaporiztd portion of these 
IIlttajs. 

Summary. Tbc previous results indicate that temperature changes and possible variations 
in coakhlorinc content will influence the vaporizationof no&volatilc metais @a, Ni, Be, and Cr). 
Themore volatile mais (GI, Pb, As, Sb, Tl, Se, and-), arcpxcdiucdtopartitiontothe gas at 100 
percent, and arc less influenced by temperaturt and chlorine changes for the tempMature range 
shown in Figure 5.3a Additionally, Figure 5.4 indicates that local reducing conditions near the 
burning coal causes Crwporimiontobcreduced significantly. 

5.4 

The primary objective of this task was to determine tbe impact of the post combustion 
contml Alternatives 1,4 and 6 being considexed for the LEB on tbe Category I and n organic and 
inorganic substances identified in Section 5.3 and listed in Table 5.4. A secondary objective was to 
identify post combustion control dtunatives for those Category I and II HAPS which cannot be 
controUcd to acceptable levels using Ahernatives 1,4 and 6. 

The primary components of ABB’s post combustion control systems arc listed in Table 
5.9. Alternatives 1 and 4 each include an advanced ESP and KiD. The Alternative 1 and 4 FGDs 
use wet limestone and magnesium sulfite, xespectively, to ScNb SQ from the flue gas. The 
magnesium sulfite provides a higher SO2 removal efficiency than wet limestone. The ESPs for 
Alternatives 1 and 4 wiU use ammonia and sulfur trioxide injection to promote agglomeration of 
fme particulate which may reduce PMlO emissions. 

Alternative 6, the SNOx Process, does not include any of the components used in 
alternatives 1 and 4. In addition to particulate and SO2 control, the S N k  procesS provides NOx 
control. In the SNOx Rocess, ammonia is inje~.ted into the flue gas before the air phcarcr. The 
gases then pass through a part icub collection device which bas a catalyst for NOx control. Since 
the particulate control device is located before the prehtater, it operates at 700OF. This high 
tempcranvt may reduce the capme efficiency of volatile organics and inorganics. After the flue 
gas passes from the particulate control device, it enters the Hot I)eSOx system where SO2 is 
removed. 

0 
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%ntrol 
Qlternative 
I 

I 

1) Devices li! 

TABLE 5.9. ABB POST COMBUSTION C M R O L  ALTERNATIVE SUMMARY. 

EjZrterna t ive= 
Component (1) 

Advanced ESP 

Advanced FGD 

Advanced ES P 
Ihio-Clear ABS 

NH3 Injection Grid 
Catalytic Baghouse 

(or) 

Catalytic Ceramic Filter 

Hot DeSOx 

Inlet 
Temperature 

(e) 
135 

132 

-135 
132 

370 
370 

370 

370 

99.5% particulate temoval 
Wider platc spacing up to 16 inches 
Om conditioning with the use of S03/ammonis 
Pulstd energization 
Impmved energy management 
95% so2 nmoval 
Open spray bwer design with counter curnnt flow 
Wet limestone injection 
Organic buffer additives 
Impmved gypsum crystal size and dewatering system 
Lower auxiliary power consumption 
Same as Alternative 1 
98 to 9% SO2 nmval 

@ Design very similar to advanced FGD except magnesium sulfite 

Ammonia injected into hot stack gases before air pnheater 
99.5% particulate rtmiwal 

is used a reagent 

80% NOx removal with Integral NOx SCR 

n 99.9% particulate removal 

. 96 to 98% SOX removal 
80% NOx removal with Integral NOx SCR 

d in the order which they appear in the system traveling fmm the boiler to the stack. 



The impacts of Alternatives 1.4, and 6 on toxic inorganic and organic emissions are 
discussed in Section 5.4.1 and 5.4.2. Due to the high toxicity of metals and the quantity of 
emissions results and models available, the control of metals was the Piimary focus of tbc analysis. 

5.4.1 Metals 

Tht primary objective of this section is to dctetmine the impact of the LEB post combustion 
control Altcmarivcs 1,4, and 6 on the reduction of metals emissions, particularly Category I and II 
metals. Metals in Category I for uncontrolIed flue g& are As, Be, and Cd. The uncontrolled 
Category II metals arc Cr, Ni, Pb, and Se. It is very likely that when the potential LEB control 
devices are considenxi, the number of metals in Categories I and 11 will be reduced. This section 
presents and discusses the following: 

Impact of LEB Control Alternatives 1.4, and 6 on Metal Emissions. 
Impact of Other Post combustion Control Altcmauvcs on Metal Emissions. 
Revised Ranking for Category I and II MctaiS Based on Controlled Emissions. 
Impact of Metal Speciation and physical Roperties on hktals Removal in APCDs. 

Impact of LEB Control Alternatives 1,4, and 6 on Metal Emissions. Before the ffuc 
gas exhausts b m  the boiler stack, air poUution control devices (APCDs) will be needed to n m v e  
the Category I and II metals. More than one control device may be requid due to tht diversity in 
the physical and chrmical forms of HAPs at different operaling CaoditioDS. For exampie, a fraction 
of the metals partition to the flue gas during combustion due to vaporization and particulate 
enuainmcnt. As the gas cools, most metas condense onto and/or nuclcate into small particles 
which m removed in particuiate AFCDs such as baghouses and ESPs. Highly volatile metats 
(such as mercury and selenium) remain in the gas phase even at low control equipment 
temperatuns and rcquixc 0 t h  means of capture, such as liquid mbbers for soluble compounds, 
soiid sorbents, and other cataIytic marcxi& which facilitate maions between HAPS and sorbents. 

Category I and II range from low volatility to medium volatility metals and their 
vaporized portions arc expected to con&dnucleate into smaU particles which can be effectively 
removed using filters, ESPs, aad other particulate APCDs. The metals partitioning model, 
described in Section 2.2 and 5.1.9, was executed to determine metals partitioning and stack 
emissions fiom the LEB equipped with Control Almnativives 1.4, and 6. The following modeling 
d t s  illustrate the impact of tbe advanced ESP on mctals capture for Alternatives 1 and 4, and tbe 
effect of the catalytic baghouse and the catalytic ceramic filter on metals capture for Altmative 6. 
The tcmpcranu~ at thc inletto the ESP for Alternatives 1 and 4is 135% and at the inlet to the 
d y t i c  baghouse and the d * c  ceramic file for Alternative 6 is 37VC 

Control Alzemativa I 41Ld 4. Table 5.10 shows the predicted partitioning and emission 
results for Category I and II metals for Control Alternatives 1 and 4 employing an ESP. Mercury 
and antimony (Category 4 metals) arc atso included in this and other tables for comparison 
purposes. Table 5.10, and other tables in this section, also show maximum and minimum 
regulatory metal emission limits. These emission limits an not necessarily based on promulgated 
rules but were derived to provide a constmarive level of emissions and am discussed in section 52. 

Results in Table 5.10 indicate that the use of an advanced ESP reduces most =tal 
emissions (except arsenic and chromium) to below the minimum rrgulatory limit and reduces all of 
the metals to below the maximum regulatory limit. For Category Z and 11 mctals, except for Se, tbc 
overall ESP removal efficiency ranged between approximately 98.3 percent for As, Cd, and Pb 
(volatile metals) to 99.6 percent for cbxnium (non-volatile d). 
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TABLE 5.10. PREDICTED METALS PARTITIONING AND STACK EMISSIONS IN COMPARISON 
WITH REGULATORY LIMITS FOR ABB’s LEB CONTROL ALTERNATIVES I & 4. 

Stack 

Emissions 

Metal 

As 

Be 

cd 
Cr 

Hg 
Ni 

Pb 

Sb 

Se 

I I I 

Bottom 

Ash 

0.00% 

0.00% 

0.00% 

17.08% 

0.00% 

15.80% 

0.00% 

0.0046 

0.00% 

Partitioning 
ESP 
Ash 

98.3 1% 

98.57% 
98.3 1 % 

82.59% 

0.00% 

83.78% 

98.25% 

97.31% 

0.00% 

Stack 
Emissions 

1.69% 

1.43% 

1.69% 

0.33% 
100.00% 

0.42% 

1.75% 

2.69% 

100.00% 

~ R e E d  

Efficiency 
98.3 1 % 

98.57% 
98.31 % 

99.60% 

0.00% 

99.50% 

98.25% 
97.31% 

0.00% 

Regulato 
Maximum 

(Ibh) 

2.31E41 

1.85E+00 
1.62EtO2 

9.26841 
5.5 l E 4 1  

4.63842 

6.9484 1 

2.3 1E43 

2.22EtO2 

1 Limits 

Minimum 

(1%) 
9.268-03 

1.1 1E-02 

1.10E-02 
3.3 1E-04 
3.70E+00 

9.268-02 

5.798-01 

1.39E-191 

3.318-01 



Table 5.10 also shows partitioning of mctals between combustor boaom ash, ESP collected 
ash, and stack emissions. This paxtitioning indicates that the majority of metals end up in the 
collected ESP ash. Mercury and seicnium however an highly voiatile and an pndimd to remain 
in the vapor phase at the ESP inlet temperatme. The ESP m o d  does not account for capture of 
n m d s  in the vapor phase and, tbenfoE, these mdals are pxedictcd to escape the ESP. Uncontrolled 
emissiops of selenium and z~ltrcury meet the consewative minimum regulatory limits as shown in 
Table 5.10. If the mercury or selenium content of the coal increases, however, other methods of 
control m y  be needed to d u c c  their emissions to acceptable levels. Controls which have worked 
successfully for mercury include wet scrubbers and activated carbon adsohers (Guest, 1992; 
Christiansen and Brown, 1992; and White et al., 1992). 

The usc of an advanced FGD unig which uses wet limestone injection in Conml Alternative 
1 and magnesium sulfite in Control Alternative 4, for SO2 abatement can also be effective in 
removing additional metals from the: flue gas and especially metals that are still in the vapor phase 
such as mercury. The wet limestone and magnesium sulfite may work as scrubbers for soluble 
metal compounds and/or adsorbcrs of gas phase metals. Field mcasuIcmtLlts from pulveriztd 
bituminous coal-fired utility boilers in the Netherlands (Meij, 1992) equipped with ESPs and 
FGDs indicate additional removal of some metals from the flue gas including mercury. The 
solubility of metal compounds and other physical properties arc pxescnted later in this d o n .  

CunzruZ AZtemative 6. As indicated in Table 5.9, Control Alternative 6 may include a 
catalytic baghouse or a catalytic ccxamic filter. Predictions of metals partitioning and emissions 
from the LEB equipped with each of the filters were perfoxmcd and the results are presented in 
Table 5.11 for the catalytic baghouse and in Table 5.12 for the catalytic ceramic filter. Results 
indicate that the range of the ca!alytic bag&ouse lemoval efficiencies of mctaIs (99.7 percent - 99.8 
percent) in Table 5.11 am generally higher than the mge of the ESP removal efficiencies (98.3 
percent - 99.6 pmxnt) in Table 5.10. As in the ESP case, Table 5.11 shows that most of the mctais 
end up in the catalytic baghouse collected ash. Table 5.1 1 also shows that, except for chmium, 
stack emissions of category I and II metals are below the conscwative xninirnumrcgulamry limits, 
and all Category I and II metal emissions are below the maximum regulatory limits. Table 5.12 

than the catalytic baghouse; the ceramic film removal efficiencies ranged between 99.76 percent 
(Pb) and 99.91 percent (Cr) for Category I and II metals. The catalytic ceramic filter results in 
Table 5.12 also indicate that stack emissions of Category I and II metals, except chromium, arc 
below the minimum regulatory emission limits, and all Category I and II metal emissions are below 

indicates thas in general, the Mtaiytic CaSIIILic filter was slightly mon effective in remving metals 

themaximum~atorylimits. 

Tht predided controlled emissions of chromium bxn the LEB employing the catalytic 
baghouse and the catalytic ceramic filter options of Control Alternative 6 (Tables 5.1 1 and 5.12, 

for hexavalent chromiUm shown in the same tables. The= an two factors to consider, however, 
before concluding that chromium emissions m y  be a problem. Fmk the percentage of hexavalent 
chromium relative to the total chromium in the flue gas is generally less than 20 percent, as 
indicated in a m a t  compilation of compliance test data of hazardous waste incinerators (Rizeq et 
al, 1992d), especially at high temperatures and metal feed rates. The minimum regulatory 
chromium limit was calculated based on a risk factor for hexavalent chromium; therefore, if a risk 
based limit for the total ctvomiUm we= to be calculated, the emission levels are expected to meet the 
limit. Second, the total chromium emissions in Tables 5.10 through 5.12 meet the hexavalent 
maximum nguiatory limit. Therefore, the controlled emission levels of total chromium fkom the 
LEB with any of the control altcmatives are not likely to pose significant risk to tk public. 

respectively) arc approximately one order of magnitude higher than the minimum ngIllat0I-y limit 

5-33 



TABLE 5.11. PREDICTED METALS PARTITIONING AND STACK EMISSIONS IN COMPARISON WITH 
REGULATORY LIMITS FOR ABB's LEB CONTROL ALTERNATIVE 6 (CATALYTIC BAGHOUSE). 

Metal 

As 

Be 

Cd 

Cr 

Hg 
Ni 

Pb 

Sb 
Se 

Bottom 
Ash 

0.00% 

0.00% 

0.00% 

17.08% 
0.00% 

15.80% 

0.00% 

0.00% 

0.00% 

Partitioning 
Catalytic Baghousl 

Ash 

99.78% 
99.76% 

99.78% 

82.65% 

0.00% 

83.94% 

99.79% 

99.69% 

0.00% 

Stack 
Emissions 

0.22% 

0.24% 

0.22% 

0.27% 

100.00% 

0.26% 

I 0.21% 

0.31% 

100.00'16 

Baghouse 
Removal 
Efficiency 
99.78% 

99.76% 

W.78% 
99.68% 

0.00% 

99.69% 

99.79% 

99.69% 

0.00% 

Stack 

Emissions 

0 
5.17E-03 

6.598-04 

5.958-05 

6.978-03 
1.998-02 

9.588-03 

8.888-03 
8.778-04 

3.29E-01 

Regulata 

Maximum, 

(Ibh) 
2.31Ei-01 

I .85E+00 

I .62E+O2 
9.2684 1 

5.51Ei-01 

4.63842 

6.94841 

2.31843 

2.22842 

I Limits 
Minimum 

0 
9.268-03 
1.1 1E-02 

1.108-02 
3.3 1 E-04 
3.70E+00 
9.268-02 

5.798-01 

1.398+01 
3.31E-01 



TABLE 5.12. PREDICTED METALS PARTITIONING AND STACK EMISSIONS IN COMPARISON WITH 
REGULATORY LIMITS FOR ABB's LEB CONTROL ALTERNATIVE 6 (CERAMIC FILTER). 

Metal 

As 

Be 

Cd 

Cr 

Hg 
Ni 

Pb 

Sb 

Se 

Bottom 
Ash 

0.00% 

0.00% 

0.008 

17.08% 
0.00% 

15.80% 
0.00% 

0.00% 

0.00% 

Parti tion i ng 

ceramic Filtel 
Ash 

99.77% 
99.80% 
99.77% 
82.85% 
0.00% 

84.12% 
99.76% 
99.41% 
0.00% 

Stack 
Emissions 

0.23% 
0.20% 
0.23% 
0.07% 

100.00% 
0.08% 

0.24% 
0.53% 

100.00% 

Ceramic Filte 
Removal 

Efficiency 

99.13% 
99.80% 
99.77% 
99.91% 
0.00% 

99.90% 
99.76% 
99.47 96 
0.00% 

~ -~ 

Stack 
Emissions 

(lbh) 

5.468-03 
5.428-04 
6.278-05 
I .93E-03 
1.998-02 
3.07E-03 
9.838-03 
1.498-03 
3.298-0 1 

Regulata 
MaximWl 

(Ib/h) 
2.31EM1 
1.85E+00 
1.628+02 

9.26E-N I 
5.5 1 E+O 1 

4.638+02 

6.948+01 
2.3 1 E 4 3  

2.22842 

Limits 
~ _ _  

Minimum 

9.268-03 
1.1 1E-02 

1. IOE-02 
3.3 1 E-04 
3.70Ei-00 

9.26E-02 
5.79E-0 1 

1.39E-Nl 
3.3 1 E-01 



Impact of Other Post Combustion Control Alternatives on Metal Emissions. The 
only metal that was not reduced below the minimum rcguiatory limit using the LEB Control 
Alternatives 1.4, and 6 was total cbromium. As discussed above, the prcd~cted total chromium 
emissions may not pose signifkant risk to the public since the minimum limit is based on 
hexavalent chromium risk factor and it has not been shown that the total chromium is 100 percent 
hexavalent. However, if at some point it is required to reduce total chromium to below the 
hexavalent chromium minimum limis dvert are other particulate mtrbl devices to consider. 

HIPA Filrer. Table 5.13 shows the pndicted partitioning and emissions of Category I and 
II metals h r n  the LEB employing a HEPA filter which is located after the pnheater at 135'C. This 
table indicates that the HEPA filter duces emissions of all Category I and II metals, including total 
chromium, to below the conservative xninimum regulatory limits. Table 5.13 also shows that the 
overall HEPA filter removal efficiencies for all Category I and II metals range between 99.995 
percent to 99.998 percent which rn more effective than Control Alternatives 1.4, and 6. HEPA 
filters seem to be a good choice to reduce particukuc matter from the flue gas to very low limits. 
The cost of HEPA filters and their operatioaal constraints (such as temperature and possibly gas 
particulate loading), however, may be more rtspcictive than otkr  Control Alternatives. Therefore, 
the economical and technicai feasibility of using HEPA filters have to be considered prior to the 
decision of installing this alternative. For example, the ust of a d y t i c  baghow or ceramic filter 
in Control Alternative 6 may be sufficient (as shown pxeviously in Tables 5.1 1 and 5.12) to control 
metals to below minimum d ngulatory limits, particuhiy if the dyomiumlimit does not have to 
be as stringent as the minimum limit based on kavaicnt chmiumrisk factor. 

Baghouse. The location of the particulate control device in Control Alternative 6 is 
upstream of the preheater where the gas temperature (370'0 is h i g h  than the gas temperame 
(13YC) at the inlet to the ESP in Control Alternatives 1 and 4. The higher gas ttmpe~aftlrc causes 
portions of the vapan;ted volatile metals to remain in the vapor phase ami their removal efficiencies 
in the control equipment suffers. particulate control equipment are generally mort efkctive in 
capturing volatile metals when located at lower tempemms. Table 5.14 shows the pndicted 
pdtionbg and emissions of Category I and II metals firom the LEB employing a baghouse located 
after the pnheater at 135%. This table indicam that the baghouse removal efficiency of antimony 
(a volatile metal) is higher than the caralytic baghouse Control Alternative 6 orable 5.1 1) removal 
efficiency. The removal efficiencies of nolt--volatilc and medium volatility are not affected 

Revised Ranking for Category I and 11 Metals Bmed on Controlled Emissions. 
Based on the comparison between controlled emissions of metals and their minimum regulatory 
limits presented in Tables 5.10 through 5.12, the number of Category I and II metals were reduced 
for Control Alternatives 1.4, and 6. Table 5.15 preseats the revised raaking of the previously 
ranked Category I and II metals based on the controlled emissions of these metals from the LEB 
Control A l t e d v e  6 (eitkr a catalytic baghousc or a catalytic ceramic filter, Tables 5.11 and 5.12, 
respectively) and fbm Alternatives 1 and 4 (Table 5.10). 

sincetheycompletelycondenseatgaste~atthepieheaterinlet. 

. 

I 
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TABLE 5.13. PREDICTED METALS PARTITIONING AND STACK EMISSIONS IN COMPARISON 
WITH REGULATORY LIMITS FOR ABBs LEB HEPA FILTER CONTROL ALTERNATIVE. 

Metal 

AS 

Be 

Cd 

Cr 

Hg 
Ni 
Pb 

Sb 

Se 

Bottom 
Ash 

O.OOO% 

0.000% 

0.000% 

17.079% 
0.000% 

15.7968 

0.00096 

0.00046 

0.000% 

Partitioning 
HEPA Filtei 

Ash 
99.995% 
99.995 % 

99.995% 
82.9 19% 
0.0004 
84.202% 
99.995% 
99.997% 

0.000% 

Stack 

Emissions 
0.005% 
0.005% 
0.005% 

0.00296 
10O.O00% 

0.002% 
0.005% 
0.003% 

100.OOO% 

HEPA Filter 
Removal 
Efickncy 
99.995% 
99.995% 
99.995 % 

99.998% 
O.OOO% 

99.998% 

99.995% 
99.997% 

O.OOO% 

Stack 
Emissions 

oblh) 
1.12E-04 
1.40E-05 
1.298-06 
3.958-05 
1.998-02 

6.42E-05 
1.93E-04 
8.708-06 

3.298-01 

Regulatc 
Maximum 

(Ib/h) 
2.31E+Ol 
1.85EMO 
1.62Et02 
9.26Ei-01 
5.5 1 Et01 
4.63842 

6.94E+01 
2.3 1 E43 
2.228+02 

Limits 
Minimum 

Io 
9.268-03 
1.1 1E-02 
1. I OE-02 
3.3 1 E-04 

3.70Ei-00 
9.26E-02 

5.798-01 
1.39Ei-01 
3.3 1 E-01 



TABLE 5.14. PREDICTED METALS PARTITIONPJG AND STACK EMISSIONS IN COMPARISON 
WITH REGULATORY LIMITS FOR ABB's LEB BAGHOUSE CONTROL ALTERNATIVE. 

Metal 

As 

Be 

Cd 

Cr 

Hg 
Ni 

Pb 

Sb 

Se 

Bottom 

Ash 

0.00% 

0.00% 

0.00% 

17.08% 

0.00% 

15.80% 

0.00% 

0.00% 

0.00% 

Partitioning 
Baghouse 

Ash 

99.78% 

99.76% 

99.78% 

82.65% 
0.00% 

83.94% 

99.79% 

99.87% 

0.00% 

Stack 

Emissions 

0.22% 

0.24% 

0.22% 

0.27% 

100.00% 

0.26% 

0.21% 

0.13% 

100.00% 

Baghouse 
Removal 
Effiicncy 

99.78% 
99.76% 

99.78% 

99.68% 

0.00% 

99.69% 

99.79% 

99.87% 

0.00% 

Stack 

Emissions 

ob/h) 
5.17E-03 

6.598-04 
5.95 E-05 

6.978-03 
1.998-02 

9.588-03 

8.888-03 
3.58E-04 
3.29E-01 

Regulatc 
Maximum 

(Ibm 
2.31E41 

1.85EW 

1.62842 

9.26Ei-01 
5.51E+01 

4.63842 

6.948+01 
2.3 1EN3 

2.22842 

Limits 
Minimum 

(Ibh) 
9.268-03 

1.1 IE-02 

1.1 OE-02 

3.3 1 E-04 
3.70E+00 

9.268-02 

5.798-0 1 

1.39EtO 1 

3.3 1E-01 

' 



TABLE 5.15. REVISED METALS RAMUNG BASED ON CONTROLLED EMISSIONS 
FROM ABB’s I 5  CONTROL ALTERNATIVE 6. 

Table 5.15 shows that pviously ranked Category I and 11 metals (except chromium) an al l  
in new categories based on their controlled emissions. Beryllium and cadmium have been most 
effktively ammUcd. Far Control Alternative 6, lead moved firm Caregory 11 to category V, nickel 
from Category II to Category IV, ~ I S C ~ ~ C  form Category I to Category III, and selenium from 
Category I1 to Category III. For Control Alternatives 1 and 4, lead moved from Category II to 
category IV, nickel h r n  categoiy 11 to category IU, arsenic from Category I to Category II (above 
the minimum regulatory limit), and scienium from Category 11 to Category III. Results in Table 
5.15 indicate that As, Be, Ni, and Pb were better controlled using Control Alternative 6 instead of 
Control Alternatives 1 and 4. For each Alternative, chromium remained in the same category. 
However, as mentioned above, the contml limit is for hexavalent chromium, and in the calcdations 
100 percent of the chromium was assumed to be hexavalent (to be conservative). However, it is 

is not expected to pose a risk, though its emissions should be measured. The only other metal 
emission of conam is &c for Control Alternatives 1 and 4. 

expectbd that only 20 percent of the total chrnium is in heJtavalent fom and therefort’ chromium 

Impact of Metal Speciation and Physid Properties on Metals Removal in APCDs. 
The composition of the fuel influences the vapor presswe and speciation of most metals. - Speciation of metals during coal mmbustion to both the vapor and condensed pbases rn important 
because they may impact the decision of which post combustion control equipment to choose. 
Metal chlorides, for example, axe mom volatile thaa metal oxides and tend to vaporite to a larger 
degree and fonn, upon condensation, submicron particles which axe least effectively removed in 
particulate APCDs. Speciation of mtab during coal combustion and other physical properties of 
metal compounds (solubilities and boiling points) ~ I C  presented in Table 5.16. The condensed and 
vapor phase mctal species that may be present during coal combustion w e n  determined from the 
metals partitioning model based on a metals thermodynamic database including bench scale 
experimental results (Srinivasachar et al., 1992). Solubility of metals and phase change 
temperatures of metal compounds were obtained from Perry’s Chemical Enghexing Handbook 
(Pew and Green, 1984). 

a 

Modeling results of metals speciation during bituminous coal combustion (Table 5.16) 
indicate that vapor phasc metals (except Ni) are dominated by metal oxide and oxyhydroxide 
species; this may be a consequence of the relatively small  concentration of chlorine in the 
bituminous coal (Table 5.2). The saturated vapor pressure of Ni will incxtasc if the chlorine content 
of the bituminous coal were to inmaw. This is due to a shift in the compounds that will form and 
dominate; for example, most of the Ni(0H)z wiil shift to NiCl2. An increase in the sanmrcd vapor 
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TABLES S.16. SPECIATION, SOLUBIUW @ 0°C. AND BOILING POINTS FOR METALS W ABB's LEB. 

Spccirtbo During Coal Combustion 

Metals Vapor Condensed Phase 
Phnsc 

(S 1100 K) 

(1473 - 409 K) 

As As406 m 4  

(S 800 K) 
Be Be(OHX BeM204 

(1473 - 644 K) 
BeSO, 

(644 - 409 K) 
Cd Cd CdO CdSO, 

(800 - 409 K) (1473 - 409 K) 
co - - 
Cr QWOH), cr203 

(1473 - 800 K) (1180 - 800 K) 
C~ASOJ3 

(800-400K) ( soo-soSK) 

(1473 - &oo K) 
H g c 4  

( 8 0 0 - 4 0 7 K )  

Hg Hg - 

Mn - - 
Ni N Q  NiAI20, 

(1473 - 409 K) 

(S 1180 K) 

(1473 - 1180 K) 

(1473 - 800 K) 

(800 - 409 K) 
(800 - 409 K) 

Ni(OH), NiSO, 

Pb Pbo WSO, 

(1180 - 409 K) 
Sb SbO S W 4  

(1473 - 800 K) (800-409K) 
SbCl, 

(800 - 409 K) 

(1473 - 409 K) 
Se SeO, -u 

Mp: Melting Point S P  Sublimation 

Solubilities and BoUing Points 

Mew Solubility Boding 
Compounds gh00-g H,O Point CC) 

As406 12 W 312 
&Os 59 DC @ 315°C 

Be insoluble 2767 
& A I 2 0 4  insoluble W 1870 
BeSO, insoiuble Dc@SsODc 

Cd insoluble 367 
CdQ insoluble x @ m  

CdSO, 76 h4P loo0 

co insoluble 2900 
COcI, 45 1049 

cr,o, insoluble MP 1900 
ca2Q Dc 117 

W S O &  insoluble - 
Hg insoluble 357 

HS12 3.6 304 

Mn Dc 1900 
=2 63.4 1190 

NiCI2 53.8 973 
NiSO, 27.2 IMP840 

Pbo 0.0068 MP 888 

ws04 0.0028 MP 1170 
=I2 0.673 954 

S W 3  VSLS 1570 
SbOa VS1.S MP 930 
SKI, 601 220 

Se insoluble 688 
38 SP 340 s a  

Point Dc. Dtcomposcs 
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pressure of Ni will increase the vaporized portion of this metal and consequently increase its flue 
gas load which has to be removed by the APCD. The condensed phase species of metals, as shown 
in Table 5.16, arc M281 oxides, =tal sulfates, and metals asmaat& ' with aluminum Most of these 
condensed phase metals remain in the boaom ash of the cornbustor. 

Thc solubility of metal compounds that may exist during combustion are also shown in 
Table 5.16. The solubility of a rnctal is important since soluble metals which end up in the bottom 
ash or in control equipment ash may cause leaching problems if not disposed of properly. The 
solubility of e in the vapor phase is also important since it may influence selection of pollution 
control equipment. For example, mercury is expected to remain in the vapor phase at APCD 
te- and, therefoE, can not be removed effectively by conventional particulate ApcDs such 
as baghouses or ESPs. The solubility of the vapor phase mercury species in this case is important 
if using wet scrubbers. The vapor phase mercury (HgCI2) at AFCD temperatures, as shown in 
Table 5.16, is partiy soluble in cold water and, therefore, wet SCNbbQs may be effective in removing 
mercury. Recent experimental results confirm that wet scrubbas cau be effective in removing 
mercury from the vapor phase fchristiansen and Brown, 1992). Most of the metal compounds in 
Table 5.16 arc insoluble or very slightly soluble in cold water, particulariy metal oxides. The most 
soluble metal compounds in Table 5.16 arc metal chlorides. 

Phase change temperatuns (boiling, melting, and sublimation points) for metal compounds 
axe also shown in Table 5.16 to provide an additional indicator for ~CQIS volatility. The lower the 
boiling point of a mctaj compound, the mere voiatile is. Table 5.16 indicates that Be, Co, and Mn 
axe the least volatile metals and Hgand Seazethe most volatile at typical combust ioI l tcmpc~.  

Summary. In general, the LEB Control Alternatives 1,4, and 6 axe very effective in 
controlling uncontrolled Category I and II metal emissions to below conservative minimum 
ngulamy limits. Most of the uncontrolled category I aud 11 metals partition to the collected ash of 
Control Alternatives 1,4, and 6 and the removal efficiency of these metals ranged between 98.3 
percent and 99.6 percent for Altunativs 1 and 4, and between 99.7 percent and 99.9 perccnt for 
Control Altemtive 6. For each Conml Altcmative, chromium remained in Category II. However, 
as mentioned above, the control limit is for hexavalent chromium, and in the calculations 100 

20 percent of dre total chromium is in hexavalent form and thenfore, chromium is not expected to 
pose a risk, though this should be verified through mtsIsurcmcnts. The only other metal emission 
of concern is arsenic for Control Alternatives 1 and 4. Arsenic is downgraded to Category III for 
Alternative 6. 

pmxnt of the chromium was 8ssuIltd to be hexavalent (to be comative). It is expecttd that only 

. .  
5.4.2 Organics 

The impact of Control Alternatives 1.4, and 6 (see Table 5.9) on Category II uncontrolled 
organic emissions (there arc no Category I organics) is discussed in this section. Category I1 
uncontrolled organics are those substances in the flue gas upstream of the post combustion control 
equipment which art emitted in quantities sufficient to be of regulatory concern based upon 
theoretical analysis or mcamrexncnts but stronger data or analysis is required for confirmation. 
Category II organics rn listed in Table 5.17. This table also lists important information for each 
Category 11 substance including: whether the substance is being quantified in the DOE test 
program; key properties affecting the conml of the substances (see sections 5.1.2 and 5.1.3); 
emission estimates for the LEB control alternatives and other potential post combustion control 
options; and estimated conservative emission limits. In addition to the coal fired boiler emission 



u 
N 
b 

Substance DCE Boiling Water Chemlcal Utility Mddpal Ha~ardan Emission 
Test Point Soluble Structure Boiler Waste Waste Limit 

(YIN) (IbIhr) (I blhr) (Iblhr) (Ib/hr) 
Program (C) (YIN) Ed88knr Incinerelor lndnsrator 

TCDD Y (C6H2)2C1402 ND 1.80-05 5.970-05 (ESP) 3.30E-06 9.26E-07 
1.53e-07 (DSVFF) 
6.708-08 (SDIFF) 

Benrldinr Y 400 N 2442NC6H4- NA 3.31 E-04 

2-Nitropropane Y 120 N (CH3)XHN02 NA 1.71 E-03 
2.26E-03 

Dlmethv) sullate Y 188 N (CH30)2S02 NA 1.16E-02 
PdycydkOlgankMatter Y Varlow Varkur Verlour 0.053 (ESP) NA 2.78E-02 

Polychlorinated biphenyls N Varlow Varbu8 varlous 5.48-03 (ESP) NA 3.31E-02 

Acrylamide Y 125 Y mc=cHcoNH2 NA 3.56E-02 
Y 80.1 N CGHB 0.24 1.03E+01 5.56E-02 Benzene 

6.71E-02 1.3-Propane sultone Y 180 

C6H4NH2-2 

Acetamide Y 221.2 Y CHXONH2 NA 

0.024 (WS) 

l.le-04 (SDIFF) 

NA ~ _ _ _ _  
c 3 m s  -. ~~~ - 

1,343utedlene Y -4.4 N CH2-CHCHICH2 NA 8.06E-02 
Hexachlorobenr ene Y 323-326 N C6W 1.88E-02 9.08E-02 
3,3-Dichbrobenzidene Y N C 1 2H 1 OCi2N2 NA 9.266-02 
&l -Dimethyl hydrazine Y 62-64 Y (CH3)2NNH2 NA 9.45E-02 
TCOD - 2J.7.8 Tetrtrachlorodibenzo-p-dloxin 



eshmates * hazardous and municipal waste incinerator data were consided because of the lack of 
good boiler air toxic data Emissions from the LEB we= estimated Using municipal and hazardous 
waste emission concentrations (AP-42,1992; EPA, 1989) and ABB's estimated stack gas flow sate 
of 3 . W  dry standard cubic feet per hr (dscfh). The emissions axe considered conservative. The 
emission limits were &rived in Section 5.2. These limits arc not necessarily based on promulgated 
rules but were derived to provide a conservative level of emissions that boilers may have to compiy 
with at a fbtm date. Tht i n f o d o n  in Table 5.17 will be used throughout this section to evduatc 
the effeaivemss and &gory II HAP emissioll potential of ABB's aitematives. 

As illustrated in Table 5.17, limited organics emissions data are available which can be used 
to evaluate the LEB's post combustion control alternatives. Most of the testing conducted to date 
has focused on mctal emissions even for municipal and hazardous waste incinerators. The DOE 
test program (see section 4.1.41, however, is attempting to eliminatt the uncertainty smunding 
organic emissions. As shown in Table 5.17, all of the Category II ~ubstances except PCBs are 
currently being quantified in emissions h m  coal fired boilers. Once this i n f o d o n  becomes 
available, a more comprehensive evaluation of the LEB will be possible. At this time, however, a 
less dm approach using emission estimates and fundamental emission mechanisms must be taken 
to evaluate tk potential conml alternatives. 

The HAPS listed in Table 5.17 can be =moved from the flue gas by one or more ofthe 
following mechanisms: 

0 Condensation and Capture 

0 Adsorption 
e Absorption 

0 Reactions with Reagents 

The potential for removal of the Category II HAPs by each of these mechanisms is 
described in the following subsections for Alternatives 1'4, and 6. Adsorption and reactions with 
reagents arc presented in the sam section due to the lack of testing results and nseatch conducted 
to date. Additional details on these capme mechanisms are provided in Section 5.1.2 and Section 
6.0. 

Condensation and Captun. One of most promising mechanisms for removal of 
organics is condensarion and capnuc. The flue gas coois as it travels through the boiler, allowing 
semi-volatile H A P s  to condense when the flue gas temperature drops below their saturation 
temperaturre. The degree of condensation increases as the flue gas temperame drops fuaher below 
the HAP saturation tempcrahms. The condensed and particulate phase HAPS art removed trom 
the flue gas by the particulate control equipment. The quantity of condensed and particulate phase 
HAPS removed depends on the design and operation of the control equipment. 

Without knowing the vapor pressure of each HAP, it is not possible to determine flue gas 
tempcratw at which H A P s  will begin to condense. However, the boiling ternperamre can be used 
as an indicator of the relative potential of substances to condense aud be capmd. For example, 
sine the inle tempcratm to the particulate control device for Control Alternative 6 is 37O"C, HAPS 
with boiling points below 370°C wiU be in the vapor phase and will not condense and therefore 
cannot be captured. Category II HAPs which may be controlled by condensation and capture for 
each ABB alternative are listed below. 
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IIBps w u v  be m v e d  bv C 

Alternatives 1 wad4: 237.8 T c m c h i m n r i i ~ o x i n  
Benzidine 

*Acetamide 
Dimethyl sulfate 
Polycyclic Organic Matter (Heavier Compounds) 
Polychlorinated Biphenyls 
1,3 Propane Sultone 
Hexadombenzene 
3,3 Dichiorobenzidcne 

Alternative 6: 2,3,7,8 Teaachlarodibenzodioxin 
Benzidine 

Polychiorhated Biphenyls 
Polycyclic organic Matter (some) 

Alternatives 1 and 4 have the same potential for removal of organics because both systems 
have ESPs which operate at 135OC. 2-Nitropropane, Acryiamide, 1,3 Butadiene, and 1,l Dimethyl 
hydrazinc axe too volatile and will not be captured by Altanatives 1.4, o r 6  

From the information provided above, Alternatives 1 and 4 seem to be the best choice 
because of tbe wider range of HAPS which can be conmlied. However, the d c  or fabric filter 
used for Alternative 6 may provide better removal effectiveness than the Aitcmative 1 and 4 ESPs. 
In general, fabric and ceramic filters arc more effective at removing smaU particuiatc than ESPs. 
Small particulate are of concern because they can travel deep within the lungs. Congener specific 
removal efficiencies fer ESP and Fabric Fiiter systems are listed in Table 5.18 for dioxins and 
furans (Neiisen et. al., 1985). This data illustrates that fabric film have higher dioxin and furan 
removal efficiencies especially at low temperame. In amtber study conducted by EnvitOnmtntal 
Canada (Environmental Canada 1986), the removal effectiveness of Fabric Fiiter systems for 
various organics was determined at different operating temperatures for municipal waste 
incinerators (see Table 5.19). Results from this study indicate that organics arc controlled 
effectively by Dry Sodent Injection/Fabric F k  systems and Spray DryerRabric Fdter systems at 
operating tempcratms of 140°C or lower. At higher tempaatum, a p a t c r  fraction of organics 
will be in the vapor phase and will not be captured. Since the Alternative 6 fabric filter will be 
operated at tcmpcmurcs well in excess of 2WC, it may not be as efFcctivc as the Ahemative 1 and 
4 ESPs which are operated at much lower temperatures. The best solution would be to repiace the 
low temperature ESPS in Alternatives 1 and 4 with fabric filters. 

In addition to providing less potential for condensation of HAPS, the operating temperarm 
for Aitemative 6 also may contribute to the formation of dioxins and furans. Barton et. ai. (Barton, 
1990) identified an important dioxin and furan formation mechanism for municipal waste 
combustion systems involving reactions between hydrocarbons and chlorine on entrained 
particulate matter. Data from these faciiities indicate that emissions of dioxins and furans can 
incrtase across a hot ESP or baghouse. The mechanism involves a series of steps. First, ash or 
unburned waste, in this case coal, arc entrained by the gas flow. A very small fraction of 
hydmcarbons in the waste escapes destxuction in the combustor. Upon reaching the reaction zone, 
the hydrocarbons react with HCl on the surfaces of the particles to form dioxins and furans. This 
proposed mechanism is consistent with recent studies which indicate that dioxin and furans 
reactions occur on solid particles at temperatures between 200 and 400OC. Since the Alternative 1 
and 4 flue gases arc cooled quickly in the air pteheater to t c m p e ~  below 20O0C, this formation 
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TABLE 5.18. ELECIROSTATK: PRECIPITATOR AND FABRIC FILTER CONTROL OF DIOXINS AND FURANS 
(Neiisen et. al., 1985) 

I"""" 

Tetra 

TABLE 5.19. FABRIC FILTER REMOVAL EFFICIENCY OF ORGANICS AND IMPACT OF OPERATING 

SD - Spray Dryer 
FF - Fabric Filter 
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mechanism may not be impOrtant. However, the Alternative 6 combustion gases & not cooled in 
.the.air pnhtater prior to tbc control system and nmah in the =tion tempcramre range longer. 
This may contribute to an ovaall higher dioxin and furan generation rate for Altamtive 6. 

Estimated 23.7.8 Tct rach lmruf ibe~ox in  (T’CDD), polycyclic organic mattcr (RIM), 
and polychlorinated biphenyl (PCB) emission levels for post combustion control equipment similar 
to ABB’s arc provided in Table 5.17. The emission rates were determined using utility boiler and 
municipal waste incinerator emission factors and the LEB process rates. TCDD has not been 
detected in utility boiler emissions but the detection limit is not low enough to determine if TCDD 
would be emitted at levels of concern. TCDD has been detected in municipal and hruardous waste 
incinerator emissions. Table 5.17 shows that TCDD may be controlled to acceptable levels using 
Fabric Filters (Alternative 6). This conclusion is probably conservative since municipal waste 
combustors have higher emissions of dioxins than coal fircd boilers (EPA, 1986). Even though 
fabric filters have lran shown to have the abiity to control TCDD to accepabk levels, Altanative 6 
may not provide acceptable control because of the high inlet tempcramre as discussed earlier. 
Alternatives 1 and 4 use ESPs for PM control and therefore could have unacceptable emissions 
levels TCDD as shown in Table 5.1.2. This conclusion may not be d i s t i c  since it is based on 
municipal waste incinerator data 

Table 5.17 shows that POM may be controlled to acceptable levels using a wet scrubber 
(Alternatives 1 and 4). Due to the uncertainty in the data source and the lack of Fabric Filter 
emission results, additioml testing is necessary to determine if Alternatives 1,4, and 6 will control 
POM to accqtabk levels. The curIcnt DOEtest program should provide an accwatc and extensive . 
POM data set for evaluation of each- altanative. 

PCBs may be controlled to acceptable levels by Altcmativcs 1,4, and 6 as shown in Table 
5.17. Fabric Fdter systems provide better control of PCBs than ESPs based on municipal waste 
incinerator data. This conclusion m y  not apply directly to Alternative 6, however because the 
system is operated at higher temperatures and a lower efficiency may result. UdixttuwAy these 
observations cannot be vaificd far utility boilers because the DOE program does not include PCB 
testing. Testing conducted by Ontario Hydro (Curtis et. al., 1992) has positively identified PCB 
emissions from a 300 W e  utility boiler with an ESP under normal operating conditions and at 
cold startup. This clearly indicates the need for additional PCB testing on utility boilers. The test 
plan pnsented in this documnt includes PCB testing. 

Absorption. Only Alternatives 1 and 4 have the potential for significant absorption 
because FGD is not used in Alternative 6. In the FGD process, a limestone slurry is injected 
counter cumnt into the gas stream. Since the s l q  is intimately mixed with the gas, soluble HAPS 
may be absorbed into the slurry drops. Since these drops are collected at the bottom of the spray 
tower soluble HAPS will be removed from the system. The following substances may be partly 
controlled by the FGD. 

Alternatives 1 and4: 

Altemative 6: None 
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Testing is quircd to detmnine the impact of the FGD on the soluble HAPs. The DOE 
program should provide data which can be used to determine the effectiveness of FGD systems at 
nmving solubk substances. 

Adsorption and Reagent Reactions. Adsorption of HAPS onto entrained fly ash and the 
d o n  of HAPS with reagents also may provide some control for Alternatives 1,4, and 6. Thcrr: 
are limited data that show spray drying followed by fabric filtration is an effective VOC control 
technique (EPA, 1986). Lower VOC control efftctiveness can be expected from spray drying 
followed by ESP particulate control. The mechanism for VOC control in these types of spray 
drying systems may be VOC attack and capture by caustic reagents. A similar type of behavior 
may be present in the FGD processes used on Altcrnativcs 1 and 4. There is little information 
available which can be used to evaluate the degree of control which can be expected through 
adsorption andor magent reactions from Alternatives 1,4, and 6. The DOE program as mentioned 
earlier will provide the information needed to &termhe the impact of adsorption and reagents in 
systems similar to those proposed by ABB. 

Summary. As discussed in Seaion 5.4.2.1, Alternatives 1 and 4 have the capability of 
controlling more of the Category II HAPs because of the low ESP operating temperature. 
However, since ESPs generally have a lower removal effectiveness than fabric and ceramic filters, 
Alternative 6 may provide better control for some of the Category II HAPs. A potential 
disadvautage of Alternative 6 may be the haeased potential for the generation of dioxin and furans 
because of the high operating temperature. To provide beaer Category II HAP control, the 
operating temperatwe of the Alternative 6 fabric or ceramic filter should be lowered to the 
Alternative 1 and 4 ESP operating ternpaamre or the Altanative 1 and 4 ESPs should be repiaced 
with fabric filters. These options may not be nccemq if it is determind through further testing 
that the combustor destroys organics to acceptable levels and conditions in the boiler convective 
section and post combustion control system do nat promote organic emissions. The current DOE 
testing program will provide the infomation necessary to characterize most Category 11 organic 
emissions from Alternatives 1 and 4, however additional testing will need to be conducted to 
characterize emissions from Altcmative 6 and PCB emissions from Alternatives 1 and 4. The 
DOE program will also provide additional insight on the impact of adsorption, absorption, and 
reagent xcactions on organic contml for Abmativcs 1,4, and 6. 
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6.0 AIR TOXIC EMISSION CONTROL TECHNOLOGIES 

The previous section pvidbd  the results of an analysis to estimaoc which of the 189 CAAA 
air toxic compounds would be present in the LEB uncontrolled flue gas, and in the flue gas 
downstream of Pollution Contml Alternatives 1,4 and 6. The results indicate that arsenic may be 
emitted in quantities of regulatory concern with Alternatives 1 and 4, and chromium may be of 
concern for all three systems. Measurtments will be required to verify these results. Specific 
recommendations concerning control of chromium and arsenic were made in Section 5. The 
analysis also indicates that emissions of toxic organics may be more of a problem than metals. 
Potential control methods for organic vapors are describccl here, along with an estimate of their 
costs as appiied to a 350 MWe boiler. 

6.1 ' jlv-De vel VaDorCQnqp1E1s'fhpds 

Therc an two main types of strategies for the control of organic vapors from combustion 
sources. Typically, good control of tht combustion process andor air pollution conml devices arc 
employed. 'on of organic emissions by combustion control can be accomplished by 
(U.S. EPA, 1987): 

. .  . 

Limiting the variations in excess air, temperature, and mixing in the combustor that 
may allow organics to escape untreated from the combustion m e .  These organics 
may be toxic, or may be pncursors to the fonnation of 0th toxic compounds. 

Mmmizing the entrainment, and maximizing the burnout of partick matter. Ifthe 
waste combustion zone is overcharged, and/or gas velocities arc excessive, a large 
. .  

nlurse of unburned matczial may Itsult 

Increasingtbeparticlertsidarcetimeinthe combustionzone. 

0 Assuring proper operating temperatures and excess air to allow for complete 

Avoiding conditions downstnam of the combustion zone which hold particles in the 

destruction. 

dioxin formation temperame window of 25O-35oOC (Barton et  al., 1990). 
0 

In addition to good combustion practice, there arc a number of flue gas cleaning methods 
for the control of volatilized organic emissions. Depending upon the flue gas temperature and 
compound volatility, some organics will condense ontdinto particles, and some may remain in a 
gaseous state. Control of particles was discussed in Section 6. I. 1. The more commonly applied 
control devices fot volatiic arganics include: 

Destruction Ttchniques: Afterburner (thcrma: incinerator) and Catalytic Incinerator 

Captun Techniques: Carbon adsorption, Absorbtion. and Condensers 

Figure 6-1 provides typical con a 1  levels for the various downstream devices used to control 
volatililert organic emissions. 
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6.1.1 

In sow appiicatim, afterburners (ut used to complete the destruction of organics in the 
flue gas. Here, the organics axe simply destroyed by the high tempmatwes resulting from the 
combustion of residual compounds within the flue gas which act as a source of fuel. The design 
and operation of such devices have been treated in most handbooks on stationary combustion 
devices. Like other incineraton, the akburner performance depends largely on the combustion 
chambertemperaturre,stoichio~,andresidcncecime. 

Thermal incinerators an typicauy appiid to emission streams that arc dilute rnixmes of 
volatile organic compounds (VOC) less than 20 ppmv and air (US. EPA, 1991). Due to safety 
reasons the VOC content is usually limited to 25 percent of the lower explosion f i t  (U.S. EPA, 
1991). If the flue gas entering the afterburner is not hot enough, the afterburner is supplemented 
with a u x i k y  fuel. Tk potential dtawbacks of thmnal incincratoxs include: 

Additiod fue! nquinments under fuel lean amditions. 

harased operating tempeature above 600°C without the use of a catalyst, mating 
potential for vaporimion of S O M  xnctals. 

Addstotheonginal fluegas flow rate. 

Tht afterburner system nxpims periodic maintenance on the burnm, air and fuel tines, and control 
system. However, afterburners arc used frequently in hazardous waste applications due to their 
relatively low maintenance rupimxmts, low capital cost (compared to d y t i c  systems), and high 
destruction efficiency. 

6.1.2 cat8lyticIncinaators 

Catalytic incinerators arc similar to thermal incinerators in design and operation excepthat 
they employ a catalyst to aid in the destruction of VOCs. The main advantage over thermal 
incinerators is that the catalyst ailows destruction at low temperatures, thus minimizing the use of 
auxiliary fuel. The catalyst acts to accelerate the d o n  rate. The efficiency of the incinerator 
depends on tmpatms, residence h e  in contact with tbe catalyst, and Organic mccna2uion. 

Catalyst t y p  include platinum, palladium, and other noble mtals. The catalyst usually has 
a honeycomb foxmation to xnaxinb d y s t  surface area Poisoning of the cataIyst sites is a major 
concern in regards to catalyst efficiency. Mamiids such as phosphorus, and chlorine, can severely 
affect catalyst performance. Catalysts such as chromddumiua, cobalt oxide, and copper 
oxide/mangancsc oxide have been demonstrated to effectively control emissions of chlorinated 
compounds. Platinum based catalysts are used for control of sulfur containing VOCs, but are 
sensitive to chlorine poisoning. 

Pressurt drop across the catalyst bed, and the inlet and outlet gas temperature are monitored 
to assure proper operation. Inlet temperature is monitored to ensure that the catalyst operates 
within its specified temperaturt zone. Total hydroarbon monitodg is used to indicate organic 
destruction efficiency. 
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6.1.3 CarbOnAdsorbers 

Carbon beds can be used for the removal of VOCs from Combustion flue gas. Thc flue gas 
passes through a bed of granular activated carbon solids. The activated solids arc highly porous 
and have large surface to volume ratios. The volatile organic compounds an selectively adsorbed 
on the surface of the bed material. The pnssu~c drop across the bed, and the gas inlet temperame 
are monitod to assure p p c r  operating performance. Rcssurc dtop is monitored to detect for 
holes, leaks and bed pluggage. Met tempatuxc is mnitorcd to assue tbat the bed operates within 
the specified temperature range. Total hydroarbon monitoring is used to indicate carbon bed 
performance. 

The carbon bed, Iike the catalytic converter, has relatively few maintenance requirements 
except for bed rtgeneraton. In normal situations, after the carbon bed has ban saturated to a state 
where it will not adsorb any more organics, it must be cleaned or nplaced. Cleaning (desorption of 
the carbon bed) involves heating the carbon bed to its regeneration temperature using steam, 
followed by dryurs and cooling of the bed to thc operating temperclrun. For continuous operation, 
multiple fixed bed adsorbers art employed to ensure that one bed is always available. . 

Volatile organic removal efficiencies up to 95 to 99 penxnt can be achieved with adsorption 
either by carbon or impregnated carbon 51s shown in Figure 6-2 (US. EPA, 1991). Parameters 
impacting destntction efficiency of a carbon bed include: 

Improvements in carbon bed technology have occurred to a large &p in Europe. For 
example, a carbon bed is utilized in the StaQwerke Dusseldorf system. This system is a threc stage 
process for sulphur, chlorine, fluorine, heavy metals and nitrous oxides. In the first and third 
stages, lime is used to remove the acidic components and M i 3  is used to remove NO,. In the 
second stage, au activated charcoal bed filter is used to adsorb vaporous heavy metals and 
chlorinated hydrocarbons. This system has been demonstrated to achieve Gtrmany's emission 
limits for waste incineration plants (Hg-0.05 mg/m3, Cd-O.05 mgim3 and PCDDPCDF, 0.10 
ng/m3). As of 1986, approximately 48 waste incineration plants in Germany have baen mmfitted 
with activated coke treatment systems (Sang and Kassenbohm, 1993). C m n t  developments 
include the ixnpmgnation of the cadm with compounds to enbancc nmovaI efficiency. Iodine and 
sulfur impregnated carbon has recently ban demonstrated to improve removal efficiency in spray 
dryer applications where the c a h n  is injected into the flue gas stnam (Ftlsvang et.& 1993) 

6.1.4 Absorbers 

In addition to particulate removal, scrubbers may be used for the control of organic 
emissions. Similar absorption devices such as spray columns and packed or plate towers may also 
be used for such applications. The absorption process involves the txansfer of volatile organics in 
the flue gas to a nonvolatile liquid. Absorption occurs when the concentration of the organic 
species in the liquid phase is lower than the equilibrium concentration in the vapor phase. 
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In a spray column the solvent is injectcd into a vessel as a finely Euomized spray. Organics 
present in the flue gas which am soluble in the solvent are dissolved into the small liquid droplets. 
The droplets fall to tbe boaom of the vessel where they 8n collected and removed. A packed or 
plate tower follows tbe same basic design as a spray column except that the vessel is full of either 
irregular solid packing material or contains a number of perforated plates. This addition to the 
vessel aids in absorption efficiency by providing a contact surface area. In both tower designs, 
ordinarily, the gas and solvent streams flow countercurrent in order to obtain thc gnatest rate of 
absoqxion. Key parametets impacCing performance include: liquid to gas ratio, operating pmsure, 
and concentration of the organic compounds. The range of organic vapor capture efficiency for 
absorbers in general is given in Figure 6-1. In general, absoibers arc not pract~cal due to nquircd 
height of absorption tower to provide sufficient contact times. 

6.1.5 COndeDSU'S 

Condensers arc widely used as raw material or product recovery devices. Condensation 
involves the contact of a volatile organic compound within the flue gas at its satwarion point with a 
surface whose tcmpaatun is below the compounds SaNtatiOll temperaNrc. Heat is t r a n s f d  and 
an accompanying phase change occurs ( the volatile organic condenses). Condensers arc usually 
applied to flue gas streams with high VOC concenaaiom (gFeatertban 5,000 p p v )  with improved 
removal efficiency at a concentration of 10,ooO or more (U.SEPA, 1991). 

To monitor the proper operation and ptrfomce of a condenser, the outlet stream 
temperature is the fundamental indicator. Maintenance for such devices (mainly contact 
condensers) may include the disposal of contamimed spent coolant. Condenser performance in 
regards to VOC control is shown in Figure 6-2. Typically, panuneters impacting condenser 
efficiencies ace fluctuations in inlet flue gas tMclpenrtlllrc and organic concentration. 

6.1.6 Developing Ttchnologies 

Takacs and Moilanene (1991) evaluated the Occidental ammonia control system used to 
provide simultaneous control of PCDD/PCDF* HCl, NO, and to a lesser degree S02. In this 
system, PCDD/PCDF control is believed to work on the principle that N H 3  can prevent the 
formation of PCDD/PCDF by competing with the hydiocarbon precursors present in the flue gas 
for the available chiorine. Because N H 3  is much mon: d v t  with chlwine than the hydrouubans, 
ammonia chloride is mom likely to form than PCDDPCDF. Lab scale testing using this process 
was very encouraging; PCDD- PCDF and HCl removal efficiencies were 94,100, and 97 percent 
respectively (Takacs and Moilanme, 1991). 

A recent paper by Blumbach and Nethe (1992) presented results based on practical 
experience with the German Sorbalit@ system. This system is intended for use to control both 
toxic metals and organics. It has been used extensively on waste incinerators throughout Europe. 
The SorbalitB agent is produced by miXing calcium hydroxide with surface-activated substances 
such as carbon or lignite coke. In application, the SorbalitB agent is injected into the flue gas, 
followed by a baghouse downstream. At one waste-tocnergy plant, PCDD/PCDF emissions were 
reduced from 9-10 ng'IEQNrn3 to 0.02-0.06 ngTEQ/Nm3 with simiiar reductions for mercury 
emissions. The vaiues given arc Total Equivaience values (TEQ) which arc weighted values to 
aaount for the different degrees of toxicity of the v ~ o u s  dioxin congeners. At a hazardous waste 
incineration facility, the level of polychlorinated biphenyls (PCB) content in the un@ gas was 

6 5  



130 ngMm3, white in the treated gas the various types of PCB's were no longer detectable (Jager 
and Obermeier, 1990). At another hazardous waste facility, the reduction in polyammatic 
hydrocarbons (PAH) was from 0.169 pg/Nm3 in the untreated gas to 0.011 g/Nm3 aftcr the 
Sohalit@ process (Nethc). 

6.2 

In this section, capital and operating costs for the thmd and catalytic incinerators, carbon 
bed, absorbers, and condensers arc estimated for application to the 350 MWe LEB. The cost 
estimates 8n based on an EPA cost estimating procedure given in the Handbook of Control 
Technologies for Hazardous Air Pollutants. The prooedurt provides cost comlations for various 
air toxic control devices and is intended to provide costs within 4-30 pcrcent enor. Unfora;mately, 
the co~lations arc generally utilired for waste incinerators with flue gas flow rates lower than the 
exampk boiler's 884,OOO dscf;cmin. In some cases, costs had to be extrapolated past the sizes 
provided in the handbook and h f m ,  the costs pxescnted here an to be considexed as an order of 
rnagniturla estimate. To adjust costs to the higher flowrate of the LEB, the following comlation 
was used. 

MWhila 1 is dre rating of tkexampk ca~eutility boil= md M W - 2  is the-gof the facility 
upon which an initial cost tstimate was made. It should be noted that the equation shown above is a 
rule of thumb approximation. In addition, all cost values calculated werc modified to 1993 dollar 
values using price indices of 121.07 percent and 131.40 percent for the conversion from 1988 and 
1986 dollar values to 1993 values (Consm Rice Index Hotline). 

For each device, the total capital cost was calculated based on the purchased equipment cost 
and EPA cost factors. These factors are given in the EPA cost estimating handbook and specify 
individual indirect or direct capital cost items as a percentage of the purchased equipment cost. The 
total capital cost for each &vice was therefore found by summing the purchased equipment cost 
and the individual indirect and direct capital costs. Annual operating cost items were given in the 
EPA handbook as a percentage of the total capital cost. It was assumed that the boiler capacity 
factor is 90 percent. The total annual operating cost was calculated by summing both the direct and 

For the incinerators and carbon bed, the following conelation was employed to calculate 

indkctopcratingcosts. 

purchased equipment cost: 

Cost = 21,342 Q ~ 0 . u  for thermal incinerators 

Cost = 1,215 QQ-5575 for catalytic incinerators 

Cost = 271 So.778 + 2% for carbon beds 

where S is the vessel surface area (ftz) and CICg is the pounds of carbon required. 
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For the absorber and condenser, graphs wen provided in the handbook. In addition, the following 
assumptions wae madc ahout each device to arrive at a purchase price: 

Thermal Imincrator 

0 The thermal incinerator was sized for a destruction efficiency of 99 percent. 

0 The combustion tempetaturt and residence time were assumed to be 1,800T and 0.75 stc. 

0 Heat recovery in a heat exchanger was assumed to be 70 percent based on a value 
rccormmndcd by EPA (U.S. EPA, 1991). 

0 Supplemenral fuel was ass& to be natural gas 

0 Design was ass~med to be a fixtd bed. 

0 The catalyst bed inlet- was assumed to be 6ooTwhiletk Outlctttmperannc and 
space velocity wue assumed to range €iom between l,OOo-l,2WF, and 30,000-40,000 lh, 
respectively, based on values specified by the EPA (U.S. EPA, 1991) for a precious mctaI 
d y t i c  incineram able to achieve a 95 percent destruction efficiency. 

0 Heat recovery in the heat exchanger was assumed to be 50 percent based on a value 
ncommended by EPA (U.S. EPA, 1991). 

0 Supplexncntal fuel was assumed to be mural gas. 

Carbon Bed 

0 Design was asmmcdtobe afixcdbed. 

0 The bed was sized to achieve a design removal efficiency of 95 percent. 

0 A default value of 0.100 for carbon bed working capacity was assumed based on a value 
specified by EPA (U.S. EPA, 1991). 

0 304 stainless stet1 was chosen as the material of construction 

0 Steam was assumed to be thc regeneration agent at one pound of steam per pound carbon. 

Absorber 

0 The design of the absorber was assumed to be a single bed absorption column packed with 
2 inch porcelain nhgs. 

0 The absorber was sized to achieve a design removal efficiency of 98 percent. 



The cost of operating labor was based on an operator wage of S12.96mt (1988 dollars) and 
a time q u b m m t  of 0.5 hours per 8 hour shift for each device. The cost of maintenance for most 
devices was based OII a wage ratt of S14.261hr (1988 dollars) and a time q u h m e n t  of 0.5 hours 
per 8 hour shift for each device. Supenisor costs wen taken as 15 percent of the operator labor 
costs. 

The capital cost estimate for each &vice is shown in Table 6-1. As may be sea, capital 
costs for the incinerators is much higher than for the other devices. This is mainly due to the 
complex instrumentation required as well as the cost of materials and construction. The capital 
costs for the carbon bed and absorber arc simiiar and arc slightly more than half of the cost of the 
incinerators. The conc/cILsor bas the lowest capital cost. 

Table 6-2 provides the operating costs for each organic control device. Again the 
incinerators arc the most expensive option - an order of magnitude higher than the other devices. 
The catalytic hcinerator bas the highest operating cost because of catalyst replacement. Table 6 3  
summarizes capital and operaring costs for each conbrol option discussed. The catalytic incinerator 
is the most expensive, whik the con&nscr type device is tk least expensive. 

It should be emphasized that these types of control equipment arc very size and site 
dependent, and that the costs shown should be uscd as order of magnitude cstimatcs only. 
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TABLE 6-2. ANNUAL OPERATING COST ESI'lMATeS POR VOLATILE ORGANIC CONTROL METHODS 
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TABLE 6-3. SUMMARY OF CAPITAL AND OPERATING COSTS FOR ORGANIC 
VAPOR CONTROL DEVICES. 

Catalytic Incinerator 

Note: Costs represent an order of magnitude estimate only. 
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7.0 AIR TOXIC TEST PROTOCOL FOR ABB COMBUSTION ENGINEERING 
LOW EMISSION BOILER (LEB) 

The Department of Energy’s (DOE’S) Pittsburgh Energy Technology Center (PETC) is 
funding a program entitled “Combustion 2000”. The intent of the program is to support 
developmeat of high efficiencyllow emission coal combustion devices for the gentration of electric 
power in the 21s century. While the program focusses on ultra low emissions of NOx* SO, and 
particulate matter, ABBICE is also concerned about how their design will impact the emission of air 
toxics. 

In Section 5.0, CAAA air toxic compounds were identified that might be emitted from 
ABB’s LEB in levels of regulatory concern (see Table 5.5). Due to the lack of emissions test 
results for these air toxics, additional testing must be conducted to evaluate the LEB and Control 
Alternatives 1,4 and 6 emission levels. Many of the data gaps will be filled by the DOE test 
program. However, several CriticaI substances such as PCBs a not being quantified during the 
DOE program and will require further efforts. In addition, many of the design aspects of the LEB 
boiler arc not represented by the units being tested in the DOE program. Therefon, it is essential 
that additional testing be conducted to characterize CAAA substances of concern for the LEB 
design. 

This section provides a draft test protocol for the evaluation of toxic by-product emissions 
- from pilot scale t&ts and full scale utility boilers using state of the art testing methods. Many of 

the methods outlined below arc being used in the DOE test program and have gained wide v. However, s e v d  of the proposed methods have not been validated and requirt further 
study and validation efforts before they an d 

The focus of the testing wiil be on compounds which arc either known to be emitted, 
expected to be emitted, or expected to be impacted by the application of new low emissions 
technaiogy. The substances of concern1 aitical propmics, and sampling and analytical methods arc 
idcntifxd in Section 7.1. Required detection limits and sample times axe provided and discussed in 
Section 7.2. Process sample considerations arc provided section 7.3. Rue gas sampling methods 
arc described in Section 7.4. Row charts outlining key sampling procedures are provided in 
Appendix C. These charts must be customized to the ABB site befoxe they can be used to quantify 
air toxic emissions. 

7.1 

In Section 5.0, CAAA air toxics wen categorized into five groups based on their potential 
to be emitted at levels of regulatory concan with and without post combustion control equipment. 
The pollutants assigned to tbe first thnc categoxs could be emitted h m  the LEB and an targeted 
for detection through emission measurements. Ymse thrrx categories include: 

Category I: HAPS known to be emitted in quantities sufficient to be of regulatory concern based 
upon prior masurtmentr. 

Category II: HAPS may be emitted in quantitres sufficient to be of regulatory concern based 
upon theontical analysis or measurements but stronger data or analysis is required 
to confirm. 
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category Ill: HAPS arc not expected to be emitted in quantities sufficient to be of regulatory 
concern based upon theoretical analysis or measurcments but stronger data or . .  
analysis is q u i d  to confirm. 

category I, II, and ID air toxics for ABB's LEB without post combustion controls am listed 
in Table 7.1. Unconlrollcd Category L It and ID air toxicS arc being consided in order to evaluate 
the LEB Control Alternatives 1,4, and 6. Table 7.1 also lists proposed sampling and analytical 
methods for each air toxic substance of concern. All inorganic substances except hexavalent 
chromium shouId be sampled using EPA's Multiple Metals sampling train @PA 29) and analyzed 
using atomic absorption spectroscopy (AAS) or iductively coupled plasma spectrometry (ICP). 
Hexavalent chromium will be sampled using EPA Method 306 and analyzed using ion 
chromatography (IC). Semi-volatile organics (boiling point > 1 0 0 O C )  will be sampled using the 

spectrometry (Gc/MS) or high performance liquid chromatography (HPLC). Volatile organics 
(boiling point between 30 and 100°C) will be sampled using the EPA volatile organic sampling train 
(EPA 0030) and analyzed using GC/MS. Very volatile orgaDics W i g  point < 3OOC) are not 
effectively sampled using EPA 0030, therefore a whole gas sample will be taken using EPA 18. 
The sample will be analyzed using GC/MS or GC/FID. Since 13 butadiene reacts readily with 
substances in the stack gases, an on-site GC is r#xrmmended. 

EPA ~emi-volatil~ sampling train @PA Method 10) and ad- using gas C h r o r o m a t o ~ h ~ / ~  

All of the sampling and analytical mthods listed in Table 7.1 are based on EER' s 
experience gained during the pnviouSly mentioned DOE test program, ncommendations from the 
EP& the E P X S  hazardous waste incimrati on measurement guidance manual @PA, 1989), and thc . 
EPA's water sampling guidelines @PA, 1992). While many of the Illcthods have been extensively 
validated, some of the proposed methods have not been extensively tested and further validation 
may be required before testing can be&. 

7.2 

Specification of analytical detection limits and sampling volumes is an important 
consideration when developing atest plan. If ' detection limits and sampling volumes arc 
not specified and a high risk substance is in the stack gases, thc resulting stack 
concentration may be too large to prove emissions are not a risk. For most substances, the stack 
concentration is computed using tbe following equation. 

Stack Concentration = (Quantity of Substance Demted) / (Sample Volume) 

If a measurable quantity of a target substance is detected, the stack concentration can be used to 
accurately evaluate the contribution of the substance to the overall risk of the boiler emissions. 
However, if a measurable quantity of a substance is not found in the stack gases, the detection limit 
must be used to calculate the stack concenttation. If either the detection limit is too large andor the 
sample volume is too small, the calculated stack concentration may be exceed the acccptabie risk 
based concentration. In this case, the substance must be considered a risk even though the 
substance was not detected. To reduce the occurrence of this type of problem, the analytical 
detection limit should be low enough and/or the sample should be large enough so the resulting 
stack concentration does not excccd the acceptable risk based stack concentration. 

Detectionlimitsarelargelydetwrmntd * by the analytical technique while the sample volumc 
is the product of the sample time and rate. Since the analytical detection limit and sample fate are 
fixed by the analytical and sampling methods and stack conditions, the stack concentration for 
nondetected data is a function of the sample time. Thmforc, to ensure that stack concentrations for 
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TABLE 7.1. TARGETAIRTOX~SPEClESAE(DTESTMm(ODS. 
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2.3J.8 - T e t r n c h b m d ~ ~ I d n  M (W2)2c1402 EPA 23 HRGCMRMS 

(1) - Metal solublllty and bolting Qolnt tor vapor phase. 
(2) - Soluble I 100,000 mg dlsolve In 1L. 
D - Decompo~es 
VP - Vapor phase 
CP - Condensed phase 
HPLC - High performance IIqM chromalography 
GC/MS - Gas chrmlograwh mass spechomeby 
M S  - Atomk absorption Spectroscopy 
ICP - lnducthrety coupled plasm soedromelry 

Selenlum Compounds I 350 I Y I vP-seo2 EPA 29 MS,  ICP 



TABLE 7.1. TARGET AIR TOXKS SPEClES AH) TEST MnmX15. 
r I I 

-23 
170 
M 
M 
101 

Acrylonltfile 
AnlHne 
Benzotrlchlorfbe 
Benzyl chlorlde 
Biphenyl 
Bls(chbromethyl)ether 
Chlordane 
Chbromethyl melhyl ether 

M CH2=N2 EPA i a  
N (CICH2Cti2)ZO EPA 0010 
N C6WN=NC8H4N(CH3)2 €PA 0010 

-wNo2)2 EPA 0010 M 

v u r n 2  €PA 0010 

€PA 0017  

€PA 0010 
220.6 EPA 0010 

Ethylene oxlde 
Elhylene thiourea 
Heptachlor . 
Hexamethylphospho ramlde 
HydefZlne 
Hydrochkrlc add 
Manganese Compounds 
Methyl chbrkh (Chlommelhane) 
Methyl hydrazine 
Methyl Isocyanate 
4,GMelhylenedlanillne 
N-Nlbosodimelhylamlne 

179.3 I N I C6HXHXI I EPA00lO 
255.8 I N C6-5 I EPA001O 

clcoxct2 EPA oo30 
EPA 0010 

5!5-57 ne I I CICHMCH3 I EPA 0030 
ClOH6Cb 

104 

Chloroprene I 59.4 I N I C t i 2 = c c I - c ~  I EPA oo30 
CobanCompounds M M I M I EPA2B 
DlazmeIhane 
Dlchbroelhyl ether (Ws (2chbroelhyl) ell 
Mmethyl amlnoazobenrene 

1 ,4-Dioxane (1 ,4-Dlelhyleneowlde) 
2,4-Mnltrolol~e~ 

1.2-Diphenylhydrazine I 131 I N I c6HsNHNHc6H5 I €PA 0010 
EPA 0010 Eltry( carbamate (Urethane) lB8 N 

C2H50 
C3H6WS 
c 1 m n  

M I [(CH3)2Np( 0) 
Y 

N I CH3CI 
I a7 I Y cH3NHNH2 

EPA i a  
EPA 0010 I EPA 0010 

EPA i a  

EPA 0010 
EPAOOIO I 

1 224 I Y 1 UH8N202 I EPAWlO 
387 N I €PAW10 

I 147 I N I c1xHcHc12 I EPAOOIO 
N CHXBH4NH2 I €PA0010 

Mahod 

HPLC or GCIM! 
GCtMS 
GClMS 
GClMS 
GClMS 

GClMS or HPLC 
GCNS 
GCNS 
GCNS 
GclMS 

M S .  ICP 
GC/MSlFlO 

GUMS 
GCNS 

GClMS or HPLC 
GUMS 
GCNS 
GCNS 

GCNSFID 
HPLC or GCWS 

GCMS 
GCNS 
GCNS 

IC 
M S ,  ICP 

GWS/FID 
GCNS 
HPLC 

GUMS 
GC/MS 

iPLC or GCNS 
GclMS 
GC/MS 
GCIMS 

GC/HRMS 
IPLC or GC/MS 

GCiMS 
I I GCMS -13.4 I N CH2=CHCI 



nondctectcd substances arc acceptable, the appropriate sample time must be specified so that a 
sufficient sample volume can be collecttd. Table 7.2 lists the stack concentration limit, analytical 
detection limit, and sampling rates for p u p  I, II, and El Substances. The stack concentration limits 
wen derived in sccticm 5.2 and the detection limit and sample rates war: taken fkom the appropriate 
sampling and analytical methods and the DOE test program (DOE, 1993). From thest values, the 
sample timc can be calcularcd using the aquation given below. 

Sample T h e  = [@L)(SF)]/[(SR)(C)] 

DL = Analytical Detection Limit 
SF = Safety Factor 
SR = Sample Rate 
C = Stack Concentration Limit 

A safety factor of 10 was used to account for matrix and analytical interferences which may 
incxeasc theanalytical detection limit. Therequmdsampktimes~iisted in Table 7.2. In g e d ,  
a one hour sample time is sufficient for most substances. However, several substances have large 
analytical detection limits in comparison to the stack concentration limit and require a six hour 
sample time. B a d  on the rcsuhs in Table 7.2, the following sample tims arc nquired to achieve a 
safeq factor of 10. 

EPAOOlW23 - 6 h o ~  
EPAOO11 - 1 b ~  
EPAOO30 - 6 b ~  
EPA26 - lhur  
EPA 29 - 6hoUrs 
EPA 306 - 3 h 0 ~  

EPA Method 18 is a whole stack gas sample and therefore does not concentrate the target 
substances. For this method, enough stack gas should be collected for the analytical procedures - 
five lites is usually sufficient. The 6 bur sample time requued for volatile organic sample train 
(EPA 0030) may muit in brc&hm@ of solllc target substances, therefore, a reduced sample time 
is recommended. All of the EPA 0030 compounds except chloroprene require a one hour sample 
time. To reduce chances of bnakthrough, a two hour sample time (DOE, 1993) is rccommezIdtd 
for EPA 0030. This will provide a Eeduccd dkty factor of five for chiompxene if the detection limit 
cannot be reduced. A safety factor of five should still provide sufficient protection. The 
rccommcndcd sample timts for eacb mcthod am iisted below. 

EPAOOlW3 - 6h0- 
EPAOO11 - 1 h o u r  
EPAOOU) - 2 h 0 ~  
EPA 26 - 1 h 0 ~  
EPA 29 - 6 h o ~ r ~  
EPA 306 - 3 h 0 ~  

Since several of the substan= do not have analytical detection limits as shown in Table 7.2, 
the sample times given above may not be sufficient. Ideally, validation studies should be conducted 
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to determine detection limits before testing begins. These detection limits can then be used to 
determine if longer sample times are required. Two substances, n-nitrosodimthylarnine and 
acrylonitrile, would nquinz sample times in excess of 6 hours. Sample times longer than 6 hours 
can rcsult in Sampiing problems including train failure and breakthrough. Therefore, it is 
ncomrncnded tbat the Arrtw*ion limit be reduced for these two compounds before extended sample 
timCSanused. 

7.3 

Rocess sampling locations should be selected on the basis of project objectives. Process 
sampling is critical to achieving the project objectives and factors such as rqmscutativeness, sample 
contamination and worker safety must be cousidcd. 

Representativeness: Sampling locations and proceduns must be chosen to ensure that the 
sample obtained is represenmive of the process material. Given that the homogeneity of the 
material is B primary criterion, the following general principles have been applied in developing 
sampling location and pmccdms: 

' 

e 

e 

For solid and slurry streams, a series of sample should be collected under normal 
operating conditions clearly defined by process paramder~. These samples may be 
splk cOmpOSitea or archived for ttre purpose of ensuring sampl: Lntegrity. 

All process samples will, to the extent possible, be collected simultaneous€y. In 

time. In the case of an extended process upset, failure of a critical sampling 
operation, or other iircmmn- which would cause non-simultanmus sampling or 
Don- 've ploass opaatioa for more thaa 10 minum, all process sampling 
will=my halted until the process is stabilized or until sampiing 
a c t i v i t i ~ c a n b e ~  

practical tenns, this IlEans that samples wili be collected overthe s8M interval of 

Sample Contamination (Quality Assuraoce): Sample locations have been chosen so 
that the probability of sample contamhation within the sampling procedure itself or by outside 
media is minimized. Contamination of the samples after collection should be minimized or 
eliminated through the use of comprebensrve sample custody p d m .  

Worker Safety: Sampling locations should be chosen to avoid those that might creatc a 
condition which is unsafe for eixcr the workers or the envimnrma 

Flue gas sampling will involve both manual sampling mcthods and continuous instrumental 
methods. The sampling methods and corresponding target substances for the boiler flue gas are 
summarized in Table 7.3. The target lists should be expanded to include additional CAAA 
substances that arc on the normal method target list. This will provide information to validate the 
procedures used to determine critical substances in Section 5.0. The mcthods listed in Table 7.3 axe 
described in the following subsections: 

7.1.1 EPA Method 0030 (SW-846) - Volatile Orgaruc C~mpounds 
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TABCE7.3. TARGET SUBSTANCES FOR EACH WWNG METHOD. 

iAMwNG TAROET 
mHoD SUBSTANCES 
EPA 0010/23 Acetamide 2.4-Dinitrotoluene 

Acrylamide 1 ,GDioxane (1 ,GDiethyleneoxide) 
Benzidine 1 ,O-Diphenylhydrazine 
3,3-Dichlorobenzidene Ethyl carbamate (Urethane) 
Dimethyl sulfate Uhylene thiiuraa 
Hexachlorobenzene Heptachlor 
2-Nitropropane Hexamethylphosphoramide 
Polychlorinated biphenyls (Aroclors) Hydanine 
1,3-Propane sultone 4,4-Methylenedianiline 
Pdycydic Organic Matter N-Nitrosodimethylamine 
Aniline N-NltroMlmorphdine 
Benzot richloride gPhonylendamim 
Benzyl chloride 1,1,2,2-fetrachloroethane 

CMordane Toxaphme (chlorinated camphene) 
Dichloroethyl ether (Bis (2-chloroothyl) a 2.3.7.8 - Tetrachlorodibemo-pdioxin 
Dimethyl mimatobenzene 

BiPhmyl 0-Toluidine 

EPA 0011 Acrolein 
EPA 0030 Benzane monrp- 

1.1 -Dimethyl hydrazirw Methyl hydrarim 
Acrylonitrile Methyl isocyanate 
Bis(chloromethyl)ether Propylene dichloride (1,2-DidrlOropropane) 
Chloromahyl mahvl ether 

E r n e  oxlde Vinyl chloride 
Methyl chloride (Chloromethane) 

P A  18 Diatomethane PIDQYO oxide 

P A  26 C h b W  Hydrochloric acid 
IPA 29 Arsenic ehoephom 

Beryllium  compounds 
CadmiW cobalt compound8 
Leadcounpounds ~ C o m p O u ~  
Nidrd Compoun ds 

c 
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7.1.2 EPA Method 0010/23 (SW-846) - Semi-Volatile Organic Coqunds 

7.1.3 EP-4 Method 29 - Multiple Metals 

7.1.4 EPA Method 18 - Measurement of Gaseous Organic Compound Emissions 

7.1.5 CARB Method 422 - 1.3 - Butadiene 

7.1.6 EPA Method 26 - Hydrogen Chloride, and Chloride 

7.1.7 EPA Method 001 1 - Aldehydes 

7.1.8 EPA Method 306 - Hexavalent Chromium 

7.1.9 Flue Gas Temperature, Velocity, Moisture, Molecular Weight, and Flow Rate 

7.1.10 Continuous Emissions Monitoring 

The discussions below briefly summarize each method, highlighting site-specific procedures or 
deviations from standard methods when necessary. It is important to note that the sampiing 
procedures must be customized to the LEB site Moxe they can be used to quantify emissions. 

7.4.1 EPA Method 0030 (SW-846) - Volatile Organic Compounds 

Volatile organic compounds (Voc's) will be mcasufcd at the control equipment inlet and at 
the stack using Method 0030 (EPA SW-846, September 1986). Method 0030 is designed to 
determine VOC's with boiling point between 3OOC and l00OC in the flue gas of waste incinerators. 
The following figures summarize the mtthod and site-specific pmdures: 

MethodOvaview: 
Glasswarcprcpatation: 
Train Assembly: 
Train Schematic: 

Leak check Roccdm: 
Recovery procedun: 

sampling Rocedurt: 

Figure c-1 
Fi- C-2 
Figure c-3 
Figure c-4 
Figure C-5 
Figure C-6 
Fig~n C-7 

Sampling wilt be p e r f o d  non-isokinctically at a single point in the flue gas according to 
the method. Three slow VOST runs will be performed sequentially for each test condition. Each 
VOST run will consist of 40 minutes of sampling at 1 dscf/hr for a total sampling time of 120 
minutes. If the stack temperature is over 350°F, probe heating will not be required. Target 
substances listed in Table 7.3. 

Modifications 

Modifications to the standard methodoiogy which will be made in consideration of high 
S@ and particulate loading before the control equipment a: 
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Insertion of an additional impinger containing 30% H202 solution upstream of the 
last impinger to scrub SQ, protecting the pump and metering equipment; 
Addition of a nozzle to the probe which will face downsteam to minimize patticdate 
entrainment and plugging. 

Two additionaI modifications are also under consideration to account for intedennce from SO2 
during sample analysis. The first alternative is addition of an H202 impinger upstream of the 
Tenax traps to remove SO2 prior to the trap. The impinger would be analyzed for VOC's 
following the test. The second alternative is to add H202 to the condenser used during sample 
analysis. The need for these modifications will be determined based on tk prelirmnary tests. 

7 A.2 EPA Method 0010 (SW-846) and Method 23 - Semi-Volatile orgamc Compounds 

Semivolatile organic compounds (SVOC), including polycblorimed dibenzo[p]dioxins and 
dibenzofurans (PCDDPCDF) will be determined at the control equipment inlet and at the stack. 
Method 0010 (SW-846) is designed to deterxnine SVOC's (boiling points > loo' C) in the flue gas 
of stationary sources. EPA Method 23 (40 CFR 60 Appendix A, July 1,1992) is very similar but 
is intended for characterization of PCDDPCDF only. The methods will be combined to quantify 
the substances listed in Table 7.3. 

The following figures summarize the method and site-specific procedures to be used: 

Method overview: Figure c-8 

Train Assembly: Figure c-10 
Train Schematic: Figure c-11 
LeakCheckRoceduFc: Figure c-12 

Glasswa~e Repamuon: Fim C-9 

Recovery procedurt: Fi- C-13 

Sampling will bc pcrfonncd isolchetically overa full point-to-point traverse of the sampling 
location. The sampling times will be 6 hours at the control equipment inlet and the stack, 
respectively. Thc target flow rate is 45 dscf/hr, yielding a total sample volume of 270 dscf. 

Modifications 

S@ and particulate loadmg axe: 
Modifications to the standard methodology which will be made in consideration of high 

Modified saznple aain recovery procedms; 

Use of Teflon probe liners instead of glass or quartz liners to prevent breakage due 
to the long probe length required. A 112" thick walled Teflon liner, in conjunction 
with a 28/15" glass ball to the filter holder, will be used. The nozzle to the probe 
will be made of glass or quartz. 

Insertion of an additional impinger containing 30% H202 solution upstream of the 
last impinger to scrub S02, protecting the pump and metering equipment; 
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0 Use of a glass cyclone preceding the filter at the control equipment inlet only,to 
reduce filter plugging due to the very high pamculatc loading. 

7.4.3 

Trace metals and particulate matter will be determhed at the inlet to the control equipment 
and stack. EPA Method 29 is intended to determine metal emissions from waste incinerators. 
Target metals are listed in Table 7.3. 

EPA Method 29 - Multiple Metals 

The fodowing figures summarize the method and site-specific procedures to be used: 

Method Overview: 
Glassware Preparation: 
Reagent prtparation: 
Train Assembly: 
Train Schematic: 
Ltakcheckprocedun: 
Recovery Procedure: 

Figure C-14 
Fig~re C-15 
F i g ~ r e  C- 16 
Figure C-17 
Figure C-18 
Figure c-19 
Figure c-20 

Sampling will be p e r f o d  isokiuetidy over a full point-to-point traverse of the Sampling 
location. The sample flow rate will be 45 dscf i .  Sampling times will be 6 hours at the control 
equipment inlet and stack yielding total sample volumc of 270 dscf. A 4.5-inch diatntter filter will 
be used at the control equipment inlet to accommodate the high particulate loading. A 3-inch 
diameter filter will be used at the stack to Ileduce the signrtlcance of any target substances found in 
thefiltermaterials. 

Modifications 

The following modifications will be made to the standard field sampling procedures in 
consideration of the high particulate loading and Sa concentration at thc control equipment inlet. 

0 

0 

0 

7.4.4 

An acetone rinse of the probe, cyclone, filter housing, and connecting "front-half" 
glassware will be puformcd to enable particulate matter determination (allowed in 
ttre method); 

Use of Teflon probe liners instead of glass or quartz hers to prevent breakage due 
to the long probe length requid. A 1/2" thick walled Teflon liner, in conjunction 
with a 28/15" glass ball to the filter holder, will be used. The nozzle to the probe 
will be made of glass or quara. 

Use of a glass cyclone preceding the filter at the control equipment inlet only to 
reduce filter plugging due to the vexy high particulate loading. 

EPA Method 18 - Measurement of Gaseous Organic Compound Emissions 

Method 18 is designed to determine very volatile organic compounds from stationary 
sources. This method, published in 40 CFR 60 Appendix A dated February 13, 1991 places an 
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empty tedlar bag in a rigid container which is then scaled and evacuated by a vacuum pump which 
draws a grab sample into the T d a r  bag. The EPA 18 target substances an shown in Tabie 7.3. 

Tht following figures summarize the method and site-specific procedures to be used: 

Method Overview: Figure c-21 
Leakcheck procedurt; Figure C-22 
Train Assembly/Operation: Figure (2-23 
Sampling System: Figure C-24 
Recovery Promdure: Figure C-25 

7.4.5 CAR? Method 422.102 - 1,3 - Butadiene 

California Air Resources Board Method 422.102, December 13, 1991, will be used to 
sample and quanafy 1,3 - Butadiene emissions during the test. The method includes the use of an 
on-site gas chromatograph to perform multi-dimensional GC analysis, using a flame ionization 
detector or photoionization detector. On-site sampling and quantitication arr nccmary because 1,3 
- Butadiene is very reactive and its concentration will decay within a few hours of sampling. 

+ 

7.4.6 

Measurements of gas-phase hydrogen chloride and chloride emissions will be made at the 
control equipment inlet and at the stack only. EPA Method 26 (40 CFR 60 Appendix A, wised 
October IO, 1992) is intended to determine hydrogen halides, binary chloride and binary bromide 
from wasta=incinerators in the absence of other chloridecontaining volatile species. The analysis 
procedure for this method can be adapted to determine total organic carbon and hydrogen cyanide 
without modification of the field sampling train. The following figures summarize the method and 
site-specific procedures to be used: 

EPA Method 26 - Hydrogen Chloride and chloride Emissions 

MethodOverview: Fig~re C-26 
Glassware prcpataton: F i g ~ r e  C-27 
Reagent Preparation: Figurt C-28 
Train Assembly: Fig~re C-29 
TrainSchc&c: Fig~re C-30 
LeakcheckPmdum: F i g ~ n  C-3 1 
Recovery Procedure: F i g ~ n  C-32 

Sampling will be performed non-isokinetically at a single point for each location. The target 
sample flow rate will be 45 dscfk. The sampling system will be run for 1 hour at the control 
equipment inlet and at the stack, resulting in a total sample volume of 45 dscf at both locationS. 

Modifications 

loading at the control equipment inlet and high SO, concentrations. The modifications are: 
Modifications to the standard procedure will be made to accommodate the high particulate 

Use of Teflon probe liners instead of stainless steel or glass liners for consistency 
with other sampling equipment. A 1/2-inch, thick-walled Teflon liner, in conjunction 
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with a 28/15 glass ball connector to the filter holder, will be used. The nozzle to the 
probe will be made of stainless steel, glass, or quartz; 

Use of a glass cyclone preceding the filter at the control equipment inlet only to 
reduce filter plugging due to the very high particulate loading; 

0 Addition of a nozzle to the probe which will fact downsonam to minimize particulate 
entrainment and filter pluggmg. 

7.4.7 EPA Method 001 1 - Aldehydes and Ketones 

Emissions of eight aldehydes, including acrolein will be measured at the control equipment 
inlet and stack only. EPA Method 001 1 (SW-846, June 26,1990) is intended for use to determine 
aldehyde emissions from stationary sou~ces. The following figures summaciZe the method and site- 
speclfic procedures to be used: 

Re- Field Dewminations: Figure C-33 

Train Assembly: Figure C-35 

Leakcheckprocedurt: Figurc C-37 

ReagentPreparation: Figure c-34 

Train Schematic: F i g ~ r e  C-36 

Recovery Procedure: F i g u r ~  C-38 

The sample is drawn through a series of chilled impingers containing aqueous acidic 2,4- 
dinitrophenyhydrazine (DNPH). No filter is used so that any target substances adsorbed on the 
flyasharcimmdate ly fixed in the DNPH solution. Sampling will be performed isokinetically at 
a single point for each location. The sample flow ratc will be 45 dscm. Total sampling time will 
be 1 hour at each l d o n ,  yielding a tosal sample volum of 45 dscf. 

Modificruions 

Modifications to the standard procedure will be made in consideration of the high SO2 
concentration and particulate loading at the control equipment inlet. These are: 

0 Use of Teflon probe liners instead of glass or quartz liners to prevent breakage due 
to the long probe length required. A In-inch, thick-walled Teflon liner, in 
conjunction with a 28/15 glass ball connector to the Nter holder, will be used. The 
nozzle to the probe will be madc of glass or quartz. 

7.4.8 EPA Method 306 - Hexavalent chromium 

Hexavalent chromium (Crw) will be measured at the control equipment inlet and stack. 
Draft EPA Method 306 wiU be used. Figure C-39 illustrates the sample train. A glass or Teflon 
probe and nozzle assembly is used to extract a sample from the flue gas. The sample train utilizes a 
recirculating spray quench probe arrangement to ensure all hexavalent chromium is immediately 
absorbed. Dilute sodium hydroxide solution h m  the fmt mpinger is pumped to the probe spray 
nozzle, which is located such that the spray is introduced into the probe near the nozzle exit. There 
is no particulate filter used in the sampie train. The fmlr three impingcrs containing sodium 



hydroxide solution will be of Teflon construction. The remainder of the sampling aain is similar to 
conventional Method 5 trains. Analysis of the sample is by ion chromatography with a post 
column reactor utilizing diphenyl carbazide. 

Samphg will be p e r f o d  isokinetically over a full point-to-point traverse of the stack. 
The flue gas sample flow rate will be 45 dscfflr. Total sampling time will be 3 hours for each run, 
yielding a total sample volume of 135 dscf. 

The standard method procedures will be modified in consideration of the high SO2 
concentration as recommended by Steinsberger et. al. (EPRI Workshop on Trace Metals, 
Scottsdale, Arizona, April 1993) as follows: 

7.4.9 

The normality of the fim impinger solution will be i n d  to 6.1 and the quantity 
of solution in this impinger will be increased to 250 ml assuming 1800 ppm SO2 
according to the following formula: 

N=(S&, ppm)*(sarnple volume, dscm)/(6OOO*first impinger volume, liters) 

pH of the solution will be monitoxed during sampling by adding cresol red indicator 
-to the impinger solutions. If the indicator turns, sampling will be halted and 

additional 6.1 N sodium hydroxide solution will be added. 

Flue Gas Temperature, Velocity, Moisture, Molecular Weight, and Flow Rate 

All of the manual flue gas sampling trains which sample isokinetically over full point-to- 
point traverses of the duct also will mcasm the temperature, velocity, and moisture content of the 
flue gas according to EPA Methods 1, 2, 3, and 4. These measurcrnents combined with 0 2  
measurements described below and measurement of the duct cross-sectionai a~c8 will enable the 
molecular weight and flow rate of the flue gas to be calculated. Measmments wiU be pedormed at 
the controlled and uncontrolld sampling locations during the test program. 

Flue gas molecular weight at the control equipment inlet will be based on 02 mcasulcments 
made using a portable Teledyne fuel cell type analyzer, in conjunction with 02 and C02 
measurements made at the stack using continuous emissions monitors. The Teiedyne analyzer will 
be calibrated with certified calibration gases. C02 at the control equipment inlet will be assumed to 
the same as at the stack, corrected for any difference in 02 conentrations between these locations. 
Molecular weight at the stack will be based directly on continuous emissions monitor 
measurements. 

7.4.10 Continuous Emissions Monitoring 

Measurements will be made at the stack to detesmine emissions of NOX, S02, CO, and total 
hydrocarbons (THC). These measurements will be made using continuous emissions analyzers 
according to the following methods: 

NOx EPAMethod7E 
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SO2 EF'AM~thod6c 
CO EPAMethadlO 
THC EPAMethod25A 

The design of the sample acquisition and conditioning system is illustrated in Figure C-40. 
Samples will be withdrawn from the stack using a stainless steel probe quipped with an in-stack 
stainless steel fritted filter. The sample will not be diluted and the probe will be equipped with 3- 
way valve for introduction of calibration gases. Samples for all species except THC will be 
transported via heated Teflon tubing maintained at approximately 25M25OF to a sample 
conditioning unit. The sample conditioning unit, which will be located at the stack, filters the 
sample and removes moisture in a glass refrigerant condenser. Tbe filtered and dried sample will 
be transported to the analyzer system via unheated Teflon lines. A separate unheated Teflon line 
will also cany caIibration gases to the probe. Samples for THC analysis will be transported to the 
THC analyzer via a separate heated Teflon h e  and will be maintained at approximately 25(H25"F 
through to the point of analysis. The sample will be filtered but not dried prior to analysis. The 
THC analyzer is equipped with a separate pump. The temperature of all heated lines will be 
monitored using thermocouples placed under the heating jacket. 

The proccduxes for monitoring flue gas composition inciude: 

CEMS calibration and maintenance; 

CEMS QC checks; 

CEMS operation; 

0 CEMS data reduction and qorting. 

QC checks such as stratification and bias response will be performed prior to the start of 
testing. Calibration and bias checks also wiU be p e r f o r m e d  at i n ~ a l s  during the test program. 
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APPENDIX C - TEST METHODS 
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figure C-2 MOO30 glassware preparation procedure. 
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Attach 2nd tmdmsate trap to 
berttom of Tenaxldland tuba 

Attach SQ scrubbing impingw 
to 2nd condenme trap b 

Attach drying tube to SQ I 

Inspect train assemMy 

c 



I 

-. . 
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I Lcakckck 
I 

SLOW VOST 

. 

Figure C-5. MOO30 Smpling procedure. 
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Attach chamel tube to b e  mapifdd 
Witb thne way valve 

Completely isolate system by closing 
VPNm release (toggle valve) 

I 

I I 

Slowly open vacum nierue toggle I Switch to chatropi tube 

Figure C-6. MOO30 leak check procedure. 

c-7 



. .  

Transport all rep&cemnt 
Tenex trap pairs to sampling 

site on blue ice 

I At selected time intervals 
replace Tenax trap pairs 

1 
W a n d  Place used Tenax 

trappaitsonblueice 
immediitelyfolkwi their 
rsmovelfromVOS ? train 

Condensate 
Fkdg 

~ 

1 1 
Return used Trmax trap 

pairs to recovery laboratory 
8nd stom --1 at 4% 

1 
stom at 4°C 

Figure C-7. MOO30 fgld sample recovery. 
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Figure C-8. Method 0010/23 sampling procedure overview. 
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I Check for: AdoauUe ventilation 1 

R i m  with moth lone chloride (3 time$) pesticide 
ora& (s- for 5 minuter) 

Gloves 

Rinm with toluone (3 t i m )  pesticide grad. (Soak 
for 5 minuter) 

1 
Safety glasses 

I 
I 

1 Rinse with distilled deionized water (3 times) [ 

I I Rin8e with acetone (1 t i m )  pesticide grade 

Cap g k u m r .  with cloan g k u  Lug, or me I chloride urd aceton.-rinu$8Iuminum f p  1 
I 

-1 #urmn for organic8 
Seal with Teflon tape until auombkd I 

Figure C-9. Method 0010/23 glassware preparation procedure. 
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Heated  bo^ 
assembly 

use TFE tweezers 

I C:bmp on inlet and 
outlet filler housings 

Clamp cycbne or 

0 
I 

I I plug filter outlet 
with TFE- 

separate from 
b inaer  box 

I XAD Tower assembly 1 
A 

Remove XAD module 
from freezer end 

attach to conderw~c 
i 

Attach lamp post to 
condtmw. Sealwlh 

TFE tape or glass 
plvgs (I u=J) 

Transport to stack 
separate from oven 
and impinger box 

2 

r 

XADmOdule 

b 0 b W W  m*bekr 

wrap phrss mcleened 
aluminum foil for use 

1/2 stem G/S 
r modempty 

weigh to 

gram, reclml 
neared 0.5 

I1 lwnger 2 and 3 I])] ImQinger 5 

Weigh to 
nesrest 0.5 

Weigh to 
nearest 0.5 

gram. record 

A h a  and leakcheck 
impingers. Donotuseany 

Figure C-10, Melhod 001W23 sampling train assembly procedure. 



Figure C- 1 1 ~ Moo1o/M23 sampling system schematic marked for 
high SO;! and particulate loading. 
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Capprobenozzle 4 

Rocheck connections; 
systematically 

w lerk-check 

Turn on pump 

End record 
Evacurte system set leakrate 

vacuum at 15' Hg 
I 

Miasurn gas flow 
for 60 8oc 

Remove u p  slowly 
nlrase vacuum 

Turn off pump i 

f l  Turn off pump 

Figure! C-12. M0010/M23 leakcheck procedure. 
I 
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ch 2w ml E$ 

,+ 
I 

19 C rlh TFE pi!!!$ Ct* TFE 

Figue C- 13. Combined EPA Method O W 2 3  (modified for PAH detcnnination and 
high SO2 concentration) sample recovery flowchart. 



sampies to 1 ""'I""" 1 

Figure C- 14. M29 sampling procedure overview. 
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Rinse with hot tap water 3 times I 

Rinse 3 timets with tap water 

1 

J 

Rinse 3 timas with 01 H20 - 

Wash with hot tap water and 
brush with non-mtallic brush 

I Rinse 3 ti- with DI H20 

Seal all containers with 
t e f h  wered caps 

Figure C-15. M29 glassware preparation procedure. 
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Filler, Palilex type 
2500 QAT - UP 

C 

I 

0.1N HNO3 a 
No Preparation Prepared loo0 ml 

Add690mlof 
Conc. HCI 

Bring to Volume 
with DI H,O 

* 

I D i e  to volume I withDIH20 

I I 
5% HN03/10% H202 

W i  
I 

.. 
Prepared 1mml  
volumetricflask 

I 

1000 ml volumetric flask 

Add 50 ml H N h  (conc.) 

" 

Add333ml30XH202 
I 

c d 

DilUe to volume 

4% KMn04 solution 

I Place 900 ml 10% HzS04 I 
m1OOomlAask 

I Weigh out 40 g KMn04, 
add to flask I 

I Dilute to volume 
with 10% H2SO4 I 

Figure C- 16. M29 reagent preparation procedure. 
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U L a t A S S  S A M W !  PIxPoSED SUWRCE IU HEW. 
(EXCEPT WHEN lPFLON FflTeR SUPFOIW IS USED) 

1. Modified G/S 
2. Modified GIs: 500 ml5% HN03/10%H202 
3. G/S: 500 5% HNOd 10% H 2 0 2  
4. Modified G/S: Empty 
5. Modified GIs: 200 ml4% KMnOqllO% H SO4 

7. Modified GIs: Silica Gel 
6. Modified G/S: 200 ml4% KMnOq/10% H2 % 0 4  

Figure C- 18. M29 sampling system schematic. 



Cap prok nozzle I 
Turn on pump 

i 

Recheck connections; 

Turn off pump 9 

No vacuum at 15’ Hg 
- 

Record leakrate L 

End record 
Post test 

final 

Figure C- 19. M29 leakcheck procedure. 
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. .  

Condition Tedlar bags with 
ultra-p~re N2 

Completed data sheets to data 
reduction personnel 

Figure C-21. Overview - Evacuated Tedlar bag sampling method, 

Each Test 

c-22 

Transport to recovery area 

BeginTesting b 

b 

set flow rate b F i i t e s t i n g  



I I S e l e  Tedlar ba I with greaseless A onb 

Attach T d h  bag to nitrogen purge I . y m  -1 

On the third tim, fill bag to at least 3 
inches d pmsure on an incline 

momtor .  R ~ p ~ r s a n d  
wait lominute6 

+:q=l Fill bag half full of nit 

Figw C-22. Tedlar bag leakcheck and preparation. 
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Place Tedlar bag (filled with 
N2) inside evacuation box and 

attach to sample line. 

begin testing besin teeing ’ 

Check the folkwing: 
1. Rotameter vahm closed? 
2. Is ckraral tube in place? 
3. OQen Toggle valve 

SAMPLE LINE PURGE 
Checkthefdbwing: 
1.Dimcttkwfmrnsample 

3. Open rotameter valve 
2. Is line togg to RUT? va e d d ?  

i 

Direct flow from Tdlar k g  to 
pump wing Sway valve 

Ida te  T d k r  bag from pump 
using 3 way vahm and toggle 

mtve 

To complete sampling, ckse 
rotameter valve. 

t 
Initiito sampling by evacuating 
evacuntbtl turk Until pre6wre Is 
lclss than rtrek pmmurs. Then 

opon rotameter valve and adjust 
to desired flowrate 

I 

t 
SAMPLE COLLECTION 
Check the folkwing: 
1. Dimd f k f r o m  evacmted tank 

2. Open toggle valve 
to vacuum pump using Sway valve. 

t 
Start pump to urge sample line 
for 3 minutes. 9 o end purge, shut 

down vacuum pump. 

t 

Figure C-23. Sampling system assembly and operation - Evacuated bag method 
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From Stack 
of Process 

10 Liter 
Tdler Bag 

This system will b used at: 

SS17 - Thermal Desobr Flue Ges 
SS14 - R e f m  G ~ s  

Figure C-24. Evacuated Tedlar Bag sampling system. 
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To complete sampling, close 
rotametervalve 

I pisconneCt Tedlat bag and cap I (wrench tight, not hand-tight) 

I place bag into a large container to 
protect from light I 

Transport to sample recovery area and 
pun over to sample custody personnel 
@o not forget to sign custody sheets) 

Figure C-23. Recovery procedure - Evacuated Tedlar bag sampling method. 
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A 
I samplenoovay I 

1 Leakchack I 

Figure C-26. M26 sampling procedure overview. 
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Rinse with hot tap water 
3 times 

Wash with hot soapy tap 
water and brush with 
non-metallic brush 

Rinse with hot tap water 
3times 

Rinse with deionized 
water3times 

Seal all containers with 
mtape 

Figure C-27. M26 glassware preparation procedure. 
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0.1 N HpSO4 impinger [TI 
Fill 1ooomlvdumetric 
flask with appx. 500 

ml DI H20 

I 

Fill to volume with DI w 
Store in designated /_LI 

0.1 N NaOH impinger 
sobtion 

An 1000 ml v o l m  
flask with approx. 500 

ml DI H20 

Add 4.0 grams of 
NaOH pellets and stir 
usinpama neticstimr 
until NaO a dissolves 

pixzziq 
Dl H20 pouring rinse 

1 
Bring flask to volume 

with DI H20 

Figure C-28. M26 regent preparation procedure. 

C-29 



Do preliminary leak check 

- . -  

Figure C-29. M26 sample train assembly procedure. 
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1. ModiTied 01s: loIknlO.1 N H2SO4 
2. G/S: 100mlO.lNH SO4 
3. ModiTied GIs: 100 d 0.1 M NaOH 
4. Modified G/S: 100 ml0.1 M NIOH 
5. Modified G/S: 100ml30% H202 
6. MadiliedGIS: SilicaGel 

Figure C-30. M26 sampling system schematic. 



Cap probo norzle 'i 
Turn on pump Q *  
i 

Evacurte system set 
vacuum at 15' Hg 

Measure gas flow 
for 60 soc 

1 

Remove cap stowty 
release vacuum 

w 

Turn off pump 

4 

Record leakrate I 

Recheck connections; 
systematically 

End record 
leakrate 

Post test 

t 

No Rotease cap rhly - . nlerso vacuum 

Figure C-3 1. M26 leakcheck procedure. 
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I Select Site 
(single point) 

1 v 

Detemlinestack 
Pressure, Temperame & 

Moisture 

Determine StackVelocity 

v 
SelectNozzleSize 

v 
DerermineMinimm 
sample Volume and 

T i  

Figure C-33. Method 001 1 pretest determinations. 
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DNPH (Must wear 
plastic gloves t all times) 

v 
Prepare in acetone fnt 

enviKmment 

b v 
Place 820 ml of HPLC 

water in a 2 L volumetric 
flask 

Add 180 ml of cox. HCI 
andsrirwell 

Add crystal DNPH and 
stir over mght 

If all crystah dissolve 
add more and stir until 
the solution is satumted 

Solution is good for five 
days 

Transport to the field site 
every two days I 

Figure C-34. DNPH reagent preparation procedm. 
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Capprobenoale 4 

Evacuate system set 
vacuum at 15' Hg 

Measure gas flow 
for 60 sec 

Recheck connections; 
systematically 

?No 

Post test 
End ncord 

leakrate 

h Tum off pump 

No Fkleasecaprkw& 
release vacuum 

Remove cap slowly 
release vacuum 

Turn off pump 

4-1 
Record leakrate u 

Figure C-37. Method 001 1 leakcheck p m d u e .  
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4 

lmpingew 4 & 5 Probe, Nozzle 

v 
Cool probe, cover loosely 

Rinse with MeC12 and brush 
with TFE brush until no 

noticeable yelbw cdor then 
rinse once more 

(1 

lmpingers 1,2, & 3 

Weighl Io f 0.5 g 

Transfersdutionmamber 
glass bottle 

Rinse all impingets wilh 
MeCU using smmllest 

possible volume 

cap bottles, mrk liquid level, 
seal with TFE tape 

I 1 
Label Container (1) 

I 
Figure C-38. MOO1 I sampling train field recovery procedure. 
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