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ABSTRACT 
 
EPRI and ISGS-UIUC have developed a patented technology for on-site production of 
activated carbon (AC). This technology, Sorbent Activation Process (SAP), will help 
reduce the operating cost of activated carbon injection processes for mercury control. 
SAP involves on-site production of AC from coal which is then injected directly into the 
flue gas upstream of a particulate control device, such as an existing ESP, to capture 
mercury in flue gas.  The feedstock coal used is the same coal burned by the utility. SAP 
can be used to prepare ACs with various surface areas, pore structures, and surface 
chemistry (halogenated AC) from bituminous, subbitumious, and lignite coals.   
 
This project was aimed at evaluating the proof-of-concept of the SAP using both a lab-
scale and a pilot-scale unit. The bench SAP was used to produce 1 to 5 pounds AC per 
hour from different types of coals, including an Illinois bituminous coal.  The results 
from the bench SAP tests revealed that the ACs with properties comparable to those of 
the commercially available ACs for control of mercury emission from coal-fired power 
plants can be prepared.  The process engineering data collected during the bench SAP 
tests were then used to design and fabricate a pilot SAP unit capable of producing 50 
pounds AC per hour.  The pilot SAP was integrated with one of the boilers, rated at 
approximately 325,000 acfm (~180MW), at Ameren’s Meredosia power plant.  Fourteen 
days of start up and shake down tests were performed.  A major objective of these tests 
was to evaluate the performance of the pilot SAP, which is the first-of-a-kind in the world, 
and its deviation from the design specifications.  No optimization tests were performed. 
The surface area of the pilot SAP carbon products ranged between 100 and 300 m2/g. The 
mercury adsorption capacities of SAP ACs with surface areas >250 m2/g were 
comparable to that of the Darco Hg activated carbon.  
 
The results from a cost analysis study for a SAP unit with 600 lb/hr carbon production 
capacity revealed that the cost of AC production from Illinois coal is about 0.28/lb carbon 
produced.  



 

 

EXECUTIVE SUMMARY 
 

A number of utility companies in Illinois are considering activated carbon injection (ACI) 
as an option for controlling mercury emissions from power plants.  However, the 
delivered cost of commercially available activated carbon (AC) is estimated to be in the 
range of $0.75 to $1.5/lb.  For a 500 MW base-loaded plant with a 90% capacity factor, 
this would result in an annual cost in the range of $0.5 to 5 million/year. If AC could be 
produced on site for less than half the cost of purchased carbon, a 500 MW plant could 
save $0.25 to 2.5 million/year, making utilization of ACI for mercury compliance a much 
more cost-effective technology. 

Illinois State Geological Survey (ISGS) with support from Illinois Clean Coal Institute 
(ICCI) and EPRI has developed a technology for on-site production of AC. This 
technology, Sorbent Activation Process (SAP), was designed to help reduce the operating 
cost of AC injection processes for mercury control.  This project was aimed at evaluating 
the proof-of-concept of the SAP using both a bench-scale and a pilot-scale unit. 
 
More than 50 tests were performed with the bench SAP using an Illinois coal, a Powder 
River Basin (PRB) coal, and a lignite coal.  The purpose of these tests was to compare 
quality of the AC products, as measured by their surface area and mercury adsorption 
capacity, and to obtain process scale up data.  Equilibrium mercury capacities of the ACs 
were measured at URS Corporation (Austin, TX) using a fixed-bed reactor.  The capacity 
of SAP ACs were >80% of the capacity of Darco Hg, one of the most commonly used 
commercial AC for mercury removal.  The PRB-derived ACs had higher surface areas 
and higher mercury adsorption capacities than their Illinois coal- and lignite-derived ACs. 
 
The relationship between the mercury capacity and BET surface area of bench SAP ACs, 
with both values normalized with the carbon content in the AC (Hg/C and BET/C), 
revealed that: 1) mercury adsorption capacity increasers linearly with carbon surface area 
in the range of 100 to 600 m2/g-C, 2) data for Illinois coal-, PRB-, and lignite-derived 
carbons follow a linear plot indicating that mercury adsorption performances of ACs 
derived from the three coals are comparable at a given value of surface area, and 3) 
carbon products have mercury adsorption capacities comparable to the Darco-Hg 
activated carbon.  
 
ISGS with supports from ICCI and EPRI assembled a team of experts from Apogee 
Scientific, Heat Transfer Specialists, Maxwell Engineering, EPRI and Ameren to design 
and fabricate a 50 lb/hr pilot SAP unit to perform on site carbon production tests at 
Ameren’s Meredosia power plant.  The pilot SAP was delivered to Meredosia in mid-
November 2008. Apogee, Inc. through a separate contract from EPRI was assigned to be 
responsible for the assembly, testing, and daily management of the pilot SAP operation at 
Meredosia.  Between November 14 and December 15, Apogee and ISGS staff assembled 
and integrated the pilot SAP with half of boiler #5’s gas stream which is approximately 
325,000 acfm (~180MW).  In addition, several cold tests were conducted to test the 
performances of individual components of the pilot SAP. From mid-January  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pilot SAP at Meredosia 
 
2009 to mid-February 2009 the team repaired and upgraded several components of the 
pilot SAP that were not operating according to the design specifications.  These 
modifications were necessary to assure safe operation of the pilot SAP. 
 
The team performed 14 days of start up and shake down tests with the Pilot SAP between 
February 23, 2009 and March 5, 2009.  The major objective of these tests was to evaluate 
the performance of the pilot SAP, which is the first-of-a-kind in the world, and its 
deviation from the design specifications.  These tests were neither indented for 
optimization of carbon production nor for mercury removal performance from the flue 
gas.  PRB coal was selected for these initial tests because the results from the bench SAP 
tests revealed that the PRB coal is an easier coal to process than the Illinois bituminous 
coal.  No parametric or optimization tests were performed.  In addition, two days of 
baseline Hg removal performance tests were performed using Darco-Hg activated carbon.   
 
The AC produced during the start up and shake down tests ranged in surface area (BET) 
between 2 to 120 m2/g and yields between 7 to 20%. The surface area of the carbon 
products, a major property affecting mercury capture, was 30% of carbon products 
prepared in the bench SAP and 50% of the design specification.  The results from the 
initial shake down tests revealed that additional pilot SAP modifications are required 
before performing optimization and actual carbon production/mercury removal tests.  
 
A cost analysis study was performed for a 600 lb/hr AC production scale.  This amount 
of AC is equivalent to injecting 5 lb/Macf into the flue gas generated from a ~530 MW 
gross, or ~500 MW net, boiler burning an Illinois coal.  The results from the cost study 
revealed that, for an Illinois coal-to-AC SAP plant, the total capital requirement is 
estimated $1.2M, and the annual O&M cost amounts to about $1.0M.  The cost of AC 
production and injection using the SAP unit at the 600 lb/hr scale is estimated at $0.28/lb 
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carbon produced.  By comparison, the price of a delivered commercial AC is about 
$0.8/lb.  This cost, however, does not include the cost of storage and injection of the AC. 
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OBJECTIVES 
 
The project was aimed at evaluating the technical and economical feasibility of an on-site 
activated carbon (AC) production technology for control of mercury emissions from coal 
combustion flue gas. The specific objectives were: 1) perform optimization tests with a 
bench-scale Sorbent Activation Process (SAP) unit using different types of coals, 
including Illinois bituminous coals, 2) obtain process engineering data for scale up of the 
SAP, 3) design and fabricate a 50 pounds per hour pilot SAP, 4) test the performance of 
the pilot SAP at a utility site in Illinois by producing AC products from an Illinois coal 
and a PRB coal and measuring mercury removal performances of SAP AC using Illinois 
and PRB flue gases, 5) perform an economic study to compare the costs of AC 
production and mercury emission control using SAP AC with a commercial mercury AC.  
 

INTRODUCTION AND BACKGROUND 
 
Electric Power Research Institute (EPRI) and the University of Illinois at Urbana-
Champaign (UIUC) have developed a patented technology (U.S. Patents 6,451,094 and 
6,558,454 B1 issued in 2002 and 2003, respectively) for on-site production of AC to help 
reduce the operating cost of AC injection processes for mercury control.  The technology, 
Sorbent Activation Process (SAP), involves processing coal to AC in an entrained bed 
reactor (Figure 1).  The feedstock coal is the same coal as that burned by the utility.  The 
product gas from SAP unit containing the AC is then directly injected into the flue gas 
duct upstream of a particulate control device, such as an electrostatic precipitator (ESP), 
or downstream of an ESP and collected in a baghouse (not shown) to avoid affecting fly 
ash properties.  Alternatively, although not shown in Figure 1, a cyclone could be used to 
separate the AC from activation product gas before injection to the flue gas duct.  The 
product gas from the activation unit is then recycled to the boiler.  
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. On-site activated carbon (AC) production process. 
 
In October 2007, shortly after this project was funded, ICCI and representatives from 
EPRI and Ameren (supporting members of the project) expressed interest in testing a 50 
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lbs AC per hour pilot SAP unit, instead of testing a 1-5 lbs/hr bench SAP unit originally 
proposed, at Ameren’s Meredosia power plant.  The general agreement was that testing a 
50 lb/hr pilot SAP unit provides a more realistic set of data about the commercial 
viability of the SAP.  A revised scope of the project was approved (budget revision) by 
ICCI on April 14, 2008.  Several activities, not included in the original proposal, were 
added in the revised scope of work. They were:  
 
a) Obtain scale up data with the bench SAP 
b) Design and fabricate a pilot SAP 
c) Perform start up and shake down tests with pilot SAP 
d) Perform full scale carbon injection and mercury measurement  
 
EPRI, through a separate contract, provided funding to Apogee Scientific Inc. to assist 
ISGS-UIUC during the assembly, start up and shake down tests of the pilot SAP, and 
perform the full scale mercury removal tests.  
 
In this project the proof-of-concept of the SAP was evaluated in both a lab-scale and a 
pilot-scale unit.  The bench SAP was used to produce 1 to 5 pounds per hour of AC from 
an Illinois bituminous coal, a lignite, and a sub-bituminous and.  The process engineering 
data collected during the bench SAP tests were then used to design and fabricate 50 
pounds per hour pilot SAP unit for on-site AC production and mercury testing at 
Ameren’s Meredosia power plant.  EPRI and Ameren provided additional support to the 
project.  
 

EXPERIMENTAL PROCEDURES 
 
Bench-Scale SAP 
 
The schematic diagram of the bench SAP (front views) and photos are shown in Figures 
2 and 3.  Due to laboratory space limitations, an L-shaped SAP unit was designed.  The 
effective length of the reactor, from the coal injection port to the water cooling jacket, is 
about 8 feet.  Bench SAP is equipped with a Krom Schroder BIC-65 burner with a heat 
capacity of 70 kW (239,000 BTU/h).  A steam generator with maximum output of 6.5 lb 
steam/h (50 g/min) and heated up to ~250 °C in a super-heater can provide additional 
steam, if needed.  Coal powder is injected into the SAP unit through two locations, 
location #1 and location #2 (Figure 2).  Location #1 is a 1-inch OD steel tube cooled by a 
water jacket. Location #2 shares the port of TC1.  A ceramic tube with 3/8-inch OD is 
used as the injection tube at location #2. 
 
The temperature profile in the reactor is monitored by three thermocouples (TC1, TC2, 
TC3). At the exhaust of the reactor, a water cooling jacket is installed to cool the flue gas.  
After the cooling stage, a stream of flue gas is extracted by a vacuum pump and AC 
products are collected on a 90 mm glass filter paper (Fisher Scientific Inc.).  The flue gas 
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from the bench SAP is monitored by a gas analyzer (Ferret 16 Five Gas Analyzer) to 
measure the concentrations of CO, CO2, and O2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 2. Schematic diagram of  bench SAP. 
 

 
 

Figure 3. The bench scale SAP reactor (front view and back view). 
 
The bench SAP unit is equipped with three coal feeding systems.  A small pneumatic 
feeder, with N2 as the carrier gas, can feed coal up to 10 g coal/min.  A large pneumatic 
feeder can feed at a rate up to 50 g coal/min.  A screw feeder (Accurate TUF-FLEX 600 
Series) can feed coal ranging from 20 to 800 g coal/min. 
  
During a typical test, the gas burner is operated at the full capacity to preheat the SAP 
unit quickly to a designated temperature.  This preheating process usually takes 3-4 hours.  
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When the temperature field is stabilized, the burner is adjusted to a predetermined air and 
propane flow rates required for a given test to provide a stable temperature profile in the 
reactor.  The pulverized feed coal at a predetermined rate is then introduced into the SAP 
unit at one of the injection ports.  
Coal feedstock  
 
AC products were prepared from three types of coals; North Dakota lignite, Powder 
River Basin (PRB, sub-bituminous) coal, and Illinois (bituminous) coal. The Illinois and 
PRB coals were obtained from Meredosia power plant.  The proximate and ultimate 
analyses of the coal samples (Table 1) were performed at the Institute for Combustion 
Science and Environmental Technology, Western Kentucky University.  The moisture, 
ash and volatile matter (VM) were analyzed using a LECO TGA 701 system following 
the ASTM method D5142.  The sulfur was analyzed using a LECO SC432 Sulfur LECO 
CHN Analyzer following the ASTM method D5373. 
 

Table 1.  Analysis of coal samples. 

Sample Proximate, % (as received) Elemental, % (dry, ash free) 
Moisture Ash VM S C H N O 

ND 
Lignite-1 5.5 19.5 39.6 2.4 70.9 4.7 0.9 21.1 

PRB-2 20.4 4.2 35.4 0.4 76.1 5.0 0.6 17.8 
Illinois-2 10.5 9.0 31.8 1.4 81.1 5.2 1.6 10.8 

 
As received ND lignite-1 was crushed to less than 60 mesh (~250 µm) and air dried in an 
oven at 110 °C for 12 hours.  The moisture content of the air dried sample was about 5%. 
The dried coal was further pulverized in a rod mill.  The PRB-2 and Illinois-2 samples 
were pulverized in the same rod mill without pre-drying treatment.  About 70 to 95% of 
the mass of the pulverized coal samples passed through the 325 mesh (<45 µm).  The 
pulverization process did not significantly change the moisture content of the coal.  
 
AC characterization 
 
Ash content and Loss on Ignition (LOI) of AC products were measured by burning the 
sample in air for two hours inside a tube furnace preheated at 900 °C. These values were 
used to calculate to yield of coal-to-AC.  The single point nitrogen-BET surface area of 
AC samples was determined using a Monosorb (Quantachrome Inc).  The particle size 
distribution of several selected AC and coal samples was measured using a Laser 
Scattering Particle Size Analyzer (Horiba Instruments Inc, LA-300).  The equilibrium 
mercury adsorption capacity of select AC samples was measured in a fixed-bed reactor 
system using a simulated flue gas at URS, Austin, TX. 
 
Pilot SAP 
 
Data collected from bench SAP tests were used to design a pilot SAP unit.  A series of 
energy and mass balance calculations were conducted for various design scenarios of the 
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pilot SAP unit.  The objective was to estimate the energy use and fuel consumption in 
various scenarios to produce 50 lbs AC /hr.  Both the Illinois and PRB coals were 
considered as feed materials in the design calculations.  
 
The pilot SAP consists of a propane burner section, a coal-gas mixing section, an 
activation section, a CO oxidation section, and a water quench section (Figure 4).  It is 
35- ft long tube of refractory; approximately 3-ft in diameter, 6-inch inside diameter and 
about 10 tons in weight.  The propane burner and the solid gas mixing chamber is about 5 
ft long, followed a 20 ft long activation chamber, and a 5-ft section CO burnout chamber. 
An on site pulverizer and screw feeder provides continuous feeding of coal into the SAP.  
A photograph of the pilot SAP at Meredosia is presented in Figure 5.  Thermocouples 
ports are available at one-foot intervals to monitor temperatures at desired locations of 
the SAP.  After installation of the unit at Meredosia, but before testing could begin, the 
team put together a Project Safety Plan for Ameren which they reviewed and approved.   
 

 
 
 
 
 
 

 
 

Figure 4. Schematic diagram of pilot SAP unit. 
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Figure 5. Pilot SAP unit at Meredosia. 

 
Figure 6. Pilot SAP integration to boiler #5 at Meredosia. 

 
Host Site Description 
 
Ameren’s Meredosia power plant is located in Meredosia, Illinois.  It has four generating 
units in all.  For the initial start up and shake down tests, which was aimed at evaluating 
the performance of the pilot SAP unit, boiler 5’s (unit 3) which fires PRB coal, was 
selected. The unit’s ESP is conditioned with SO3.  For testing purposes, the AC products 
from pilot the SAP unit were injected directly into half of the boiler 5’s gas stream which 
is approximately 325,000 acfm (~180MW).  The injection location is downstream of the 
air pre-heater and upstream of the ESP (Figure 6).  For future testing, boiler’s 3 and 4 
have been chosen because they are much smaller units around 50 MW each, and they fire 
an eastern bituminous coal.   

 
RESULTS AND DISCUSSION 

 
Task 1.  Prepare Optimized AC Using Bench SAP   
 
Two series of carbon production tests were conducted.  They are designated as either test 
condition-1 or test condition-2, depending on the process conditions (activation 
temperature, amount of propane fired, amount of steam injected, and residence time) 
employed.  In Test-12, 13, 14 and 18, Table 2, AC products were prepared from Illinois-2 
coal.  The surface area of the AC products (<200 m2/g AC for most of the runs) from this 
coal was the lowest compared to those from the lignite and PRB coals.  However, the ash 
content of the AC samples was low, ranging between 10% and 14%. 
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PRB coal was used in Test-9 and Test-11 through Test-15.  The coal was injected either 
through port #1 or #2 (Figure 2).  In Test-9, 11 and 15, the PRB coals were employed to 
produce ACs under both TC-1 and TC-2.  The surface areas of AC products were as high 
as 300 m2/g.  Test-10 and Test-15 were performed using the lignite coal.  Under both 
tests conditions, the ash content in the AC products were high (>52%).  The surface areas 
of the AC products, normalized with the mass of pure carbon ranged from 500 to 800 
m2/g C, indicating the high reactivity of the lignite coal for producing AC.  
 

Table 2.  SAP carbon production tests and mercury adsorption capacities. 
Test Conditions and AC Properties Hg0 capacity (µg/g) 

Test ID Test 
Condition Coal 

Coal 
Rate 
g/min 

Surface 
Area 
 m2/g 

Surface 
Area m2/g C SAP  Darco SAP  

Darco 

T9-1 1 PRB 35 294 370 488 784 62% 
T9-2 1 PRB 35 304 408 828 957 87% 

T10-4 1 lignite 50 175 621 371 784 47% 
T10-5 1 lignite 50 216 596 540 957 56% 
T11-2 2 PRB 225 218 282 263 784 34% 
T11-3 2 PRB 165 193 284 456 784 58% 
T11-4 2 PRB 110 154 274 232 784 30% 
T12-1 2 Illinois 220 130 181 166 714 23% 
T12-2 2 Illinois 160 159 221 423 987 43% 
T13-1 1 Illinois 120 147 171 240 714 34% 
T13-3 2 Illinois 500 99 113 166 714 23% 
T13-4 2 Illinois 800 126 141 123 987 12% 
T14-1 2 Illinois 160 20 22 na na na 
T14-2 2 Illinois 160 34 38 na na na 
T14-3 2 Illinois 120 69 77 na na na 
T14-6 2 PRB 490 250 290 799 987 81% 
T16-2 1 PRB 200 341 na 585 714 82% 

 
Equilibrium adsorption capacities of several AC products were measured at URS, Austin, 
TX, in a fix-bed reactor under a simulated flue gas condition at 300 °F.  The adsorption 
capacities presented in Table 2 are normalized to an inlet Hg concentration of 50 µg 
Hg/Nm3.  The Hg capacity on the AC mass basis is almost linearly correlated to the BET 
surface of the AC (Figure 7).  The ACs derived from the PRB coal had the highest Hg 
capacities, followed by the lignite coal and Illinois coal-derived ACs.  The Hg capacities 
of three ACs derived from the PRB coal were >80% of that of the Darco-Hg AC.  The 
surface areas of these ACs were between 300 to 341 m2/g compared to about 500-550 
m2/g for the Darco-Hg.  The positive correlation between the BET and Hg adsorption 
capacity indicates that higher capacity carbon products could be potentially prepared by 
further increasing the surface area of ACs.  These results indicate that under optimal 
condition, the SAP technology can be employed to produce high performance mercury 
AC.  
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The relationship between the Hg capacity and BET surface area, with both values 
normalized with the carbon content in the AC (Hg/C and BET/C), is examined in Figure 
8.  The results show that the carbon contained in the lignite-derived AC is more reactive 
for mercury adsorption than those derived from the PRB and Illinois coals.  The Hg 
capacity of the carbon in the lignite-derived AC is even higher than the Darco-Hg 
activated carbon.  However, a low LOI of this AC resulted in an overall Hg adsorption 
capacity, on the mass basis, that is lower than that of the PRB-derived AC.   
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Figure 7. Relative Hg adsorption capacity vs. BET of AC based on sorbent mass. 
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Figure 8. Relative Hg adsorption capacity vs. BET of AC based on pure carbon mass. 
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The particle size distribution of Illinois and PRB coals and a selected number of ACs 
derived from these coals are presented in Table 3.  The two coal samples have a geometry 
mean diameter of about 40 µm. Mean diameters measured for the ACs derived from PRB  
 (19-24 µm) and Illinois (20-27) coals indicate 40-50% and 25-45%, respectively, 
shrinkage compared to the coal precursor. 
 
The impact of coal particle size on the activation process and the properties of the 
product ACs were also investigated.  For these tests, the raw coals obtained from the 
Meredosia power plant were processed in a hammer mill similar to the one used for the 
pilot SAP unit (see Pilot SAP section) to provide on-site coal pulverization.  The 
pulverized coals, designated as PRB-3 and Illinois-3, exhibited similar size distributions 
with a mass mean diameter of 248 µm for the PRB-3 coal and 224 µm for the Illinois-3 
coal.  

 
Table 3. Particle size analysis results for selected samples. 

Sample ID Description Geo. mean, µm Geo. S.D. 
Illinois-1   95% <45 µm 36 0.5 
PRB-2 64%<45 µm 40 0.5 
T11-2 PRB-derived AC 19 0.3 
T12-2 IL-derived AC  27 0.5 
T13-3 IL-derived AC  20 0.5 
T14-6 PRB-derived AC  24 0.5 

 
The BET surface areas of the ACs derived from the PRB-3 coal and Illinois-3 coal, under 
SAP condition-2, were 80-130 m2/g and 50-100 m2/g, respectively (Table 4).  These 
values are about 50% lower than the surface areas observed for the ACs produced from 
<50 µm of the same PRB and Illinois coals under comparable SAP conditions (Table 2).  
The particle size of coal impacts the heat transfer and gaseous diffusion in the coal 
particle during the pyrolysis and activation reactions.  Based on this observation, it is 
recommended that the feed coal should be pulverized to smaller than 325 mesh (44 µm) 
in pilot SAP tests.  

   
Table 4. AC produced from coarse coals. 

Test ID Coal Coal Rate 
g/min 

BET 
 m2/g 

T19-1 PRB-3  79 84 
T19-2 Illinois-3  72 103/203 
T20-1 Illinois-3  160 50 
T20-2 Illinois-3  120 54 
T20-3 Illinois-3  120 78 
T20-4 PRB-3  160 96 
T20-6 PRB-3  120 81 
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Carbon monoxide (CO) gas is generated during pyrolysis and oxidation of coal as well as 
gasification of coal char with steam under SAP process conditions.  A CO 
concentration >15 vol% was observed in SAP flue gas in some of the tests.  It is very 
likely that the concentration of CO in the SAP flue gas must be reduced in order to meet 
the required power plant’s air permit limits on CO.  It should be noted that the volume of 
the SAP flue gas generated for an injection rate of 5 lb AC/Macf is about 50 times lower 
than the volume of flue gas of a 500 MW boiler.  Therefore, a 50/1 volume dilution will 
be achieved when SAP flue gas containing AC particles is injected into the boiler’s flue 
gas. 
  
A theoretical kinetic study was initiated to explore the conditions under which CO in the 
SAP flue gas could be oxidized without burning the AC particles.  The results from this 
study revealed that at a certain temperature range, CO can be oxidized to CO2 with a very 
small amount of carbon being oxidized.   
 
The CO oxidation tests were initially performed by burning only propane (no coal 
injection) (Tests 15-7 and 15-8, Table 5).  The air and propane flow rates of the burner 
were adjusted to generate 2-5 vol% CO in the flue gas. Air was then introduced into SAP 
unit at either location #3 or location #4 (Figure 2).  The residence time for the CO 
oxidation was estimated to be < 0.5 second at either air injection location.  The CO 
concentration profile revealed that the CO oxidation was more effective in Test 15-7 
(complete reduction from the initial 3% concentration) than in Test 15-8, Figure 9.  A 
higher oxidation temperature and a longer residence time in Test 15-7 appeared to favor 
the CO oxidation compared to Test 15-8 (a shorter residence time and a lower 
temperature) at the air injection port #4.  
 
Additional tests were performed to investigate the competitive oxidation of CO and coal 
char when carbon particles existed in the CO containing flue gas (Tests 17-5 and 17-9, 
Figure 10).  In Test 17-5, the burner was maintained at a fuel rich condition to generate a 
CO concentration of ~3% in the flue gas. HOK, a pulverized lignite AC (300-350 m2/g), 
manufactured in Germany, was then injected into the flue gas at port #2 (Figure 2). 

T20-7 PRB-3 120 131 
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In the presence of the carbon particles, an immediate increase in CO concentration (>4 
vol%) in the flue gas was observed, indicating that the CO was produced by either the 
thermal release of oxygen functional groups from the carbon surface and/or partial 
oxidation of the carbon particles.  Air at a rate of 1.33 scfm was then injected through the 
port #4. Air injection reduced the CO concentration in the flue gas from about 3.8% to 
below 1%.  The CO concentration decreased with increasing the air injection rate.  A 
similar trend was also observed in Test 17-9.  The results from these two tests show the 
effectiveness of air addition as an option to reduce CO concentration in SAP flue gas.  
 
Task 2. Design and Fabrication of the Pilot SAP  
 
The ISGS team worked with Maxwell Engineering & Consultant (MEC) and Apogee 
Scientific, Inc. to design a pilot SAP unit capable of producing up to 50 lb/hr of AC.  
Data obtained from the bench-scale SAP tests in Task 1 were used in for process 
engineering calculations and simulations to aid in scaling up of the SAP unit.  Heat 
Transfer Specialists (HTS), Pekin, Illinois, fabricated the pilot SAP unit.  A more detailed 
description of the pilot SAP was provided earlier under Experimental Procedures. 
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(a) Air injection at port #3, Test 15-7. 
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(b) Air injection at port #4, Test 15-8. 

Figure 9. CO concentration profiles with air injection in propane flue gas. 
 
 
Task 3.  Assembly and Shake Down Tests of pilot SAP  
 
The pilot SAP (Figure 11) was initially scheduled to be delivered to Meredosia in mid-
August 2008.  However, several delays, including two weeks flooding at a shop where 
SAP’s refractory materials were installed, and delays in delivering parts from several 
vendors resulted in the pilot SAP being delivered to Meredosia in mid-November 2008.  
Apogee, Inc. through a separate contract from EPRI was assigned to be responsible for 
the assembly, testing, and daily management of the pilot SAP operation. 
 
Between November 14 and December 15, Apogee and ISGS staff assembled and 
integrated the pilot SAP with boiler #5 of the plant. In addition, several cold tests were 
conducted by burning propane alone to test the performances of individual components of 
the pilot SAP.  During these initial tests, performance problems of a number of 
mechanical and electrical components as well as measurement devices of the pilot SAP 
were identified.  These issues had to be addressed before performing start up and 
shakedown tests.  The repair and upgrading of the components of the pilot SAP were 
performed from mid-January 2009 to mid-February 2009.  These modifications were 
necessary to assure safe operation of the pilot SAP.  
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(a) Air injection at port #3, T17-5. 
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(b) Air injection at  port 4#, T17-9. 

Figure 10. CO concentration profiles with air and carbon/coal injection (O2 measurement 
was drifted to ~0.9% during these tests). 
 

                                  
Figure 11.  Pilot SAP 
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The team performed 14 days of start up and shake down tests between February 23, 2009 
and March 5, 2009.  The major objective of these tests was to evaluate the performance 
of the pilot SAP, which is the first-of-a-kind in the world, and its deviation from the 
design specifications.  These tests were neither indented for optimization of carbon 
production nor for mercury removal performance of SAP’s AC products.  PRB coal was 
selected for these initial tests because the results from the bench SAP tests showed that 
the PRB coal is an easier coal to process than the Illinois bituminous coal.  No parametric 
or optimization tests were performed.   
 
The key variables of the SAP affecting the yield and properties of the product AC are the 
coal feed rate, air rate and propane rate.  The start up and shake down tests preformed at  
 

Table 5. Pilot SAP Results. 
Testing 

Day Date 
Sample 
Number 

Coal Feed Rate  
(lb/hr) 

AC Production Rate  
(lb/hr) 

AC Surface Area 
(m2/g) 

1 2/23/2009  1-5 120 13-15 26-99 
2 2/24/2009  6-8 120 10-15 52-79 
3 2/25/2009  9-12 120, 150 11-18 64-108 
4 2/26/2009 13-16 120 11-20 52-113 
5 2/27/2009  17-18 120 8-9 42-72 

6 2/28/2009 19 
Commercial AC 
Injection Test:  
Darco Hg 

 
 

526 

7 2/28/2009  20-27 100 7-15 19-72 
8 3/1/2009 28-35 100 8-16 4-65 
9 3/2/2009  36-39 120 10-14 2-65 

10 3/3/2009 40 
Commercial AC 
Injection Test:  
Darco Hg 

 
 

526 

11 3/4/2009  41-45 120 13-20 7-95 
12 3/5/2009 46-49 100 10-16 4-120 

 
 
Meredosia consisted of varying these parameters.  In summary, 3 different coal rates, 5 
different air flow rates and 5 propane flow rates were tested (Table 5).  Over the course of 
14 days many configurations were tested.  ACs produced ranged in surface area (BET) 
from 2 – 120 m2/g with a yield of 7-20% (Table 5).  The surface area of the carbon 
products, a major property affecting mercury capture, was only 30% of carbon products 
prepared in the bench SAP and 50% of the design specification.  The results from the 
shake down tests revealed that additional pilot SAP modifications are required before 
performing optimization and actual carbon production/mercury removal tests.  
  
Particle size analysis of the feed coal revealed a mass mean diameter (MMD) of 
approximately 205 microns (45% > 150 microns).  Particle size analysis was also 
performed on two AC samples, one with a higher surface area and one with a lower 
surface area.  The high surface area of 113 m2/g (Sample: 2/26/09) had a particle size of 
92 microns (mean), and the low surface area of 10 m2/g (Sample: 3/4/09) had a particle 
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size of 33 microns (mean).  By comparison, the MMD of commercial Darco-Hg AC 
(surface area > 500 m2/g) is about 20 microns. 
The data collected during the shake down tests were very informative.  They were used to 
identify technical issues that need to be addressed to upgrade the pilot SAP for future 
tests at Meredosia. These tests also provided critical data that helped design and perform 
additional bench SAP tests to identify the reasons for much lower surface areas and 
yields of produced carbons during the shake down tests of the pilot SAP. 
 
Task 4.  On-Site AC Production and In Flight Mercury Testing  
 
Baseline mercury removal tests were performed on days 6 and 11 of the test plan using 
commercial Darco-Hg that has been extensively used in previous full-scale AC injection 
tests.  A comparison between the properties of Darco Hg and SAP ACs prepared during 
the initial shakedown tests are presented in Table 6. Darco Hg was injected at three rates: 
2, 4, and 6 lb/Macf.  The injection rate of 5 lb/Macf corresponds to injecting about 220 lb 
AC /hr.  By comparison to the Darco Hg, the injection rate of SAP ACs during the initial 
start up tests ranged from 7 to 20 lb/hr (Table 5).  The concentration of mercury in the 
PRB flue gas ranged from 5.8 to 7.l µg/Nm3.  With Darco Hg injection, 40% removal 
was observed at 2 lb/Macf, 60% at 4 lb/Macf, and 75% at 6 lb/Macf (Figure 12).  Due to 
the small injection rate of SAP AC (5-20 lb/hr), no statistically significant mercury 
removal was observed during the SAP’s start up carbon production tests.  
 

Table 6.  SAP Carbon Compared to Commercial Darco Hg Carbon. 
 
 
 
 
 
 

 
Figure 12.  Mercury removal tests. 

 Injection Rate 
(lb/hr) 

Particle Size 
MMD (μm) 

Surface Area 
(m2/g) 

Commercial Carbon 220 20 >500 
SAP Carbon 5- 20 33 - 92 <120 
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Figure 13.  Mercury removal performance of SAP ACs. 
 
 
After the completion of the initial shake down tests, the SAP unit was upgraded to 
minimize air leaks and the propane burner was replaced with a premix-type burner.  In 
addition, about 10 tons of the PRB coal and one ton of the Illinois coal were pulverized to 
<50 μm by an off-site vendor and shipped to the Meredosia power plant in 1000 pounds 
super sacks.  The properties of the AC samples collected with the upgraded pilot SAP are 
designated as “Phase II” and are shown in Figure 12.  The %Hg adsorption capacity 
presents the relative performance of the SAP AC compared to that of the commercial 
Darco Hg activated carbon.  The mercury adsorption capacities were measured using a 
laboratory fix-bed reactor at URS Corporation, Austin, TX.  As seen in Figure 13, SAP 
ACs demonstrated surface areas approaching 300 m2/g and mercury capacities 
comparable to the DARCO Hg.   
 
During the last week of June 2009 and the second week of July 2009, SAP carbon 
injection and mercury performance tests will be performed at the Meredosia power plants 
using both the PRB and Illinois coal-derived ACs.  The ACs will be injected into an 
Illinois coal combustion flue gas.   
 
Task 5.  Sorbent Characterization  
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The physical and chemical properties of coals, AC products prepared in the bench and 
pilot SAP units were presented in the Experimental Procedures and Results and 
Discussion.   
Task 6.  Data Analysis and Technical/Economic Engineering Studies  
 
The Illinois Mercury Rule requires that an energy generating unit (EGU), firing 
bituminous coal, inject 10.0 lbs per million actual cubic feet. For any cyclone-fired EGU 
that will install a scrubber and bag-house by December 31, 2012, and which already 
meets an emission rate of 0.020 lb mercury/GWh gross electrical output or at least 75 
percent reduction of input mercury, injection rate is 5.0 lbs per million actual cubic feet.  
The injection rate is regardless of % mercury removal. For an AC injection process, a 
major cost of the process is the price of AC.  
 
A detailed cost analysis was conducted using the data from the bench SAP performance, 
process engineering data for scaling up SAP from bench to pilot, and data from the pilot 
SAP performance during the start up and shakedown tests.  An initial study was 
conducted for a SAP unit with 50 lb/ hr carbon production capacity following the 
standard engineering economic analysis method.  The major cost components, including 
the capital cost and its depreciation over the life time, operating & maintenance (O&M) 
cost, and AC production cost are included in the analysis.  The financing assumptions are 
referred to those used in the DOE-sponsored Integrated Environmental Control Model 
(IECM) (Berkenpas at al.).  Cost analyses were performed for both PRB and Illinois coal-
derived AC.  
 
The second cost analysis study was performed for a SAP unit with 600 lb/hr carbon 
production capacity.  This amount of AC is equivalent to injecting 5 lb/Macf into the flue 
gas generated from a ~530 MW gross, or ~500 MW net, boiler burning an Illinois coal.  
For this analysis, the capital, maintenance, and administration & support costs were 
estimated according to the 0.5 power law for scaling up from the 50 lb/AC scale.  All 
others were linear to the scale.  
 
A list of select cost parameters and assumptions used in the economic study is presented 
in Table 7.  The results of the cost analysis for the 50 lb/hr SAP are listed in Table 8.  No 
significant difference is observed between the producing AC from PRB and Illinois coals.  
For a 50 lb/hr AC production scale, the total capital requirement is estimated $320K, 
resulting in an amortized capital cost of $42K/year over the life time.  The annual O&M 
cost amounts of $91-94K, contributing about 70% in the total annual cost.  
 
The cost of AC production and injection using the SAP unit at the 50 lb/hr scale is 
estimated at $0.41-0.42/lb carbon produced.  In comparison, the current price of the 
commercially available powder AC is about $0.8/lb plus additional field injection-related 
cost.  The results of the cost analysis study for a 600 lb/hr AC production scale are 
presented in Table 9.  The total capital requirement is estimated $1.2M, and the annual 
O&M cost amounts to about $1.0M.  The cost of AC production and injection using the 
SAP unit at the 600 lb/hr scale is estimated at $0.28/lb carbon produced.  
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A 530 MW (gross, or 500 MW net) boiler burning Illinois #6 coal produces about 3,700 
acfm/MW of flue gas.  The rate of AC injection at 5 lb/Macf for this boiler is about 600 
lb/hr, or 4.2Mlb/yr.  The total annual carbon production (from Illinois coal) and injection 
cost is about $1.16M (see the Total Annual Cost in Table 9).  By comparison, injecting a 
$0.8/lb commercial AC, the cost of AC alone is about $3.36M.  

 
Table 7.  Cost parameters used in the economic analysis study.  

Parameters Data Sources or values 
Financial assumptions Referred to IECM 
    SAP life time 20 years (conservative, IECM uses 30 years) 
Economic assumptions Current markets or SAP specific 

Coal price $27.5/ton for PRB, $35/ton for Illinois coal 
Propane price $1.87/gallon  
Operating labor 10% of one operator per shift 

Process-related assumptions SAP engineering design 
AC production 50 lb/hr or 600 lb/hr 
AC yield 33% on a dry basis  
Coal moisture 25% for PRB and 10% for Illinois 

 
 
Task 7.   Program Management and Reporting  
 
Twelve Monthly Progress Reports were prepared and submitted.  In addition, an Interim  
Report was submitted on February 2, 2009.  This Final Report summarizes the activities 
of the project during October 1, 2007 through January 31, 2009. 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
An on-site activated carbon production technology, Sorbent Activation Process (SAP), 
has been developed by an EPRI-UIUC research team.  A bench scale SAP unit was tested 
at the UIUC.  The tests were aimed at producing ACs from lignite, PRB, and Illinois 
bituminous coals and obtaining engineering data for scale up of the SAP unit.  The results 
from the bench scale tests revealed that the SAP technology can produce ACs with 
properties comparable to those of the commercially available ACs for control of mercury 
emission from coal-fired power plants.  The Hg capacity of the AC products increased 
linearly with BET surface area.  The PRB coal-derived ACs had the highest Hg capacities, 
followed by lignite coal- and Illinois coal-derived ACs.  
 
Based on the results from the bench SAP tests, a 50 lb AC/hr pilot SAP unit was designed 
and fabricated.  The initial start up and shake down tests with the pilot SAP were 
performed February 23-March 5, 2009 at Ameren’s Meredosia plant.  The major 
objective of these tests was to evaluate the performance of the pilot SAP, which is the 
first-of-a- kind in the world, and its deviation from the design specifications.  These tests 
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were neither indented for optimization of carbon production nor for measuring mercury 
removal from the flue gas.  The PRB coal was selected for these initial tests because the 
results from the bench SAP tests revealed that the PRB coal is an easier coal to process 
than the Illinois bituminous coal.  No parametric or optimization tests were performed.   
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Table 8.  Cost analysis of SAP unit with 50 lb/hr carbon production capacity. 

 
  PRB coal Illinois coal 

 Assumption Cost($) Assumption Cost($) 

Capital cost, $        

Process facilities capital (PFC)  
Equipment + installation of filter, mill, blower, burner, 
reactor, pipe, AC injection 200,000   200,000 

General facilities capital 5% of PFC 10,000   10,000 
Eng. & home office fees 10% of PFC 20,000   20,000 
Project contingency cost 15% of PFC 30,000   30,000 
Process contingency cost 5% of PFC 10,000   10,000 

Total plant cost (TPC)   270,000   270,000 
Interest charges (AFUDC) 8.76% of TPC (1-year construction) 23,652   23,652 

Total plant investment (TPI)   293,652   293,652 
Royalty fees 0.5% of PFC 1,000   1,000 
Preproduction (startup) cost        
   1 month of fixed O&M 1 month 3,356   3,356 
   1 month of variable O&M 1 month 4,458   4,242 
   Misc. capital cost 2% of TPI 5,873   5,873 
Inventory (working) capital        
    Coal 2 month 3,244   3,434 
    Propane 2 month 3,873   3,253 
    Spare parts 0.5% of TPC 1,350   1,350 

Total capital requirement (TCR)   316,806   316,160 
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Table 8, Continued. 

 
  PRB coal Illinois coal 

 Assumption Cost($) Assumption Cost($) 

O&M cost, $/year         
Fixed O&M        
    Operating labor 0.1 operator at $30/hr, 8760 hr/year 26,280   26,280 
    Maintenance 2.5% TPC (40% allocated to labor) 6,750   6,750 
    Administration & support 25% of total O&M labor 7,245   7,245 
Variable O&M (80% operating hour)         
    Coal 202 lb/hr (yield =24.8%) at $27.5/ton 19,465 168 lb/hr (yield =29.7%) at $35/ton 20,604 
    Propane 7.5 lb/hr at $1.87/gallon 23,236 6.3 lb/hr at $1.87/gallon 19,518 
    Water 338 lb/h at $1/1000 gallon 284 325 lb/h at $1/1000 gallon 273 

    Electricity 15 kW capacity, $0.1/kWh 10,512 15 kW capacity, $0.1/kWh 10,512 

Total annual cost, $/year   145,443   142,748 
Annualized capital cost, $/year 20-year life (depreciation at 16.31% of TCR)    51,671   51,566 

Annual O&M cost, $/year Fixed + variable O&M 93,772   91,182 

Annual carbon production, lb/year 50 lb/hr, 80% of 8760 hr/year 350,400   350,400 

Carbon production cost, $/lb   0.42   0.41 
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Table 9.   Cost analysis of SAP unit with 600 lb/hr carbon production capacity  

 
  PRB coal  Illinois coal 

 Assumption Cost ($) Assumption Cost($) 

Capital cost, $        

Process facilities capital (PFC) 
Equipment + installation of filter, mill, blower, burner, 
reactor, pipe, AC injection 692,820   692,820 

General Facilities Capital 5% of PFC 34,641   34,641 
Eng. & Home Office Fees 10% of PFC 69,282   69,282 
Project Contingency Cost 15% of PFC 103,923   103,923 
Process Contingency Cost 5% of PFC 34,641   34,641 

Total plant cost (TPC)   935,307   935,307 
Interest Charges (AFUDC) 8.76% of TPC (1-year construction) 81,933   81,933 

Total plant investment (TPI)   1,017,240   1,017,240 
Royalty Fees 0.5% of PFC 3,464   3,464 
Preproduction (Startup) Cost         
   1 month of fixed O&M 1 month 29,518   29,518 
   1 month of variable O&M 1 month 53,497   50,907 
   Misc. capital cost 2% of TPI 20,345   20,345 
Inventory (Working) Capital         
    Coal 2 month 38,929   41,207 
    Propane 2 month 46,471   39,036 
    Spare parts 0.5% of TPC 4,677   4,677 

Total Capital Requirement (TCR)   1,214,142   1,206,394 
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Table 9, Continued. 
 

  PRB coal  Illinois coal 

 Assumption Cost ($) Assumption Cost($) 

O&M cost, $/year         
Fixed O&M         
    Operating labor* 1 operator at $30/hr, 8760 hr 262,800   262,800 
    Maintenance 2.5% TPC (40% allocated to labor) 23,383   23,383 
    Administration & support 25% of total O&M labor 68,038   68,038 
Variable O&M (80% operating hour assumed)         
    Coal 202 lb/hr (yield =24.8%) at $27.5/ton 233,577 168 lb/hr (yield =29.7%) at $35/ton 247,242 
    Propane 7.5 lb/hr at $1.87/gallon 278,829 6.3 lb/hr at $1.87/gallon 234,216 
    Water 338 lb/h at $1/1000 gallon 3,409 325 lb/h at $1/1000 gallon 3,278 

    Electricity 15 kW capacity, $0.1/kWh 126,144 15 kW capacity, $0.1/kWh 126,144 

Total annual cost, $/year   1,194,207   1,161,865 
Annualized capital cost, $/year 20-year life (depreciation at 16.31% of TCR)    198,027   196,763 

Annual O&M cost, $/year Fixed + variable O&M 996,180   965,102 

Annual carbon production, lb/year 600 lb/hr, 80% of 8760 hr/yr 4,204,800   4,204,800 

Carbon production cost, $/lb   0.28   0.28 
 *For the 600 lb/hr AC scale, 1 operator/shift is assumed, compared to 0.1 operator/shift for the 50 lb/hr AC scale.  Shaded costs are those calculated using the power law  model.  
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The ACs produced during the initial shake down tests with pilot SAP ranged in surface 
area (BET) between 2 to 120 m2/g and yields between 15 to 30%. The surface area of the 
carbon products, a major property affecting mercury capture, was only 30% of carbon 
products prepared in the bench SAP and 50% of the design specification. 
 
The team recommended the following upgrading of pilot SAP is necessary prior to 
performing optimization and mercury emission tests:  
 

- Repair air in-leakages  
- Replace propane burner with a pre-mix burner 
- Replace/redesign coal injection nozzles to improve coal-gas mixing 
- Pre-dry coal prior to on-site milling, or consider an off-site shop to pulverize the 

feed coal to a desired size range 
 
A series of tests were performed after upgrading the pilot SAP.  The SAP ACs 
demonstrated surface areas approaching 300 m2/g and mercury capacities comparable to 
the DARCO Hg.   

 
Ameren, Dynegy, and EPRI have committed funds to continue the shake down and 
optimization tests at Meredosia. Unit optimization is scheduled for the Phase II of testing 
in May – July 2009.  
 
The results from a cost analysis study for a SAP unit with 600 lb/hr carbon production 
capacity revealed that the cost of AC production and injection is about $0.28/lb carbon 
produced. By comparison, the price of a delivered commercial AC with a comparable 
mercury removal performance with the SAP AC is about $0.8/lb.  
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DISCLAIMER STATEMENT 
 
This report was prepared by Massoud Rostam-Abadi, Illinois State Geological Survey-
University of Illinois at Urbana-Champaign (ISGS-UIUC), with support, in part, by 
grants made possible by the Illinois Department of Commerce and Economic 
Opportunity through the Office of Coal Development and the Illinois Clean Coal Institute.  
Neither Massoud Rostam-Abadi & ISGS-UIUC, nor any of its subcontractors, nor the 
Illinois Department of Commerce and Economic Opportunity, Office of Coal 
Development, the Illinois Clean Coal Institute, nor any person acting on behalf of either: 
 
(A) Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, 
or that the use of any information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; or 

 
(B) Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute.  
 
Notice to Journalists and Publishers:  If you borrow information from any part of this 
report, you must include a statement about the state of Illinois' support of the project. 
 
 
 
 
 
 
 
 
 
  
 
 
 


