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Abstract 
The development of warm-gas cleanup (WGCU) systems for synthesis gas (syngas) cleanup in in- 
tegrated gasification combined cycle (IGCC) power plants has the potential to lower the costs of 
generating power. WGCU includes the removal of mercury (Hg), present in coal, from the syngas. 
Carbon-based sorbents used for Hg removal are not suitable for high-temperature Hg removal in 
conjunction with the WGCU. The US Department of Energy’s National Energy Technology Labora- 
tory’s (DOE/NETL) Office of Research & Development (ORD) has been developing various sorbent 
alternatives to address the problem of high-temperature Hg removal. This study presents analysis 
of the capture of Hg from syngas streams as a polishing step to attain US Environmental Protection 
Agency (EPA) Mercury and Air Toxics Standards (MATS) requirements for Hg (0.003 lb/GWhgross 
for new IGCC plants) using palladium (Pd) adsorbent being tested by DOE/NETL in association 
with Johnson Matthey (JM). For the present study, it was assumed that syngas is already cleaned to 
5 parts per billion by weight (ppbw) Hg, and the Pd sorbent technology is used as a polishing step 
to achieve the EPA MATS requirements (0.003 lb/GWhgross, equivalent to 2 ppbw given representa- 
tive process configuration and material flows). The incremental cost of Hg polishing and the addi- 
tional capital cost needed were estimated for several scenarios/cases. These cases were differen- 
tiated by variance in the following parameters, which are important because they have direct im- 
pacts on additional capital costs ($/kW), and in turn impacts on the levelized cost of electricity 
(LCOE): 1) Pd cost (varied from $4,000 to $12,000/lb Pd); 2) Gas hourly space velocity (SV) (va- 
ried from 500 to 13,500 h−1); 3) Pd loading (varied between 2 w/w% Pd and 5 w/w% Pd); 4) 
Sorbent make-up rate (varied between 3%, 1%). The ranges were chosen in order to reasonably 
reflect, in the cases that are analyzed, the actual fluctuations that have been observed in past  
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experience in these important parameters that affect cost (e.g., the Pd cost has kept to within the 
$4 to 12 k/lb range in recent years). In the case of SV, the high and low points of the range are ex- 
tremes beyond which costs would either be unreasonable, or increase in cost benefit would be 
negligible. For a typical case (i.e., using mid-range values of the parameters, including SV of 8000 
h−1, 2% Pd loading, 3% make-up rate, $9500/lb Pd cost), the increase in LCOE due to the Pd-po- 
lishing system is approximately 0.4% and the additional capital cost is ~$10/kW. As a comparison, 
the incremental capital cost of conventional Hg removal in an IGCC plant is ~$4 to 8/kW, and the 
increase in the LCOE is less than 0.4%. Results indicate that in the range of SVs from 3500 h−1 to 
10,000 h−1, the Hg-polishing step is expected to function adequately and with increase of LCOE li- 
mited to about 1% - 2%. The use of a Pd sorbent-based polishing system to reduce trace Hg levels 
to the EPA MATS requirements for new IGCC power generation appears to be feasible and reason- 
ably cost-effective. 

 
Keywords 
Palladium, Sorbent, Mercury, Gasification, Integrated Gasification Combined Cycle, Cost 

 
 

1. Introduction 
Gasification is used to convert a solid feedstock (coal, petcoke, biomass, etc.) into a gaseous form (synthesis gas 
[syngas]), which is primarily hydrogen and carbon monoxide (CO). At this point, potential pollutants can be 
captured and reduced to essentially any desired level and then converted to useful byproducts or disposed of 
safely. The clean syngas, consisting mainly of CO and hydrogen, can be fired in a gas-turbine/steam-turbine ge- 
nerator set to produce electricity. In addition to efficiently producing electric power, a wide range of highly va- 
lued transportation fuels and chemicals can be co-produced from the cleaned syngas, thereby providing the 
flexibility needed to capitalize on the changing economic market. As a result, gasification provides a flexible tech-
nology option for using domestically available resources while meeting any future environmental emission standards. 

Gasification is an important strategy for increasing the utilization of abundant domestic US coal reserves. 
However, the increased use of coal gasification for energy generation, such as in integrated gasification com- 
bined cycle (IGCC) power plants, or for other purposes, requires responsible cleanup of contaminants resulting 
from the gasification process. 

Recently, stringent regulations have been enacted for trace contaminant emissions from IGCC systems. Spe- 
cifically, the US Environmental Protection Agency’s (EPA) December 21, 2011, Mercury and Air Toxics Stan- 
dards (MATS), the first national standards for mercury (Hg) pollution from power plants, require existing power 
plants to reduce Hg pollution by 90%, reduce acidic gases (hydrogen chloride [HCl] and hydrogen fluoride [HF]) 
by 88%, and substantially reduce other pollutants by 2015 [1]. Moreover, MATS requires new/in construction 
power plants to conform to even higher standards of upwards of 99.9%. These have been officially reconsidered, 
with EPA issuing a notice of final action on reconsideration on March 28, 2013, and with EPA to submit it 
shortly for publication in the Federal Register (FR) [2]. EPA reported that implementation to meet proposed re-
vised standards will be essentially the same as that which would have been chosen in complying with the origi-
nal MATS rule [3]. The US Department of Energy (DOE) targets for trace contaminant removals are also strin-
gent in order to avoid poisoning: 1) The catalysts essential for making liquids from fuel gas; 2) The electrodes 
in fuel cells; and 3) The selective catalytic reduction (SCR) catalysts employed in coal- or gas-burning power 
plants. 

Capture of trace metal/toxic contaminants (Hg, arsenic [As], selenium [Se], cadmium [Cd], antimony [Sb], 
and phosphorus [P]) found in coal-derived syngas is optimal at lower temperatures; many sorbents have been 
demonstrated for near-ambient temperature removal of Hg from natural gas and syngas and for removal of Hg 
from flue gas at temperatures up to 350˚F [4]-[10]. However, these sorbents, typically activated carbon, have 
been reported to be unsatisfactory for Hg removal at temperatures exceeding 400˚F [6] [11] [12]. In fact, few 
sorbents have been shown to remove Hg from high-temperature syngas because: 1) The physical adsorption of 
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Hg on a sorbent typically decreases with increasing temperature; 2) Hg compounds formed on the surface of a 
sorbent can thermally decompose or desorb at high temperatures; and 3) Chemical promoters, such as sulfur or 
halogens, will desorb from the sorbent at elevated temperatures. In addition to these problems, carbon-based sor- 
bents lack the desirable chemical resistance and regeneration capability properties for warm-gas cleanup (WGCU) 
[7]. 

Unfortunately, the limitations of current sorption technologies based on activated carbons are at odds with ef- 
forts to develop and implement high-temperature, or WGCU of syngas, which would boost the thermal effi- 
ciency of IGCC plants. WGCU would have the additional benefits of removing toxic contaminants from warm 
syngas nearer the gasifier exit, helping to eliminate the circulation of dirty water and treatment systems down- 
stream in IGCC plants; reducing the footprint, cost, and complexity of the systems; and ensuring the disposition 
of trace metal pollutants so that they will not contaminate process equipment, poison raw materials, or foul cat- 
alysts or fuel cells [13]-[16]. Accordingly, the identification and development of a durable sorbent material ca- 
pable of effectively and efficiently removing Hg and other trace metals at both elevated temperatures and pres- 
sures characteristic of actual process conditions have been a high priority. 

Drawing on previous experience with sorbents in coal combustion flue gas, the National Energy Technology 
Laboratory (NETL) has selected potential high-temperature candidate sorbents, developed a process for testing 
the various candidate sorbents at bench-scale in simulated WGCU, and determined the capacities of the sorbents 
for capture of Hg, As, Se, and P. Palladium (Pd)-based sorbents are currently among the most promising candi- 
dates, as they have been found to effectively capture trace contaminants such as Hg, As, Se, and P from syngas 
at elevated temperatures (400˚F to 700˚F) [11]. The sorbents are described in US patent 7,033,419, issued in 
April 2006. A license agreement between NETL and Johnson Matthey (JM) for further research, development, 
and commercialization of the sorbents for application in IGCC and in chemicals production from syngas was 
signed in March 2007. Collaboration between JM and NETL resulted in thorough characterization and bench- 
scale tests of these Pd sorbents [4] [12] [17], including testing of the sorbent in slipstreams of dirty fuel gas that 
began in 2009. More recent tests of the technology at larger-scale have taken place at Southern Company’s 
Power Systems Development Facility at the National Carbon Capture Center1. Initial results are highly promis- 
ing, with more than 99% removal of Hg, As, and Se from dirty fuel gas slipstreams at 550˚F over long periods 
(several weeks). 

2. Purpose of Study 
This paper presents the results of a study to estimate the cost of a trace Hg-removal system using Pd sorbents in 
the context of an IGCC power plant. In cost and performance baselines for bituminous coal-fueled IGCC plants 
[18], raw syngas cleanup is accomplished through a sequence of quench and syngas scrubbing to remove parti- 
culates and solid matter, carbonyl hydrolysis, cooling and knockout of ammonia/sour water, conventional Hg 
removal using activated carbon adsorbent, and then a low-temperature acid gas removal system such as Selexol 
to remove the bulk of the sulfur in the syngas. In order to improve plant efficiency, there is interest in replacing 
the low-temperature gas cleanup with a high-temperature process that achieves comparable performance in gas 
cleanup without the penalty inherent in cooling the syngas to the low temperatures required in the Selexol 
process or other conventional sulfur-removal technologies. A novel WGCU technology has been developed by 
RTI International (RTI) that could have significant benefits over conventional syngas cleanup technologies. The 
RTI WGCU technology substantially modifies the low-temperature syngas cleanup approach by: 
• Eliminating scrubbing and quench cooling. 
• Replacing Selexol with the RTI high-temperature sulfur removal and recovery technology. 
• Replacing conventional low-temperature Hg removal with a high-temperature Hg removal technology. 
• Adding incidental chloride removal, SCR for control of the increased nitrogen oxide (NOX) emissions due to 

increased ammonia passing through the gas cleanup train, and other design features to accommodate process 
impacts. 

The feasibility of a proprietary WGCU technology developed by RTI and impacts on the cost of electricity 
(COE) have been previously assessed [19]. The RTI Hg-removal technology could potentially lower the Hg con-
tent in the syngas to 5 parts per billion by weight (ppbw) [20]. However, an additional Hg-polishing step, equiva-
lent to the removal of ~60% of the Hg in the syngas exiting the WGCU operations, may be needed to attain the  

 

 

1See http://www.nationalcarboncapturecenter.com/pdf/PSDF_NCCC%20Test%20Run%20R10%20Summary%20Report.pdf.   
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new EPAMATS requirements for Hg (new IGCCs: 0.003 lb Hg/GWh gross power generation). 
A possible solution for the Hg-polishing step uses Pd sorbents in a fixed bed. NETL and JM have developed 

alumina-supported Pd sorbents that enable high-temperature (>260˚C) Hg removal. Based on preliminary bench- 
scale and syngas slipstream testing at Southern Company’s pilot facility, this sorbent has the capability to per- 
form the required Hg polishing [21]. Results also indicate that the Pd sorbents may be suitable for bulk Hg re- 
moval from syngas streams. The Hg-removal configuration analyzed in this study consists of the RTI WGCU 
technology for bulk Hg removal from the syngas, followed by Pd sorbent polishing to attain EPA MATS re- 
quirements. 

The approach taken in this study has been to develop a simplified model of the Pd sorbent-based Hg-removal 
system, modify the IGCC baseline process including the RTI WGCU to integrate the Hg-removal system, and 
perform cost calculations to determine the incremental capital and operating costs impacting the COE. 

3. Process Description and Flow Diagrams 
In the context of an IGCC plant, the Hg-polishing system would be added directly following the bulk Hg re- 
moval in the WGCU step. The overall process diagram of the baseline IGCC plant, including the RTI WGCU 
and sulfur-recovery systems followed by the Hg-polishing system, is as depicted in Figure 1. This process 
configuration is essentially identical to the Case 4 process configuration from RTI/Nexant analyses, modified 
only by addition of the Hg-polishing system with its incidental power and steam demands on the overall plant 
process. 

DOE/NETL has previously investigated the use of the JM Pd sorbents to remove Hg from coal gasification 
syngas. Detailed calculation procedures for determining extent of Hg removal using the Pd sorbents have been 
defined, accompanied by economic analysis to quantify costs of the Hg removal. The calculations assume a typi- 
cal process arrangement for the sorbent-based Hg-removal system; this is depicted in Figure 2. The basic pro- 
cess configuration of the Pd sorbent system consists of four Pd sorbent fixed beds, two of them online and two 
in offline or regeneration mode. The online sorbent beds may be kept in operation cleaning syngas until Hg/trace 
breakthrough reaches the allowable limit. At this point, the syngas is rerouted to the other two regenerated beds. 
The exhausted beds are then regenerated by blowing hot carrier gas (nitrogen) through the beds, which strips 
most of the trace metals away. The carrier gas is cooled and passed through the disposable sorbent beds, remov- 
ing the trace metals from the regenerator gas, which is then compressed, reheated, and cycled back. The regene- 
rator gas is heated by steam of suitable quality to reach the required regenerator gas temperature of 400˚C to 
550˚C; this steam is withdrawn from the plant steam cycle. 

 

 
Figure 1. Block diagram of IGCC plant with RTI warm-gas cleanup and addition of Pd sorbent-based polishing unit.        



C. L. Munson et al. 
 

 
69 

 
Figure 2. Pd sorbent unit process flow diagram.                                                               

 
As expected, there are considerable differences in gas flow rates, Hg concentrations and key operating condi- 

tions (pressure) between the current application (Hg polishing using Pd sorbents), and previous analysis that 
considered bulk-removal of Hg using the RTI WGCU technology. In this study, a new set of assumptions about 
parameters governing the performance of the Pd sorbent unit in the IGCC plant context was developed for the 
concept of Hg polishing to low levels. In this context, analysis of how the levelized cost of electricity (LCOE) is 
affected by the Pd cost, Pd loading in the sorbent, gas hourly space velocity (SV), and sorbent make-up rates has 
been performed. Given the substantial changes in equipment sizes, rates, and fluctuations in Pd value in recent 
years, equipment and other capital costs (adsorber pressure vessels constitute an important capital cost element 
in addition to the sorbent cost) were also updated. The impact of steam consumption, electric loads, and pressure 
drop due to the Pd sorbent system on power plant performance was quantitatively accounted. 

4. Design Rationale for Case Studies 
4.1. Description of Case Studies 
The most significant parameters affecting the cost of Hg capture are the cost of the Pd sorbent, the amount of 
sorbent in the bed (inversely proportional to the SV), sorbent make-up rate, and the quantity of Pd in the sorbent. 
Published RTI/Nexant analysis was used as a basis for LCOE calculations2. Various cases were devised, sum- 
marized in Table 1, to examine the effects of these parameters. 

The base case was designed having mid-range values of the parameters, and which is expected to represent a 
reasonable, typical case. This case assumes 2% w/w Pd/alumina sorbent, with an SV of 8000 h−1, Pd cost of 
$9500/lb (~$651/troy ounce [trz]), and a sorbent make-up rate of 3%. SVs of 500 to 13,500 h−1 were chosen be- 
cause preliminary studies revealed that the adsorber volume and cost would increase significantly below 500 h−1. 
Little change in adsorber volume was observed with SVs in excess of 15,000 h−1. Palladium sorbent costs were 
approximated to be those of the pure metal. Pure Pd costs spanning a time period of three-plus years (2010  

desulfurized
Syngas (260°C)

Trace
Adsorbing

Beds

Trace
Regenerating

Beds

vent streams

clean
syngas

Regeneration
Gas Cooler

Disposable
Trace

Sorbent Beds

N2 bleed

N2 makeup

N2 Blower

Regeneration Gas (N2)
Heater

heat source (steam)

heat source
exhaust

disposable
sorbent refill

$10/lb

drain
sorbent

trace vapors
50°C

makeup
25-1380$/lb

spent

400-550°C
atm-pressure

desulfurized
Syngas (260°C)

Trace
Adsorbing

Beds

Trace
Regenerating

Beds

vent streams

clean
syngas

Regeneration
Gas Cooler

Disposable
Trace

Sorbent Beds

N2 bleed

N2 makeup

N2 Blower

Regeneration Gas (N2)
Heater

heat source (steam)

heat source
exhaust

disposable
sorbent refill

$10/lb

drain
sorbent

trace vapors
50°C

makeup
25-1380$/lb

spent

400-550°C
atm-pressure

 

 

2Case 4, ~641 MW net power, 6.47 cents/kWh LCOE with RTI warm-gas cleanup to 5 ppbw Hg. 
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Table 1. Summary of various cases.                                                                          

 Pd Sorbent Loading, w/w%3 Pd Price, $/lb Space Velocity, h−1 Make-Up Rate, wt% Bed 

Case 1a 2 9500 500 to 13,500 3 

Case 1b 2 4000 to 12,000 8000 3 

Case 2a 2 9500 500 to 13,500 1 

Case 2b 2 4000 to 12,000 8000 1 

Case 3a 5 9500 500 to 13,500 3 

Case 3b 5 4000 to 12,000 8000 3 

Case 4a 5 9500 500 to 13,500 1 

Case 4b 5 4000 to 12,000 8000 1 

 
to 2013) were used to obtain the range of variation for Pd cost. Recent pilot plant tests at Southern Company 
used a 2 w/w% Pd sorbent with an SV of 1704 h−1; accordingly, 2% and 5% Pd sorbents were used. Bed make- 
up rates were varied from 3 to 1% of the bed weight. Previous NETL experience indicates that 40% Hg content 
(wt Hg/wt Pd) at 40% breakthrough is a reasonable assumption. The adsorber beds were sized to be 10 feet in 
diameter for reasonable superficial gas velocities and pressure drops lower than 4%. 

4.2. Extent of Hg Capture Needed to Satisfy EPA MATS 
The RTI WGCU process was assumed to remove Hg to 5 ppbw in the clean syngas to the turbine. The EPA 
MATS requirement for Hg emissions is 0.003 lb/GWh gross power output (2 ppbw). For the Nexant RTI Case 4 
chosen as the power plant for this study, the gross power output is ~766 MW. Accordingly, the Hg emissions 
without a polishing step would be 6.93 × 10−3 lb/GWh. Therefore, the extent of Hg removal needed to meet EPA 
MATS is ~57%. This implies that the Hg breakthrough in the beds would be approximately 40% (~60% cap- 
ture). 

5. Calculation Methodology 
A model of the Pd sorbent process was developed to account for the new operating conditions and parameters. It 
is restricted to cases with only Hg adsorption (i.e., no co-adsorption of As, Se, and P is considered). The capital 
and operating & maintenance (O & M) costs of capturing Hg are estimated using bed residence time, Pd price, 
Pd sorbent weight%, Hg content at breakthrough, and make-up rate as primary input parameters in the spread- 
sheet. Process simulations for the IGCC plant indicated that the exhaust gas composition and conditions follow- 
ing the combustion turbine are independent of the extent of water-gas shift (WGS) reaction occurring in the Pd 
sorbent beds. Because plant performance and cost calculations would not be affected, 0% WGS in the adsorber 
is assumed. 

5.1. Cost of Sorbent 
The cost of the Pd sorbent-based Hg-removal unit is dominated by the cost of the sorbent itself, because it in- 
corporates a significant quantity of Pd metal with recent spot prices as high as ~$900 (September 2014). How- 
ever, sorbent fabrication and ongoing refining costs to maintain the sorbent in working order also contribute to 
capital and O & M costs, respectively, associated with this unit. The amount of Pd initially required for the four 
sorbent vessels is used to calculate the sorbent cost. This estimate includes ~20% storage/excess sorbent capacity 
stored onsite. 

5.2. Effects of Gas Residence Time, Superficial Velocity, and Pressure Drop 
The volume of gas contacted per unit mass of adsorbent, SV/XPd, where SV is the space velocity and XPd is the 
weight percentage of Pd in the sorbent, is a primary parameter affecting the cost of Hg capture. Given a specific 
value for XPd, and assuming no mass transfer limitations, higher SVs lead to lower initial sorbent costs. Mini- 

 

 

3Hg content in bed at 40% breakthrough, is assumed to be 40% wt Hg/wt Pd in all cases. 
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mizing the amount of sorbent requires higher gas velocities through the material and/or shorter gas residence 
times (higher SVs). In applications where a large volume of syngas volumetric flow with low inlet Hg concen- 
trations exists, the required amount of sorbent to provide adequate Hg capture capacity might be relatively low. 
However, this corresponds to very short gas residence times in the sorbent bed (<<1 second) in which mass tran- 
sfer constraints might not allow sufficient capture of Hg. Increasing residence time by decreasing the cross-sec- 
tional area of the sorbent beds increases pressure drop in the sorbent beds and the associated energy penalty. 
Acceptable pressure drop has been assumed to be 4% of the inlet gas pressure. Testing of the Pd sorbent for Hg 
capture in Southern Company tests provides some guidance on required operating conditions and parameters, 
with SVs of 1500 to 3700 h−1, and pressures 150 to 200 pounds per square inch gauge (psig) [21]. 

Even a small pressure drop attributable to an Hg-polishing sorbent unit could have a negative impact on the 
overall efficiency of a gas turbine cycle. In the recent baseline IGCC plant Case 1 (as described in the NETL 
Bituminous Baseline report) [22], the GE advanced F class turbine is noted to have a requirement for gas feed at 
450 pounds per square inch absolute (psia). In this case, syngas was expanded to 460 psia to generate some 
power before the gas turbine. In earlier baseline IGCC plant cases [18] (which Nexant adopted as a baseline for 
their original analysis), advanced turbines of that time had somewhat lower pressure ratios, which in turn cor- 
responded to lower syngas inlet pressures. Accordingly, the RTI WGCU Case 4 plant cycle analysis had the 
syngas pressure entering the turbine at 414.7 psia, which was likely just sufficient for turbine operability at that 
time. In other words, there was no syngas expander present because the gasifier operated at a significantly lower 
pressure, and after gas cleanup the syngas was already depressed to a suitable gas turbine inlet pressure (414.7 
psia). A recent discussion with the GE turbine manufacturer4 confirmed that significant fuel gas pressure drop 
occurs in the turbine valving, piping, controllers, and injection nozzles; accordingly, the pressure specified for 
the gas turbines (450 psia in the NETL bituminous baseline report, 414.7 psia in the Nexant 2007 study) must be 
maintained. Consequently, in the present analysis, a penalty is taken in the form of a compression duty for re- 
compressing the syngas exiting the adsorbers to the original pressure (414.7 psia) to compensate for any pres- 
sure drop due to the Hg-polishing unit. If the Nexant study were updated in accordance with latest NETL base- 
line, reflecting the availability of more advanced turbines and higher gasifier pressure along with a syngas ex- 
pander upstream from the turbine, then pressure drop associated with addition of the Hg-polishing unit would be 
accounted for by a lower inlet pressure to the expansion turbine (which would result in lower attained turbine 
output). 

6. Results and Discussion 
6.1. Effect of Hg Polishing System on Plant Power 
The Hg-removal system affects plant power output in three main respects: 1) The pressure drop of the syngas 
through the sorbent vessels for which an energy penalty is taken; 2) The power to operate the regeneration gas 
circulating blower; and 3) The steam to heat the regeneration gas, which is taken from the main plant steam 
cycle, causing a decrease in steam turbine output. In order to calculate these accurately, a process model of the 
IGCC plant was developed in a process simulator, in which syngas flows, steam flows, the gas turbine, steam 
turbine, and Hg-sorbent unit including the regenerator were modeled to a sufficient extent to determine impacts 
of the Hg-polishing system on plant net output. The results of the plant simulation in terms of key impacts of the 
Hg-removal system on plant power are shown in Table 2. 

The energy penalty from the pressure drop through the Hg vessels is by far the most significant impact. It in- 
creases into the several MW range for lower SV values. The 1000 lb/hr of 538˚C steam withdrawn from the 
steam cycle causes a loss of approximately100 kW in the gross output of the steam turbine; it is relatively insig- 
nificant because the total steam flow in the cycle is more than 1,000,000 lb/hr. The power to operate the nitrogen 
(N2) blower, which provides 2000 lb/hr of N2 at 525˚C for the regeneration cycles, is negligible at about 20 kW. 

6.2. Analysis of Levelized Cost of Electricity 
The increase in the LCOE of the IGCC plant and the incremental capital cost ($/kW) were estimated for all cases, 
and are shown in Figure 3 and Figure 4. In general, higher values of gas hourly SV and lower Pd costs and 
loadings lead to lower increases in the LCOE. 

 

 

4Conversation with Jeff Goldmeer (jeffrey.goldmeer@ge.com) of GE Power early February 2012. 

mailto:jeffrey.goldmeer@ge.com
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Table 2. Effect of pressure drop caused by Hg-polishing system on net power generated.                               

 Baseline Plant Pd Bed,  
SV = 13,500 h−1 

Pd Bed,  
SV = 4500 h−1 

Pd Bed,  
SV = 1500 h−1 

Pd Bed,  
SV = 500 h−1 

Pressure Drop  
Penalty, MW None 0.21 0.63 1.94 6.28 

N2 Blower  
Penalty, MW None 0.02 

Steam Turbine  
Output, MW 316.7 316.6 

Net Plant Power, MW 641.0 640.8 640.5 639.8 637.3 

 

 
Figure 3. Effect of varying space velocity on increase in LCOE and capital cost for 2% wt Pd sor-
bent (Case 1a, Case 2a) and 5% wt Pd sorbent (Case 3a, Case 4a) and make-up rates of 3% (Case 1a, 
Case 3a) and 1% (Case 2a, Case 4a). The palladium cost was fixed at $9500/lb ($651/trz).           

 
As the SV is varied from 500 to 13,500 h−1, keeping the cost of Pd constant at $651/trz with 2% wt Pd sorbent 

and 3% make-up rate, the percentage increase in LCOE is ~0.3% to 4.3% (Figure 3).The incremental capital 
cost of the system (including the cost of the sorbent and the cost of the adsorber vessels) increases from ~$7/kW 
at SV = 13,500 h−1 to $104/kW at SV = 500 h−1. Similarly, with 5 wt% Pd sorbent and 3% make-up rate, the in- 
crease in LCOE is 0.6% (SV = 13,500 h−1) to 10.7% (SV = 500 h−1), and the incremental capital cost increased 
from ~$13/kW (SV = 13,500 h−1) to $257/kW (SV = 500 h−1). Very little change in the percentage of LCOE in- 
crease with the make-up rate for a sorbent utilization value of 40% (wt Hg/wt Pd) in the adsorbers is observed. 
From Figure 3 it is clear that the optimal values for the gas hourly SV would be ≥3500 h−1. 

Figure 4 represents the effect of the cost of Pd on LCOE and the capital cost with 2 wt% and 5 wt% Pd sor- 
bents and 3% and 1% sorbent make-up rates, with a fixed SV of 8000 h−1. As the cost of Pd is increased from 
$274/trz (~$4000/lb) to $823/trz (~$12,000/lb), the percentage increase in LCOE increases from 0.3% to 0.5% 
for 2 wt% Pd sorbent with 3% make-up rate, and from 0.5% to 1% for the 5 wt% Pd sorbent with 3% make-up 
rate, respectively. The incremental capital cost of the adsorbers (Pd sorbent, vessel cost) is increased from $6 to 
$11/kW for the 2% Pd sorbent, and from $10 to $23/kW for the 5 wt% Pd sorbent, respectively. Decreasing the 
sorbent make-up rate decreases the increase in LCOE, but to an insignificant extent. Changes in sorbent make- 
up rate do not affect the incremental capital cost in all cases. 



C. L. Munson et al. 
 

 
73 

 
Figure 4. Effects of Pd cost on increase in LCOE and capital cost for 2% wt Pd sorbent 
(Case 1b, Case 2b) and 5% wt Pd sorbent (Case 3b, Case 4b) and make-up rates of 3% 
(Case 1b, Case 3b) and 1% (Case 2b, Case 4b). The gas hourly space velocity was fixed at 
8000 h−1.                                                                    

 
For the base case, the performance of the Hg-polishing sorbent system (~0.4% increase in LCOE, ~$10/kW 

incremental capital cost for the base case SV = 8000 h−1, $9500/lb Pd, 2 w/w% Pd sorbent, 3% make-up rate) is 
comparable to that of the carbon-based, low-temperature Hg adsorbers (<0.4% increased LCOE, $4 to $8/kW)5. 
Therefore, the Hg-polishing system holds significant promise to lower the cost of Hg capture from warm syngas 
streams. 

7. Summary 
In this analysis, a number of assumptions, based on experimental results and other studies, were made about Pd 
sorbent operating characteristics and constraints. To decrease the uncertainty associated with those assumptions, 
parameters such as Pd cost, SV, sorbent composition, and sorbent make-up rate were varied over possible ranges 
while observing the effects on performance and costs. 

Preliminary results from this study indicate that a Pd sorbent-based polishing system in an IGCC plant with 
WGCU could be used to reduce trace Hg levels to the new EPA MATS requirements for IGCC power genera- 
tion in a cost-effective manner. For gas hourly SVs greater than 3500 h−1, COE is elevated less than 2% by addi- 
tion of the Hg-polishing step. For SVs greater than 10,000 h−1, the COE increase continues to improve margi- 
nally, but it is likely that Hg mass-transfer limitations may limit the performance of the Pd sorbent system at 
these higher SVs (high gas velocities and low gas residence times) in the sorbent beds. Accordingly, for a range 
of SVs from 3500 to 10,000 h−1, the Hg-polishing step is expected to function adequately and with an increase of 
LCOE limited to approximately 1% to 2%. As a comparison, the incremental capital cost of conventional (95%) 
Hg removal in an IGCC plant is ~$4 to $8/kW, with less than 0.4% increase in the LCOE [22]. 

Cost of the Pd sorbent-based polishing system is strongly affected by the cost of the sorbent, which in turn 
depends primarily upon the cost of Pd. Large and unpredictable fluctuations in the cost of Pd will necessarily 
have a corresponding impact on the capital cost of a system, as illustrated by case studies in which the price of 
Pd was varied. For higher SVs, less sorbent and less Pd are required, though as previously discussed there will 
be practicable limits on how far this can be taken. 

Further testing of the Pd sorbent at actual conditions and trace Hg levels in the IGCC Hg-polishing scenario 
would be highly desirable to confirm the assumptions and results of this study. In addition to the use of Pd-based 
sorbent for polishing (i.e., reducing Hg levels from 5 ppbw to 2 ppbw), the sorbent could also be used for bulk Hg 

 

 

5See Reference [18]. 



C. L. Munson et al. 
 

 
74 

removal from syngas. Finally, the present analysis was restricted to cases assuming only Hg adsorption, so the 
effects of additional adsorption of As, Se, and P were not explored. Nevertheless, these may have significant 
impact on Hg adsorption capacity/characteristics, and so future work should extend to consider the overall beha- 
vior of Pd sorbents for simultaneous removal of Hg and these additional pollutant species. 
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Abbreviation 
As: Arsenic 
Cd: Cadmium 
COE: Cost of Electricity 
DOE: US Department of Energy 
EPA: US Environmental Protection Agency 
FR: Federal Register 
HCl: Hydrogen Chloride 
HF: Hydrogen Fluoride 
Hg: Mercury 
IGCC: Integrated Gasification Combined Cycle 
JM: Johnson Matthey 
LCOE: Levelized Cost of Electricity 
MATS: Mercury and Air Toxics Standards  
N2: Nitrogen 
NETL: National Energy Technology Laboratory 
NOX: Nitrogen Oxides 
O & M: Operation and Maintenance 
ORD: Office of Research and Development 
P: Phosphorus 
Pd: Palladium 
ppbw: Parts per Billion by Weight 
psia: Pounds per Square Inch Absolute 
psig: Pounds per Square Inch Gauge 
RTI: RTI International 
Sb: Antimony 
SCR: Selective Catalytic Reduction 
Se: Selenium 
SV: Space Velocity 
Syngas: Synthesis Gas 
Trz: Troy Ounce 
WGCU: Warm-Gas Cleanup 
WGS: Water-Gas Shift 
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