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EPA has identified wet scrubbing at low mercury feedrates, as well as carbon adsorption via carbon 
injection into the offgas or via flow through fixed carbon beds, as control technologies that can be used to meet the 
proposed Maximum Achievable Control Technology (MACT) rule limit for mercury emissions from hazardous 
waste incinerators. DOE is currently funding demonstrations of gold amalgamation that may also control mercury 
to the desired levels. Performance data fkom a variety of sources was reviewed to determine ranges of achievable 
mercury control. Preliminary costs were estimated for using these technologies to control mercury emissions from 
mixed waste incineration. 

Mercury emissions control for mixed waste incineration may need to be more efficient than for incineration 
of other hazardous wastes because of higher mercury concentrations in some mixed waste streams. However, 
mercury control performance data for wet scrubbing and carbon adsorption is highly variable. More information is 
needed to demonstrate control efficiencies that are achievable under various design and operating conditions for wet 
scrubbing, carbon adsorption, and gold amalgamation technologies. 

Given certain assumptions made in this study, capital costs, operating costs, and lifecycle costs for 
carbon injection, carbon beds, and gold amalgamation generally vary for different assumed mercury 
feedrates and for different offgas flowrates. Assuming that these technologies can in fact provide the 
necessary mercury control performance, each of these technologies may be less costly than the others for 
certain mercury feedrates and the offgas flowrates. 

INTRODUCTION 

EPA’s proposed “Maximum Achievable Control Technology” (MACT) rule for hazardous air pollutant 
emissions from hazardous waste combustors will limit mercury emissions to 40 pg/dscm (at 7% 0,). This rule, 
through direct application and through the EPA/state regulatory “omnibus authority” under RCRA permitting, will 
require existing and new hazardous waste incinerators and other hazardous waste thermal processes that would emit 
mercury above this level to include mercury control to meet the MACT limit by 2002. 

This limit was based on EPA’s estimate that wet scrubbing can achieve a 20% reduction in a Maximum 
Theoretical Emission Concentration (MTEC).of 50 pg/dscm (dry, 7% 02), and that the MTEC of 50 yg/dscm can be 
achieved by feedrate control if necessary (1). EPA estimated that about 70% of the hazardous (nonradioactive) 
waste incinerators in EPA’s extensive database already have this level of Hg control. 

Mercury is present in many mixed (combined radioactive and hazardous) waste streams in the U.S. 
Department of Energy (DOE) complex. Estimated mercury MTECs for many mixed waste streams range from 400 
to 4,000,000 pg/dscm (2). If these waste streams are thermally treated to comply with treatment standards, then 
feedrate limits may not be capable of reducing the mercury MTEC to 50 pg/dscm, and system mercury removal 
efficiencies (SREs) ranging up to 90-99.999% may be required to meet the MACT rule limit. 
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EPA has identified wet scrubbing at low mercury feedrates, as well as carbon adsorption via carbon 
injection into the offgas or via flow through fixed carbon beds, as control technologies that can achieve the proposed 
MACT emissions limit for mercury in emissions from hazardous waste incinerators. DOE is currently funding 
demonstrations of gold amalgamation filters (sorbers) that may also control mercury to the desired levels. 
Performance issues are evaluated and preliminary costs are estimated for using these technologies to control 
mercury emissions from mixed waste incineration. 

Dry particle removal (such as fabric filters and electrostatic precipitation) and molten gallium filtration 
were reviewed but were not included here. Because of high vapor pressures of the dominant mercury species (Hg 
and HgC12), dry particulate filtration is not expected to provide efficient and reliable mercury control. While molten 
gallium filtration has been patented as a mercury control technology, only limited information has been found 
regarding this technology. 

MERCURY SPECIATION 

Several modeling and experimental studies have evaluated mercury speciation in thermal treatment offgas. 
Offgas concentrations of SO2 and HCl, temperature, residence time, and initial mercury species can affect mercury 
speciation in offgas streams. Both SO2 and C1 increase the formation of the oxidized species (3). Laboratory tests 
to investigate the kinetics of reactions of gas-phase elemental mercury with various offgas constituents showed that 
elemental mercury was oxidized by HC1, C12, NO2, and O2 in the presence of activated carbon (4). The same 
experiments showed that oxidized mercury was reduced back to elemental mercury by reaction with SO2 and CO as 
well as steel surfaces. The authors concluded that it was impossible to ascertain how important the reduction 
reactions would be in a full-scale system. 

Offgas temperature seems to strongly affect mercury speciation. At gas temperatures above about 550-700" 
C (2,5,6), gaseous elemental Hg is thermodynamically and kinetically favored over all oxidized species, even in the 
presence of high HCl levels. Mercury speciation at the outlet of typical secondary combustion chambers (SCCs) 
that operate at temperatures of 1,000-1,200"C may be entirely elemental Hg. However, some (but not all) of the 
elemental Hg may convert to oxidized forms as the hot offgas is cooled in conventional offgas systems. At 
temperatures below 550-700°C, HgC12 is thermodynamically favored, but not kinetically favored, even when there is 
excess HCI. In contrast, the gas-phase reaction of mercury with C12 is fast even at temperatures as low as 10°C 
(50oF). In one laboratory study, as little as 2 ppm C12 was enough to oxidize half the elemental mercury in about 
one second, starting with a mercury concentration of 0.012 ppm (4). 

Because of expected nonequilibrium conditions at temperatures below 550-7OO0C, and the dependence of 
mercury speciation on not only temperature and HC1 but also Cl, and other gas constituents, mercury speciation 
between Hg and HgC12 may vary widely in different operating thermal treatment offgas systems. Equilibrium 
models have shown that other species such as HgO are not thermodynamically favored at either high or low offgas 
temperatures. 

MERCURY CONTROL TECHNOLOGIES 

Mercury control technologies addressed here include wet scrubbing, adsorption on activated carbon, and 
removal by amalgamation with gold. EPA's MACT rule database and several other references contain some data on 
efficiencies of mercury removal from hazardous waste incinerator offgas by wet scrubbers, carbon beds, and carbon 
injection. In addition, some vendor data is available on the use of activated carbon adsorption. Mercury removal 
efficiency data for the gold amalgamation filter is limited due to the developmental stage of this technology, but 
DOE-funded demonstration tests may soon provide more data. 

Wet Scrubbing 

Wet scrubbing is commonly used in thermal process offgas systems for controlling particulate matter (PM) 
and acid gases. If existing wet scrubbers in existing mixed waste incinerator offgas systems could provide the 
necessary mercury control with minimal modifications, then major retrofits could be avoided. However, based on 



data currently available, mercury removal efficiencies for traditional wet scrubbing can vary from less than 10% to 
over 99% (Table I). 

TABLE I 
Mercury removal efficiencies for wet scrubbers 

cyclones, dry scrubbers, and waste heat boilers 
For soluble species of Hg such as HgC12 and HgO; and for 
a 3-stage wet scrubbing system 
Data from incinerator in Basel, Switzerland, 1989 

EPA 1997b (13) 

Connett 1992 (14) Over 90% 

Greater than 90% 

Such a wide variation in mercury removal performance is possible because many different factors may 
affect mercury removal thermodynamics, mass transfer, or kinetics for different system designs and operating 
conditions. Any or several different factors may dominate at different times in different systems. These factors can 
include: 

0 Hg concentration and speciation in the scrubber inlet gas (which in turn depends on Hg feedrate, gas 
temperature, cooling rate, composition, etc.) 

Scrubber design (cocurrent vs. countercurrent flow, gas and liquid residence time, scrub solution turbulence in 
scrub tank, etc.) 

Scrubber operating conditions (temperature, scrub solution pH, scrub solution recycle-to-discharge ratios, PM 
and acid gas concentrations and removal efficiencies, use of reagents and additives, etc.) 

0 Any treatment or filtration of recycled scrub solution that can affect the solubility of Hg species in the scrub 
solution or the phase separation of suspended solids or suspended elemental Hg 

While elemental Hg is thermodynamically favored over other species at elevated temperatures, HgC12 is 
favored at low temperatures typical of wet scrubbers when there is sufficient C1 available. However, most DOE 
mixed waste incinerator offgas systems quench the offgas so rapidly that some gaseous Hg may not have time to 
form other species. While HgC12 is highly water-soluble, Hg is not. Some wet scrubber conditions such as low pH 
or oxidizing additives such as sodium sulfide or sodium hypochlorite may improve the removal of elemental Hg by 
chemically reacting with Hg to form solid or water-soluble Hg species. Then the wet scrubber removal efficiency 
for Hg will depend on the effectiveness of the Hg oxidizing reactions, and also on the effectiveness of the scrubber 
system to separate the solid and water soluble Hg species from the scrub solution before the scrub solution is 
recycled back to the offgas. In radioactive systems, scrubber discharge to scrubber recycle ratios are typically very 
low to minimize the amounts of secondary waste production. Dissolved Hg species can be re-entrained into the 
offgas when the scrub solution is recycled to the scrubber or to the quench. Without added scrub solution filtration 
or other means to remove suspended Hg species, these can also be re-entrained into the offgas. 



Carbon Adsorption 

Carbon adsorption of mercury can be accomplished by (a) injecting dry carbon with or without other dry 
sorbents into the offgas upstream of a PM control device (typically a baghouse), or (b) using a fixed or moving bed 
of granular carbon through which the offgas flows. The effectiveness of carbon adsorption depends on many 
different factors including mercury concentration and speciation, pre-treatment of carbon (such as sulfur 
impregnation), operating temperature, adsorbent particle size, residence time, and adsorbent capacity. 

Temperature can significantly affect carbon adsorption. Most studies that have been conducted on carbon 
injection and carbon bed adsorption have shown that the adsorptive capacity of the carbon decreases with increasing 
operating temperature. Mercury speciation affects carbon adsorption because while carbon readily adsorbs oxidized 
Hg species, elemental Hg is not readily adsorbed. Impregnation of the carbon with sulfur or iodine allows the 
oxidation of elemental Hg to improve the total Hg adsorption. Impregnated carbons are limited by temperature even 
more than untreated carbon because the sulfur or iodine will start to volatilize at temperatures above their respective 
boiling point (15). The temperature effect on the impregnated carbons is also influenced by the method of 
impregnation. 

One study determined that the capacity of the carbon increased with the concentration of the mercury in the 
gas, indicating that there was better utilization of the carbon with the greater adsorption driving force provided by 
the higher concentration (16). The adsorptive capacity of the carbon for mercury at low temperatures and higher 
inlet concentrations of mercury was nearly double its adsorption capacity at the same temperature but about half the 
inlet mercury concentration. At low concentrations of mercury in the offgas, the adsorption process could become 
mass transfer limited and reduce mercury removal efficiency. When the system is mass transfer limited, using 
smaller carbon particles can improve mercury removal. 

Carbon injection. Carbon injection is becoming more widely used in European waste incineration plants 
for controlling mercury emissions. The method of injection and gas flow characteristics must be carefully controlled 
to allow proper mixing, temperature, and contact time. Baghouse collection of the spent injected carbon affords 
increased contact time with mercury in the flue gas (thus enhancing removal) because the injected carbon particles 
that are captured on the bags can continue to adsorb mercury from the gas that flows through the bags. Carbon 
injection systems can be added relatively easily to offgas systems that are already equipped with baghouses for PM 
removal. The addition of carbon injection adds little to overall pressure drop of a baghouse. These features make 
carbon injection more attractive compared to carbon beds to industries such as industrial and utility power 
generation where baghouse PM control is common, offgas flowrates are large, and mercury concentrations are low 
(so high removal efficiencies are not required). 

Carbon injection systems typically operate at temperatures between 150-200°C (300-400°F). Few systems 
operate at temperatures less than 1 50°C to avoid moisture condensation in downstream PM removal equipment, and 
the mercury adsorption capability of the carbon is significantly decreased above 200°C. At such temperatures 
between 150-2OO0C, the Hg removal efficiencies for carbon injection systems can vary from 10-100% as shown in 
Table 11. 

Fixed bed carbon adsorption. In a typical fixed bed carbon adsorption system, the flue gas flows through a 
vessel packed with a specified depth of the carbon granules. The bed and packing are designed to limit the linear 
velocity of the offgas in the bed to increase the contact time with the carbon. Due to the increased contact times and 
typically lower operating temperatures, better removal efficiencies can be achieved than for carbon injection. At a 
residence time of 10 seconds in the carbon bed, virtually all of the mercury can be removed (19). Mercury removal 
efficiencies of essentially 100% have been reported by Livengood 1994 (16). Data used to support the proposed 
MACT rule ranges from 76.2-92.7% mercury removal efficiency for a dry offgas system that included air dilution 
cooling, dry sorbent injection, fabric filtration, HEPA filtration, and fixed bed carbon adsorption (1). 

Fixed bed carbon adsorption is less common than carbon injection, and there is less reliable performance 
data. Vendors recommend maximum operating temperatures of 65°C (150°F). Because of the use of pretreated 
carbons, fvted bed carbon adsorption is more temperature limited than carbon injection, where carbon pretreatment 
is less common. 



Fixed bed carbon adsorption is most applicable for processes that generate small offgas flowrates with high 
offgas mercury concentrations, at lower offgas temperatures. While existing mixed waste incinerator systems have 
relatively low offgas flowrates and may have high mercury concentrations, offgas temperatures are typically higher 
than vendor recommended maximum limits. New carbon pretreatment methods that can raise recommended 
temperature limits are important and are being developed (15). Pressure drop associated with the fixed bed 
approach is a necessary evil, and can be minimized through appropriate design. Other potential limitations to using 
carbon bed adsorption in mixed waste treatment systems include the initial capital cost, generation of a potentially 
radioactively contaminated secondary mixed waste (carbon contaminated with mercury, radionuclides, and 
potentially other hazardous compounds) and installation and operation in a radioactive process. Because of the high 
expected utility and loading of mercury adsorption on pretreated carbons, carbon replacement can be infrequent. 
Some systems may be designed so that the carbon beds are sized to last for the lifetime of the facility. 

TABLE I1 
Reported mercury removal eficiencies for carbon injection systems 

was achieved with carbon injection 
system in operation Ohio 

Industries, a hazardous waste incinerator in 

The theoretical equilibrium adsorption capacity of one type of vendor-supplied carbon is 85 g of mercury 
per 100 g of adsorbent. However, it is impractical to achieve that level in commercial applications because an 
extremely long contact time would be required to obtain diffusion of the mercury into the pellets and for the 
chemical conversion to take place. Dynamic adsorption capacity data obtained by carbon vendors suggests that a 
typical design capacity of carbon for mercury is 20 wt?? of the carbon. Some facilities have reported a 23% capacity 
and higher at the adsorber inlet for high mercury concentrations in the offgas (19). 

Gold Amalgamation Filter 

Mercury can be removed from offgas streams by reversible sorption of mercury on noble metal sorbents 
(typically gold) coated on a fixed bed of support media such as alumina. Because of the affinity of gold for mercury 
(regardless of Hg speciation) mercury removal can be as high as 99.99% (20, 21), and effluent mercury 
concentrations in the treated offgas have been reduced to less than 3 to 8 pg/m3 (22). Operating temperatures up to 
180°C (350°F) are possible, and there can be relatively low pressure drop. Tests indicate that mercury removal is 
independent of mercury speciation, water, and HCl in the flue gas. The gold can be regenerated by taking the filter 
bed offline and thermally desorbing the mercury into a small flowrate of purge gas. The purged mercury, at very 
high concentrations in the purge gas, can be largely recovered as liquid mercury upon cooling. Remaining mercury 
in the purge gas can be vented through a second gold amalgamation filter that is on-line while the first filter is being 
regenerated. 

The DOE is funding continued demonstration tests of this technology to evaluate scale-up issues, Hg 
control under selected filter design and operating conditions, and regeneration cycles. Compared to carbon 
adsorption, this technology appears promising for controlling mercury emissions from mixed waste thermal 



treatment processes because of the higher temperature limit, filter media regenerability, high mercury removal 
efficiency, and small-volume secondary wastes. 

COST COMPARISONS 

Installation, operating, and lifecycle costs were estimated for a hypothetical mixed waste incineration 
facility so that the different mercury control technologies (carbon injection, carbon bed, and gold amalgamation) 
could be evaluated on the same bases. Performance and cost comparisons developed here are preliminary, based on 
the currently available information for the above technologies. Costs are based on a hypothetical mixed waste 
incineration or thermal processing facility that would operate 4,032 hours per year based on operating 24 hours per 
day, 240 days per year, at 70% availability. 

Two different average mercury feedrates to the incinerator were assumed - 10 g/h and 1,000 g k .  All input 
mercury fed was assumed to evolve into the offgas. All of the mercury was assumed to be elemental, although this 
is an adjustable parameter in the cost calculation spreadsheet. The assumption of 100% elemental Hg represents the 
most conservative scenario because of the need to use sulfur-impregnated carbon adsorbent, which is 10 times more 
expensive than untreated carbon. No credit was taken for possible removal of some of the mercury in other offgas 
system components such as wet scrubbers, that may be located upstream of the mercury control technologies 
evaluated here. Three offgas flowrates were assumed for sizing the equipment - 5,000 acfm, 10,000 acfin and 20,000 
a c h .  These offgas flowrates encompass the existing DOE mixed waste incinerator offgas flowrates. 

The target mercury concentration in the treated offgas was 10 pg/dscm (at 7% O,), which represents a 
safety factor of 4 below the MACT rule limit of 40 pgldscm. When the offgas flowrate was varied in the 
calculations but the mercury feedrate was not varied, then the mercury concentration in the offgas also varied. At 
lower mercury concentrations, the removal efficiencies may be more mass transfer limited, and at the same time, 
less mercury has to be removed to meet the target concentration. It was assumed for simplicity that any reduction in 
removal efficiency at lower concentrations was equal to the reduced removal efficiency needed to meet the target 
mercury concentration. 

Numerous cost estimation factors were used in the capital cost calculations. These factors, including the 
adjustments for higher costs for installation and operation of radioactive mixed waste processes at DOE locations 
compared with nonradioactive commercial facilities, were obtained fi-om Feizollahi 1996 (23). These factors were 
percentages of other various cost components. Equipment and installation cost factors were percentages of the 
equipment purchase cost and included electrical (1 5%), mechanical support, instrumentation, and installation (30% 
each), and connecting ductwork (10%). Facility construction costs included a factor for indirect costs at 29% of the 
building, structure, and equipment costs. Additional facility capital cost factors were percentages of the facility 
construction costs and included design (25%), inspection (7%), project management (lo%), construction 
management (17%), and an allowance for project scope change or management reserve (10%). An additional factor 
for contingency was included in the total installed capital cost at 25% of the installed facility capital costs. 

Operating costs were estimated based on several components and assumptions. Labor was assumed for all 
systems to consist of one operator per shift at $140,000 per person-year. The cost for carbon was calculated using 
$5  per pound for sulfur-impregnated carbon. No consumable materials were included in the costs for the gold 
amalgamation filters since the gold filters can be regenerated and reused. Annual maintenance, spare parts, and 
replacement equipment was estimated at 10% of the equipment purchase cost. Maintenance labor was estimated as 
250% of the cost for spare parts and replacement equipment. A contingency factor was added in as 25% of the 
subtotal of all of the other operating costs. 

Total lifecycle costs for each of the systems include the total installed capital costs, D&D costs at $450 per 
square foot of the structure in question, and the total operating expenses over an assumed ten year operating life. 
Any handling, treatment, or disposal costs for spent carbon or other secondary wastes that would be generated from 
these mercury control systems were excluded from these estimates. Spent carbon disposal costs may be significant, 
but at present are very uncertain because of the potentially mixed waste nature and conflicting waste codes that 
could be applied. 



Carbon Injection 

Table I11 shows the cost estimates for carbon injection control of mercury for each of the assumed mercury 
concentrations and offgas flowrates. The maximum mercury adsorptive capacity of the carbon used in carbon 
injection was assumed to be 1 wt% of the carbon, per vendor recommendations. The amount of carbon injected did 
not vary when the mercury feedrate did not vary, even though the mercury concentration and amount of mercury 
that had to be removed to meet the target mercury concentration varied when the offgas flowrate varied. Therefore, 
estimated costs were constant regardless of offgas flowrate for each of the assumed mercury feedrates. 

TABLE III 
Capital and operating cost estimates for carbon injection adsorber systems 

For the lower mercury feedrate case, a bulk bag carbon storageJaddition system was considered adequate. 
This system had a much lower lifecycle cost compared to the silo carbon storage/addition system that was necessary 
for the higher mercury feedrate. While the mercury feedrate varied by a factor of lOOx for the two cases, the 
feedrate of carbon changed by only 74. This is because some of the inefficiencies that limit carbon adsorption were 
considered relatively larger for the lower mercury feedrate case than for the higher mercury feedrate case. Retrofits 
of installations that do not already include an adequately sized baghouse for PM removal would require a baghouse, 
but this was not included in the present calculations. Inclusion of a baghouse would increase the equipment cost by 
$Uacfin, with associated cost increases factored into other cost components. A baghouse addition to the low 
mercury feedrate case would increase the equipment costs by 80-320%. A baghouse added to the high mercury 
feedrate case would increase capital costs by 13-53%. Operating costs and total lifecycle costs would also increase 
by varying amounts. 

The total installed capital cost for the low mercury feedrate case was $1.5 million, while the total installed 
capital cost for the high feedrate case was twice as high at $3 million. This installed cost included costs for the 
carbon injection system (carbon storage unit, structural steel frame, volumetric screw feeder and suction funnel, 
eductor, blower package, electric hoist and trolley, and standard instrumentation), and costs associated with system 
design, construction, and installation. The building cost was assumed to be the same for both cases, because the 
footprint of the added equipment was considered equal in both cases. While the cost for injected carbon injection 
varied proportionately with the mercury feedrate variation (loox), labor costs did not vary proportionately, so the 
annual operating cost for the high mercury feedrate case was only 23x the annual operating cost for the low mercury 
feedrate case. The total lifecycle cost, over a 10-year lifecycle, was $4.2 million and $62 million for the two cases, a 
difference of 15x. 

Fixed Bed Carbon Adsorption 

Table IV shows the lifecycle cost estimates for fixed bed carbon adsorption control of mercury for each of 
the assumed mercury concenqations and offgas flowrates. Per vendor recommendation, the maximum adsorptive 
capacity of the carbon for mercury was assumed to be 20 wt% of the carbon. The number of beds needed and 



amount of carbon per bed for each facility was calculated by trying to achieve an adequate residence time, which 
was calculated as the depth of the bed divided by the superficial velocity through the bed. The beds, based on 
information from vendors regarding the typical size of beds currently used in industry, were assumed to be housed in 
cylindrically shaped vessels 10 feet in diameter and 15 feet long. Each vessel holds approximately 13,500 lb carbon. 
A minimum residence time of at least 2.5 seconds was used to calculate the required number of beds needed for a 
given offgas flowrate. The lifetime of each bed was calculated based on the rate of mercury throughput. 

TABLE IV 
Capital and operating cost estimates for fixed bed carbon adsorber systems 

11 Feedrate of Hg to incinerator, g h  10 1,000 u 
1 Flowrate, acfm I 5.000 I IO.OOO I 20.000 I 5.000 I 10.000 I 20,000 I 

Number of beds 1 2 4 1 2 4 
Equipment cost, $ million 0.15 0.30 0.60 0.15 0.30 0.60 ~ 

Total installed capital cost, $ million 2.3 4.5 9.1 2.3 4.5 9.1 
Design velocity, ft/min 63.7 63.7 63.7 63.7 63.7 63.7 

, Nominal residence time, s 2.83 2.83 2.83 2.83 2.83 2.83 
1 Total mass of carbon in beds. Ib I 13.500 I 27.000 I 54.000 I 13.500 I 27.000 I 54.000 1 

Life of carbon beds, years 26 53 106 0.26 0.53 1.1 

1 1 1 38 19 10 # of times purchase full quantity of carbon 
over life of facility 
Annual cost for carbon, $ million 0.007 0.014 0.027 0.26 0.26 0.27 
Annual operating cost, $ million 0.25 0.33 0.48 0.56 0.63 0.78 

1 Total lifecycle cost, $ million 4.9 I 8.1 I 14.4 I 8.0 I 11.1 I 17.4 I 
Potential variations such as a separate bed of untreated activated carbon for dioxin and furan (DE) and 

other trace organics removal, or using two or three banks of mercury-adsorbing beds in series for better capture 
efficiencies, were not included in the cost estimates. 

Gold Amalgamation Filter. The estimated costs for the gold amalgamation filter are shown in Table V. 
ADA Technologies, Inc., provided cost estimates for a gold amalgamation filter system capable of removing and 
recovering mercury from 5,000 a c h  of flue gas. Equipment costs for the 10,000 and 20,000 acfm cases were 
estimated using the cost for the 5,000 acfm case and a 0.6 power scale-up factor. In a parallel configuration that 
includes at least two filters, the filters can be readily regenerated without removal from the system. Costs per unit 
were essentially insensitive to the mercury concentration in the flue gas. The effects of entrained droplets of 
mercury in the offgas have not been considered. Since disposal costs for the mercury desorbed from gold 
amalgamation are not included in these estimates, there is no difference in the estimated operating costs or lifecycle 
costs for low and high mercury feedrates. 

TABLE V 
Capital and operating cost estimates for gold amalgamation filters 

Annual capital expense ($ million) 



SECONDARY WASTES 

Carbon injection will generate more spent carbon waste than carbon beds because of the lower maximum 
mercury loading (1 wt% of the carbon) compared to that of carbon beds (20 wt). In nonradioactive processes, this 
spent carbon may be retorted and recycled or otherwise disposed, depending on the concentrations of leachable 
mercury. Spent carbon from radioactive processes would not have the flexibility of retorting and re-use, due to 
likely radioactive contamination. This is especially true for carbon injection, when the baghouse used to collect the 
carbon is also the primary PM control device. 

Spent carbon may also contain adsorbed trace organics including DES. EPA’s Phase IV LDR rule requires 
all Underlying Hazardous Constituents, to meet the applicable low Universal Treatment Standards. Therefore the 
secondary waste must be characterized to determine the applicable RCRA treatment standards and treated 
accordingly. If the spent carbon is contaminated with D/Fs above RCRA LDR treatment standard levels for DES, 
the DES in the waste would need to be incinerated, which would release mercury into the incinerator offgas system, 
thus “undoing” the previous mercury adsorption process. Alternatively, the DES could potentially be stripped with 
superheated steam and the eMuent passed through an afterburner and then a caustic scrubber to neutralize the HC1. 
The facility that does this must be permitted for handling this toxic waste. 

Secondary wastes from gold amalgamation will consist of recovered mercury and the spent ceramic-based 
sorbent. The initial sorbent is assumed to last for the lifetime of the facility. Final regeneration of the sorbent is 
assumed to be able to clean the adsorbent of mercury sufficiently that the spent sorbent can be categorized as low 
level radioactive waste and directly disposed. The recovered elemental mercury would likely be contaminated with 
radionuclides and would therefore require amalgamation to meet current LDR treatment standards for such waste. 

CONCLUSIONS AND RECOMMENDATIONS 

Performance data for wet scrubbing, carbon adsorption, and gold amalgamation is insufficient to 
defmitively determine mercury control efficiencies because of numerous parameters that may affect 
mercury removal in different systems. More information is needed to relate mercury control to potentially 
controlling parameters such as mercury speciation and concentration, offgas temperature and composition, 
wet scrubber design and operation (pH, residence time, recycle ratio, phase separation, Hg revolatilization, 
etc.), carbon types, design of carbon injection and carbon bed adsorber systems, and gold amalgamation 
removal efficiencies and regenerability over many cycles. 

Given certain assumptions made in this study, capital costs for carbon injection are less than those 
for gold amalgamation and carbon beds. Operating costs are lowest for gold amalgamation. At low 
mercury feedrates, operating costs for carbon injection are lower than for carbon beds; but at high mercury 
feedrates, operating costs for carbon injection increase significantly above operating costs for carbon beds 
because of the high usage of carbon in carbon injection. Disposal costs for secondary wastes such as the 
spent carbon and mercury desorbed from gold amalgamation are not included in the present calculations 
because of their uncertainty. These disposal costs could further increase operating costs of each of the 
systems, especially for higher mercury feedrates and for the carbon adsorption systems (especially carbon 
injection). 

Estimated lifecycle costs for the different mercury control technologies are compared in Table VI. 
At low mercury feedrates, lifecycle costs for carbon injection were less than those for carbon beds or gold 
amalgamation; but at high mercury feedrates, lifecycle costs for carbon injection were much higher than 
those for carbon injection or gold amalgamation because of the large differential in operating costs. 
Lifecycle costs for carbon bed adsorption were similar to those for gold amalgamation at low mercury 
feedrates; carbon bed lifecycle costs were higher than for gold amalgamation at higher mercury feedrates 
due to increased operating costs. 



TABLE VI 
Total lifecycle cost comparisons for mercury control technologies 

Offgas flowrate, aciin 5,000 I 10,000 I 20,000 5,000 I 
Carbon injection adsorption, $M 4.2 
Fixed bed carbon adsorption, $M 4.9 8.1 14.4 8.0 11.1 17.4 
Gold amalgamation, $M 8.3 11.1 6.4 8.3 11.1 

Gold amalgamation for mercury control is not yet commercially available with reliable 
performance data for design and installation. Carbon adsorption systems are commercially available fiom a 
several vendors, but secondary waste disposal (especially for carbon injection) and offgas temperatures that 
are higher than vendor-recommended limits (for carbon beds) cause uncertainties in their application for 
mixed waste treatment. 

The fate of spent carbon that is contaminated with radionuclides, hazardous metals including 
mercury, and potentially hazardous organics including D/Fs is uncertain at this point, and needs to be more 
klly addressed if carbon adsorption is implemented in mixed waste treatment offgas systems. 
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