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ABSTRACT 

 

Mercury oxidation in a slip stream condensing heat exchanger (CHX) developed 

by the Energy Research Center (ERC) at Lehigh University was modeled using hundreds 

of possible chemical reactions and tens of species in coal-fired power plant furnace and 

flue gas downstream of the furnace. The modeling tools, CHEMKIN, SENKIN and PSR 

were used to conduct equilibrium calculations in the furnace and the kinetic calculations 

in the flue gas leading to the CHX. The detailed mechanism of mercury speciation at the 

furnace and downstream of the furnace has been investigated. Atomic chlorine is 

generated in the furnace and flows downstream of furnace, where it reacts with elemental 

mercury (Hg0). The predicted results suggest oxidation of Hg0 in the CHX occurs by this 

mechanism. 

Performance tests of the CHX at Great River Energy’s Coal Creek Station were 

carried out to study moisture, mercury and acid capture abilities of the CHX. The 

elemental mercury reduction rate and the amount of condensed water were measured in 

these tests. The measured results show ~35% of Hg0 was oxidized in the CHX. 

The mercury oxidation results show agreement between simulation and test within 

a typical range of HCl concentration of flue gas at furnace exit from 20 ppmv to 50 ppmv. 

The kinetic calculations downstream of the furnace show the oxidation reaction between 

Hg0 and atomic Cl primarily occurs at temperature 600K to 300K (620℉ to 80℉). 

The flue gas temperature in the CHX affects condensed water formation and 
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mercury oxidation rate. An analytical model of heat and mass transfer processes in the 

CHX was used to obtain predictions of flue gas temperature profiles with different CHX 

inlet cooling water temperatures.  

The simulation results with lower CHX inlet cooling water temperature, which 

leads to higher flue gas cooling rate and reduced flue gas moisture content in the CHX, 

suggest higher Hg0 oxidation rates would be obtained. The predicted Hg0 reduction rate 

in the CHX increased to ~42% with CHX inlet cooling water temperature of 35℉ and a 

HCl concentration at the furnace exit of 40 ppmv. 
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Chapter 1 

Introduction 

 

Mercury is one of the most dangerous air toxics due to its toxicity, long-range 

transport, persistence and bioaccumulation in the environment. Coal-fired power plants 

are believed to be the largest anthropogenic source of mercury emissions to the air in the 

U.S., and EPA (United States Environmental Protection Agency)1 reported over 50% 

mercury emissions contributed by utility coal boilers from 1990 to 2005, which is shown 

in Figure 1-1. 

 

 

Figure 1-1. Mercury Emissions in the U.S. by Source Category, 1990-1993, 2002 and 

2005 

/LPLWDWLRQV

7KH�HPLVVLRQV�GDWD�LQ�WKLV�LQGLFDWRU�DUH�SULPDULO\�EDVHG�RQ�HVWLPDWHV��QRW�GLUHFW�PHDVXUHPHQWV�
$OWKRXJK�WKHVH�HVWLPDWHV�KDYH�LQKHUHQW�XQFHUWDLQWLHV��WKH�GDWD�KDYH�EHHQ�JHQHUDWHG�XVLQJ
ZHOO�HVWDEOLVKHG�HVWLPDWLRQ�PHWKRGV��

7KH�WUHQG�VKRZQ�LV�EDVHG�RQ�QDWLRQZLGH�DJJUHJDWH�GDWD��5HJLRQDO�DQG�VWDWH�WUHQGV�PD\�EH
GLIIHUHQW��

1RW�DOO�VWDWHV�DQG�ORFDO�DJHQFLHV�SURYLGH�WKH�VDPH�GDWD�RU�OHYHO�RI�GHWDLO�IRU�D�JLYHQ�\HDU�
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Mercury is in trace amounts in coal. In the high temperature regions of boiler, 

mercury will be released into flue gas from coal as elemental mercury (Hg0), which is 

then oxidized by various species in the flue gas. The amount of the total Hg, which is 

oxidized, has been found from 35 to 90 percent. Oxidized mercury is soluble and likely to 

combine with the particles in flue gas to form particulate-bound mercury (Hgp). 

Therefore, emissions of mercury may be effectively controlled from the downstream of 

the furnace.  

A pilot-scale slipstream condensing heat exchanger (CHX) developed by Energy 

Research Center at Lehigh University was installed at Great River Energy’s Coal Creek 

Station that has two 550MW lignite-fired units. A test focused on collecting data of Hg 

speciation and capture within condensing heat exchanger was conducted. The test results 

and literature indicate Hg0 was oxidized with ~35% reduction in the flue gas within 

CHX.  

Based on measured mercury oxidation data and an investigation of the mechanism 

of mercury oxidation of flue gas passing through CHX, equilibrium calculations at the 

start point (the furnace exit) and Chemkin simulations have been carried out to predict the 

mercury oxidation rate in the CHX. The mechanism of mercury oxidation downstream of 

the furnace is briefly discussed in this report. The same initial and inlet conditions for the 

tests done at Coal Creek station were used in the simulations. 
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Chapter 2 

Literature Review for Mechanism of Gas Phase Mercury 

Oxidation 

 

The mechanism of mercury oxidation is discussed in this section. 

In the high temperature regions of a boiler, Hg will be volatilized and exists as 

elemental mercury in the flue gas. As the flue gas cools down after combustion, 

thermochemical equilibrium calculations indicate that Hg0 is converted to ionic mercury 

(in the form of HgCl2 or HgO) through gas phase reactions. The parameters impacting on 

homogenous gas phase Hg0 oxidation include the flue gas composition, the 

time-temperature profile, the temperature, and the reaction kinetics. 

Hall et al. 1  investigated the potential homogeneous gas phase reactions of 

mercury and concluded that the main part of Hg0 will be oxidized by chlorine-containing 

species like Cl2 and HCl. Hall et al. also noted that reactions between Hg0 and NH3, N2O, 

NO, SO2, H2S are not a significant factor, however a small amount of oxidation can occur 

between NO2 and Hg0 in coal combustion. According to Galbreath et al. 2  the 

homogeneous gas phase reaction of Hg0 and O2 proceeds at a relatively slow rate of 

≤ 1×10!!"  cm3 moleculae-1 s-1.  

Since Hg0 will be primarily oxidized by HCl that is present in coal-fired flue gas 

and Cl2 that can be formed in the flue gas, the mechanism of Hg0 oxidation with HCl and 

Cl2 is discussed in detail as below.  
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For the global reaction between Hg0 and HCl: 

 Hg+ HCl → oxidized  products,                               (1) 

Lee et al.3 conducted a bench-scale experiment to study the effects of the flue gas 

composition on mercury oxidation in simulated flue gas containing HCl. The simulated 

flue gas used in the tests consisted of 40 ppbv Hg0, 5% CO2, 2% O2, and 93% of N2 

which were all mole fractions. Meanwhile, the effects of SO2 and H2O were studied at 

concentrations of 500 ppmv and 1.7%. HCl concentrations here were 50, 100 and 200 

ppmv. This gas phase study indicated that Hg0 oxidation is very slow in the presence of 

HCl and occurred only at high temperature (>700℃) and high HCl concentration 

(>200ppmv). No gas phase oxidation was observed at the temperature below 500℃ with 

residence time of 3 to 4 seconds. About 27% oxidation of Hg0 was measured at the 

highest temperature (754℃) and the highest concentration of HCl (200ppmv). The results 

also indicated the presence of SO2 and H2O inhibit gas phase Hg0 oxidation. 

For the reaction: 

Hg  + Cl! → HgCl!,                                         (2) 

Hall et al.2 reported that complete gas phase Hg0 oxidation was observed at 

temperatures as low as 40℃ with 40 ppmv of Cl2 at the residence time of 2 seconds. The 

researchers concluded that Cl2 is a much more reactive chlorinating agent than HCl. The 

experiment results also verified the assumption that Cl2 is an intermediate species in Hg0 

oxidation in the flue gas containing HCl. However, Senior et al.4 investigated the 

conversion of HCl to Cl2 in the flue gas of a coal-fired power plant and concluded that it 
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is kinetically limited. 

Kramlich et al.5 indicated that the main mechanism for oxidizing Hg0 to HgCl2 is 

the reaction of atomic Cl with Hg0. Kinetic calculations show that atomic Cl is present in 

high concentration at combustion temperature. As the flue gas cools down, Cl atoms 

combine to form primarily HCl with minor amounts of Cl2. Following are elementary 

reactions occurring in this process. 

Intermediate reactions of Cl and HCl: 

HCl+ OH = H!O+ Cl                                                         (3) 

  HCl+ O = OH+ Cl                                                                           (4) 

HCl+M = H+ Cl+M                                                     (5) 

HCl+ O! = HO! + Cl                                                           (6) 

Intermediate reactions of Cl and Cl2: 

Cl! +M = Cl+ Cl+M                                                             (7) 

Cl! + O = ClO+ Cl                                                                   (8) 

Cl! + H = HCl+ Cl                                                           (9) 

The atomic Cl concentration can be calculated by kinetic modeling. Typical 

results are shown in Figure 2-1 for cooling rates from 100 to 1000 K/s. 
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Figure 2-1. Consumption of Atomic Cl during Gas Quenching for Different Values 

of the Cooling Rate 

Kramlich et al.6 proposed the pathway of homogeneous gas phase mercury 

oxidation, governed by two steps as below: 

Hg+ Cl   +M → HgCl  (+M)                                 (10) 

HgCl  + HCl → HgCl! + H                                   (11) 

Another reference published by Senior et al.6 indicated that the reaction of Hg0 

with Cl converts Hg0 to HgCl2. At furnace temperatures, chlorine in the flue gas exists as 

gaseous chlorine atoms. It is believed atomic chlorine produced in the furnace flows 

downstream into lower temperature regions of the boiler and plays a key role in mercury 

oxidation. 
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Chapter 3 

Mercury Capture Results Measured in Condensing Tests 

 

A slipstream condensing flue gas heat exchanger built by the ERC was installed at 

Great River Energy’s Coal Creek station for two days of testing. Figure 3-1 shows the 

condensing heat exchanger was made up of six individual heat exchangers and bottles 

were used to collect condensation from each section.  

Figure 3-1. Condensing Heat Exchanger System with Six Sections 

The geometry of the CHX is presented in Table A-1 in appendix. As shown in 

Figure 3-2, the flue gas was cooled to approximately 105℉ in the low temperature test 

on 9/27/2012, with a cooling water inlet temperature of nearly 70℉. The cooling water 

inlet temperature and flue gas outlet temperature on September 28, 2012 were 

approximately 88℉ and 130℉. In these tests, BARR Engineering measured the gaseous 

SOx and Hg at the inlet and outlet of the CHX. 
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Figure 3-2. Flue Gas Temperature Profile of Condensing Tests on 9/27 and 9/28 

Figure 3-2 shows the measured temperature profiles of the condensing heat 

exchanger in tests done at low temperature on 9/27/2012 and high temperature on 

9/28/2012. In each case, it is assumed that the temperature change is linear between inlet 

and outlet temperatures of each heat exchanger section. 
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9/27 Low Temperature Test Mercury Changes 

 HTX Inlet 𝚫𝐇𝐠 Oxidized 𝚫𝐇𝐠 Captured HTX Outlet 

Elemental Hg [ppbv] 0.797 0.281 - 0.516 

Oxidized Hg [ppbv] 0.373 - 0.120 0.255 

Total Hg [ppbv] 1.172 - 0.401 0.784 

9/28 High Temperature Test Mercury Changes 

 HTX Inlet 𝚫𝐇𝐠 Oxidized 𝚫𝐇𝐠 Captured HTX Outlet 

Elemental Hg [ppbv] 0.983 0.320 - 0.663 

Oxidized Hg [ppbv] 0.413 - - 0.518 

Total Hg [ppbv] 1.396 - 0.096 1.181 

Table 3-1. Mercury Changes Measured in Low Temperature Test on 9/27 and 9/28 

Table 3-1 presents measured elemental and oxidized mercury changes as flue gas 

passed through CHX. It is assumed that any reduction of Hg0 was due to conversion to 

HgCl2 during the test. In the test, oxidized Hg was assumed to be captured in the 

condensed water as flue gas was cooled by cooling water. In the low temperature test, 

more oxidized Hg was captured than in the high temperature test since more water 

condensed at low temperature. 

The conditions and measured results in the low temperature test have been chosen 

to study mercury oxidation kinetic modeling.  
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Chapter 4 

Kinetic Modeling of Mercury Oxidation in the CHX 

 

4.1 Introduction to Modeling Tools – Chemkin, SENKIN and PSR 

Chemkin is a software tool developed by Sandia National Laboratories for solving 

complex chemical kinetics problem. It is a highly structured computer package that 

requires the manipulation of a number of programs, subroutines, and data files, which are 

shown in Figure 4-1. The Chemkin program essentially integrates the complex gas phase 

chemical reaction mechanism into numerical simulations. Generally, users are required to 

input Kinetic Mechanism and Thermodynamic Database. Then, the Chemkin Interpreter 

reads the user’s symbolic description of the reaction mechanism, where the 

pre-exponential factor Ai, the temperature exponent bi, and the activation energy Ei are 

specified which all are the variables of Equation 12. 

𝑘 = 𝐴!𝑇!!exp  [
!!!
!"
]                                 (12) 

The parameter values of mercury oxidation mechanism used in the study of this 

report are attached in Table A-2 in appendix. 

SENKIN is a subroutine of Chemkin which predicts the homogeneous gas phase 

chemical kinetics with sensitivity analysis. In this report, it was used in the economizer, 

the APH and the CHX to investigate species concentration in the gas phase mercury 

oxidation with inlet temperatures, residence times and cooling rate. 

PSR (Perfectly Stirred Reactor) is also a subroutine of Chemkin predicts the 
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steady-state temperature and species composition in a perfectly stirred reactor. Input 

parameters include the reactor volume, residence time, pressure, temperature, and the 

incoming mixture composition. In this report, a PSR was used to simulate the boiler to 

obtain the equilibrium flue gas composition at the furnace exit. 

Figure 4-1 shows the structure of Chemkin program package and the link to 

SENKIN. The Application Code in the left side flow chart can be SENKIN, PSR or other 

subroutines.  

 

  

Figure 4-1. The Structure of Chemkin Package and the Relationship between 

SENKIN and Chemkin 

 

 



	
  
14 

4.2 Validation of Gas-Phase Mercury Oxidation Kinetics with Chemkin 

An experiment was done by Ghorishi7, in which simulated flue gas was passed 

through a 25.4cm (10in.) long constant diameter reactor, heated to specified temperature. 

Residence time of simulated flue gas in the reactor was 0.97s at 1027.15 K. After passage 

through the reactor, the flue gas was cooled rapidly to room temperature, with a 

quenching rate of 5990 K/s. Flue gas composition for Ghorishi experiments is shown in 

Table 4-1. 

The Chemkin simulation results reported by Edwards et al. 8  show good 

agreement with the experiments done by Ghorishi. These results show that HCl 

decomposed to H and Cl, with the Cl atoms then reacting with Hg0 to form HgCl2. This 

simulation was conducted for 200, 100 and 50 ppmv HCl. Figure 4-2 shows the effects of 

HCl concentration on Hg conversion at 1027.15 K.  
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Figure 4-2. Cl and Hg Mole Fraction vs. Time Obtained in Chemkin Simulation By 

Edwards at 1027.15 K9 

 

Table 4-1. Flue Gas Compositions For Ghorishi8 Experiments 

Similarly, the author of this report used the SENKIN sensitivity analyses to obtain 

the results illustrated in Figure 4-3.  

Edwards, Srivastava, and Kilgroe

Volume 51 June 2001 Journal of the Air & Waste Management Association  873

most sensitive to reaction 2, as expected. The chain ini-
tiator was reaction 12, which oxidizes HCl to produce Cl
and HO2. Though not indicated in the sensitivity analy-
sis, reaction 10 was also a significant Cl producer because
of the presence of OH. Hg concentrations were most sen-
sitive to the coefficients of reactions 1 and 2, as seen in
Figure 5. These results indicate that there are several path-
ways for Cl production at higher temperatures, leading to
substantial Hg conversion during quench.

The chlorination trends at the lower temperature of
515 °C are quite different. Figure 6 shows that only chain
initiation reaction 12 contributed significantly to Cl pro-
duction; other pathways involving species such as O, OH,

and H were unimportant due to their extremely small con-
centrations. The trends regarding Hg production/deple-
tion remained the same as before and therefore are not
shown, but again, Hg conversion was limited by the ex-
tremely small amounts of Cl produced. These results in-
dicate that the rate coefficient of reaction 12 was the only
variable that could significantly affect Cl concentrations
at the lower temperature, assuming the same flue gas com-
position. Several parametric studies were conducted by
varying either the pre-exponential factor or the activa-
tion energy of reaction 12. As an example, an increase in
the value of the factor from 4.1 × 1013 to 4.1 × 1015 re-
sulted in a small increase in Hg conversion to 0.1%. As

Figure 3. Cl and Hg mol fractions vs. time obtained in simulations of
the Ghorishi6 experiments conducted at 754 °C.

Figure 4. Cl sensitivity derivatives vs. time seen in simulations of the
Ghorishi6 experiments conducted at 754 °C.

Figure 5. Hg sensitivity derivatives vs. time seen in simulations of the
Ghorishi6 experiments conducted at 754 °C.

Figure 6. Cl sensitivity derivatives vs. time obtained in simulations of
the Ghorishi6 experiments conducted at 515 °C.
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significantly underpredicted due to the extremely small
amounts of Cl and Cl2 formed. The effects of HCl concen-
tration on Hg conversion at 754 °C are illustrated in Table 2
and in Figure 3. Predictions again agreed well with the
experiment, and the expected trend of increased Hg con-
version with increased HCl (and thus Cl) concentration
was evident.

The conversion process itself occurs during the rapid
quench, as noted by Sliger et al.7 and Kramlich et al.8 This
is due to reactions 1 and 2, which are nearly at equilib-
rium throughout the time history. The intermediate reac-
tion 1 produces trace HgCl, which is rapidly converted to
the more thermodynamically stable HgCl2 through reac-
tion 2 during the quench. For these conditions, the pro-
cess is rate-limited by the amount of Cl produced before
quenching, which is less than the amount of Hg in the
system for all temperatures. Hg concentrations are frozen
once Cl is depleted by reactions 1 and 2. Reaction 3 is
unimportant for these moderate temperatures, as not
enough Cl2 is produced. Sliger et al.7 and Kramlich et al.8

argued that the Cl recombination reaction 5 competes

with the Hg conversion reactions in depleting Cl, thus pro-
viding another mechanism for the freezing of Hg concen-
trations. As indicated later, this scenario may be plausible
for higher-temperature cases with an excess of Cl, but it
does not appear to be important at lower temperatures.

The discrepancies resulting in comparing the experi-
mental results and computational predictions at lower
temperatures deserve further discussion. Figures 4–6
present results of SENKIN sensitivity analyses at 754 and
515 °C. Plotted in Figure 4 are non-normalized values of
the sensitivity derivatives relating Cl production to the
pre-exponential factors of pertinent reactions at 754 °C.
Cl production was most sensitive to the rate coefficients
of reactions 12 and 14 and to those of two reactions within
the Warnatz et al.13 H2-O2-CO subset. Cl depletion was

Table 1. Baseline flue gas compositions for the Ghorishi6 experiments.

Species Composition (mol fraction)

O
2

0.02
CO

2
0.05

HCl 50 × 10–6

100 × 10–6

200 × 10–6

Hg 40 × 10–9

N
2

balance

Figure 1. Temperature–time history in the Ghorishi6 experiments. Figure 2. Cl mol fraction vs. time in simulations of the Ghorishi6

experiments.

Table 2. Mercury conversion for the Ghorishi6 experiments.

HCl Concentration % Hg % Hg % Hg
(ppmv) Conversion Conversion Conversion

at 515 °C at 634 °C at 754 °C

200 (simulation) 0.011 0.89 26.2
200 with 1 ppmv
   trace Cl

2
 (simulation) 16.75 21.0 87.5

200 (experiment) 16.3 18.3 27.2

100 (simulation) – – 15.9
100 (experiment) 9.1 10.7 15.5

50 (simulation) – – 9.55
50 (experiment) 5.3 5.8 9.1

Note: – = Simulation not conducted.
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Figure 4-3. Results by the Author to Verify Results by Edwards Illustrated in 

Figure 4-2 

Figure 4-3 shows the verified results obtained by the author with 200, 100 and 50 

ppmv HCl concentrations at 1027.15 K. Figure 4-2 and Figure 4-3 show very good 

agreement between results by the author and by Edwards. This provides partial 

verification of the chemical kinetic calculations done by the author. 
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4.3 Inlet and Initial Conditions of Chemkin Simulation for Mercury 

Oxidation in CHX 

Coal Creek station is a 1,100 MW station with two units burning a partially dried 

lignite coal from the adjacent Falkirk mine. Table 4-2 shows the mole fractions of all 

species used in kinetic modeling by the author. All of the species except for HCl and SO3 

are based on test data measured at the CHX inlet at approximate 210℉. 

Flue Gas Composition Coal Creek Station 

Hg (ppbv)* 0.797 

HgCl2 (ppbv)* 0.373 

HCl (ppmv)** 10 

SO2 (ppmv)* 898.9 

SO3 (ppmv)** 10 

CO2 (%)* 12.19 

H2O (%)* 12.9 

O2 (%)* 5.23 

N2 (%)* ~69.68(Balance) 

Table 4-2. Flue Gas Composition For Mercury Oxidation Chemkin Modeling at the 

CHX Inlet 
*Measured data by BARR Engineering 
**Assumed data 

The residence time is defined as the time it took for the flue gas to pass through 

each duct. The velocity of flue gas is calculated by flue gas mass flow rate over density of 

flue gas before it enters each duct. 

The study of the elemental mercury oxidation was done in each individual heat 

exchanger. The moisture content and flue gas velocities at the inlet and outlet of each 
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heat exchanger were calculated. Then, the average velocity at each HTX was used to get 

the residence time and the cooling rate for the Chemkin simulations. Following are the 

calculation procedures and the results are shown in Table 4-3. 

The gap of the tube bank in the duct: 

𝐴!"# = 𝐴!"#$ − 𝐴!"#$ = 0.201389  ft! 

Flue gas velocity: 

𝑉!"#$ =
𝑚!"#$

𝜌!"#$ ∙ 𝐴!"#
   

The average velocity in each HTX: 

𝑉!"#$,! =
𝑉!"#$,!"#$%,!!! + 𝑉!"#$,!"#$%,!

2 , 𝑘 = 1,2,… ,6 

The flue gas residence time in each HTX: 

𝑡!,! =
𝐿!"#$,!
𝑉!"#$,!

, 𝑘 = 1,2,… ,6 

∆𝑇/∆𝑡 in each HTX, using forward difference: 
∆𝑇
∆𝑡

=
𝑇inlet,k+1 − 𝑇inlet,k

𝑡R,k
,𝑘 = 1,2,… ,6 

Note: when 𝑘 = 6,𝑇!"#$%,! = 𝑇!"#$%#,!,𝑉!"#$,!"#$%,! = 𝑉!"#$,!"#$%#,! 
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 HTX1 HTX2 HTX3 HTX4 HTX5 HTX6 
HTX6 

Out 

Inlet 𝑦!"#,% 0.1287 0.1266 0.1212 0.1130 0.1010 0.0880 0.0773 

𝑉!"#$,!"#$%,!(ft/s) 16.79 16.66 16.38 15.77 15.05 14.41 13.95 

Average Velocity 𝑉!"#$,! (ft/s) 16.73 16.52 16.07 15.41 14.73 14.18 - 

Duct Length 𝐿!"#$,! (ft) 0.4275 0.5992 0.9433 1.2875 1.2875 1.2875 - 

Flue Gas Residence Time 𝑡!,! (s) 0.03 0.04 0.06 0.08 0.09 0.09 - 

Inlet Temp  𝑇!"#$%,! (K) 368.88 359.22 351.09 337.36 326.20 318.45 313.61 

∆𝑇/∆𝑡 (K/s) 378.01 224.10 233.91 133.57 88.66 53.30 - 

Table 4-3. Parameters in Each HTX in Low Temperature Test 3 on 9/27/2012 

Table 4-2 and Table 4-3 give the initial and inlet conditions for Chemkin 

simulations to study elemental mercury oxidation.   
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4.4 Results of Chemkin Simulation for Mercury Oxidation in CHX  

With the flue gas species shown in Table 4-2, Chemkin simulations in the CHX 

with the initial conditions shown in Table 4-3 were conducted to obtain the oxidation 

results shown in Table 4-4. In these simulations, it was assumed Hg0 was reacted with 

HCl. 

 
CHX Inlet  

Conc. (ppbv) 
CHX Outlet 
Conc. (ppbv) 

Reduction  
(ppbv) 

Reduction Rate 
% 

10 ppmv HCl 

HgCl2 0.373 0.3726575645 0.000342 0.091806 

Hg0 0.797 0.7962683081 0.000732 0.091806 

100 ppmv HCl 

HgCl2 0.373 0.3726240592 0.000376 0.100788 

Hg0 0.797 0.7961967162 0.000803 0.100788 

Table 4-4. Hg and HgCl2 Reduction Obtained by Chemkin Simulation with Same 

Inlet and Initial Conditions as Low Temperature Test 3 on 9/27 at temperature of 

204℉ 

As the results presented in Table 4-4 show, the concentration of Hg0 reduced by 

approximately 0.1% with 10 ppmv HCl. With the HCl concentration increased to 100 

ppmv, the Hg0 reduction rate was only ~0.101%. These results show that the rate of 

oxidation of Hg0 is very insensitive to HCl concentration. 
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4.5  Analysis of Oxidation Results in CHX Obtained in Section 4.3  

4.5.1 Dependence of Hg0 oxidation on Cl concentration 

As shown by Hall, Senior and others, the reaction between atomic Cl and Hg0 

dominates the Hg0 oxidation rate. At temperatures below 725K, Figure 4-4 indicates all 

Hg is predicted to exist as HgCl! if equilibrium were to be achieved in the flue gas. At 

temperatures higher than 800K, the equilibrium model shows that HgO (g) can form 

slightly and mercury mainly exists as Hg0.  

 

Figure 4-4. Equilibrium Mercury Speciation in Flue Gas as a Function of 

Temperature of Pittsburgh coal 

A Chemkin simulation with adding 1 ppmv chlorine atoms was done by the 

author. The result shows that at 350K (170℉) in 1.5s, 45% Hg0 would be converted to 

( )C.L. Senior et al.rFuel Processing Technology 63 2000 197–213200

w xUnlike previous calculations 7 , the equilibrium between SO and SO was frozen in2 3
these calculations. Without this assumption, all of the sulfur is predicted by the
equilibrium calculations to exist as SO at low temperatures. This result is contrary to3
observations from coal-fired power plants in which on the order of 3% of the sulfur is
present as SO in stack gases. The formation and destruction of SO is dominated by3 3
radical reactions which become slow as the combustion products are cooled below about

w x1500 K 10 . The concentration of SO in the flue gas was set equal to that predicted by3
equilibrium at 1400 K for each coal based on these kinetic arguments.
Typical results from 500 to 1100 K are shown in Fig. 1 for the Pittsburgh coal. Below

Ž .about 425 K 1508C condensation of HgSO is predicted, but results of the equilibrium4
calculations are not shown for this temperature in the figure for two reasons. First,

Ž .below the acid dewpoint temperature typically 400 K , the simple equilibrium approach
employed for this analysis cannot adequately model the formation of multi-component
aqueous solutions containing sulfates. Second, heterogeneous reactions appear to be

w ximportant for oxidation of mercury at temperatures as high as 600 K 11 .
Results for the other three coals are qualitatively similar to those shown in Fig. 1.

Ž .Below 725 K 4508C all of the Hg is predicted to exist as HgCl . Above about 975 K2
Ž . Ž .7008C 99% of the Hg is predicted to exist as gaseous Hg. The rest 1% is predicted to
be gaseous HgO. Between 725 and 975 K, the split between HgCl and Hg is2

Ž .determined by the chlorine content of the coal Fig. 2 . The mercury content of the coal
has no effect on the equilibrium distribution of mercury species. Equilibrium HCl
concentrations in the gas are predicted to be in the range of 24 to 111 ppm for the coals
studied here. Even at these low concentrations, the reaction between Hg and HCl
dominates the equilibrium chemistry. At temperatures representative of the inlet to the
APCD, therefore, all the mercury should exist in the gas phase as HgCl , if equilibrium2
were attained in the flue gas.
It is unlikely, however, that equilibrium is attained for mercury species in the

post-combustion gas of practical combustion systems. Consider Fig. 3, an idealized

Ž .Fig. 1. Equilibrium mercury speciation in flue gas as a function of temperature Pittsburgh coal .
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HgCl2 which is close to the measured results in Table 1 showing about 30% Hg0 

oxidation rate. Furthermore, with the same initial and inlet conditions, but instead adding 

0.3 ppmv Cl atoms, the results of Hg0 oxidation obtained by Chemkin were basically 

same as measured results. The next section of this report (section 4.5.2) deals with the 

effects of temperature on rate of formation of atomic chlorine.  

4.5.2 Rate of Formation of Cl with Different Temperatures 

Using the SENKIN code, calculations for the flue gas reaction HCl⇔ Cl+ H at 

various temperatures were carried out to determine the effects of temperature on 

concentration. 

 

Figure 4-5. Atomic Cl Concentration Vs. Temperature with Four Different Inlet 

Temperatures and Same Outlet Temperature of 260℉ 

In these calculations, the gas contained all of the species shown in Table 4-2, 

0	
  

2E-­‐10	
  

4E-­‐10	
  

6E-­‐10	
  

8E-­‐10	
  

1E-­‐09	
  

1.2E-­‐09	
  

1.4E-­‐09	
  

0	
   1	
   2	
   3	
   4	
   5	
  

At
om

ic
	
  C
l	
  M

ol
e	
  
Fr
ac
ti
on
s	
  

Time	
  (sec)	
  

Atomic	
  Cl	
  Concentration	
  Vs.	
  Temperature	
  with	
  Same	
  
Outlet	
  Temperature	
  of	
  260	
  ℉	
  

Inlet	
  Temp	
  1250℉	
  
Inlet	
  Temp1160℉	
  
Inlet	
  Temp	
  980℉	
  
Inlet	
  Temp	
  700℉	
  

HCl:	
  	
  	
  10	
  	
  	
  	
  	
  	
  	
  	
  ppmv	
  
SO2:	
  	
  	
  	
  899	
  	
  	
  	
  ppmv	
  
SO3:	
  	
  	
  	
  10	
  	
  	
  	
  	
  	
  	
  ppmv	
  
O2:	
  	
  	
  	
  	
  	
  5.23	
  	
  	
  	
  %	
  
H2O:	
  	
  12.87	
  	
  %	
  
CO2:	
  	
  12.20	
  	
  	
  %	
  
N2:	
  	
  	
  	
  	
  69.71	
  	
  % 



	
  
23 

except Hg0 and HgCl2. Four different inlet temperatures: 1250℉, 1160℉, 980℉ and 

700℉ and on outlet temperature of 260℉ were assumed. The residence time is 5 

seconds in all cases with derived cooling rates. The results are illustrated in Figure 4-5.  

Figure 4-5 indicates the reaction HCl⇔ Cl+ H goes to a state of equilibrium 

within 5 sec. The results also show that atomic Cl is formed at temperatures about 1000℉. 

With an inlet HCl concentration of 10 ppmv, 1.2 ppbv atomic Cl can be generated when 

the temperature goes up to 1250℉.   
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Chapter 5 

Mercury Oxidation Kinetic Modeling from Furnace to the 

CHX 

 

5.1 Kinetic Modeling Before ESP (Electrostatic Precipitator)  

According to the mercury oxidation mechanism discussed previously, atomic 

chlorine plays a key role in elemental mercury oxidation and it thus is necessary to 

conduct an investigation of atomic Cl generating and transporting processes. A PSR 

(Perfectly Stirred Reactor) was used to estimate the Cl concentration in the flue gas at the 

furnace exit. 

 

Figure 5-1. Time-temperature History for Pulverized Coal-fired Boiler 
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It is assumed that the time-temperature history presented in Figure 5-1 is similar 

for most power plants. A typical composition of flue gas at furnace exit is shown in Table 

5-1 as below. 

 
Species Mole Fraction Species Mole Fraction 

Hg (ppbv)** 4.0 CO2 (%)* 15.6 

HCl (ppmv)** 10 H2O (%)* 16.51 

SO2 (ppmv)* 1151 O2 (%)** 0.75 

SO3 (ppmv)** 12.8 N2 (%)* ~67.02(Balance) 

Table 5-1. Composition of Flue Gas at Furnace Exit 
 *Estimated from measured data by BARR Engineering 
 **Assumed values 

Using the species shown in Table 5-1 with a HCl concentration of 10 ppmv at the 

temperature of 1700K, with a furnace volume of 500m3 and in the residence time of 0.5s, 

the equilibrium concentrations of all possible species are presented in Table 5-2. 

At the temperature of 1700K, the equilibrium concentration of Hg0 was nearly 

same as the inlet Hg concentration. Approximate 0.3% Hg0 converted to HgO and a very 

slight amount of Hg0 was oxidized to HgCl or HgCl2. With 10 ppmv HCl, atomic Cl was 

generated relatively significantly at this temperature about 0.2 ppmv. 
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   HGCL2     =  5.03E-20      HGO       =  1.06E-11      HG        =  3.99E-09 

   HGCL      =  6.62E-16      CL2       =  9.22E-13      CLO       =  4.07E-11 

   HCL       =  9.82E-06      CL        =  1.77E-07      CLO2      =  0.00E+00 

   COCL      =  0.00E+00      HOCL      =  3.66E-10      NOCL      =  3.25E-16 

   O         =  3.66E-06      OH        =  2.03E-04      O2        =  7.53E-03 

   O3        =  0.00E+00      H         =  8.38E-07      H2        =  3.60E-05 

   H2O       =  1.65E-01      H2O2      =  7.83E-09      HO2       =  8.45E-08 

   HCO       =  0.00E+00      CO        =  1.15E-04      CO2       =  1.56E-01 

   HNO       =  1.94E-13      HONO      =  6.62E-13      N2        =  6.70E-01 

   N2O       =  2.54E-08      NO        =  7.35E-08      NO2       =  4.24E-11 

   NO3       =  0.00E+00      S         =  2.18E-12      SO        =  7.63E-08 

   SO2       =  1.16E-03      SO3       =  1.56E-06                                

Table 5-2. Equilibrium Composition of Flue Gas at Furnace Exit with 10 ppmv HCl 

at 1700K 

At the temperature of 1700K (2600℉) and in the furnace volume of ~ 200-500m3, 

the simulation shows the concentration of atomic Cl would not change significantly as 

residence time increased. Therefore, all of the reactions are in equilibrium.  

Generally, air leaking into the flue gas ducts occurs downstream of the boiler 

which was considered in the kinetic calculations. Therefore, species concentrations 

except O2 and N2 decreased due to dilution. With typical O2 concentrations of 0.75% at 

furnace exit, 3.5% at economizer inlet, 4.25% at air preheater and 5.23% measured at 

CHX inlet, the amount of leaking air can be determined.  

Generally, there will be a temperature drop from 1700K to 900K (2600℉  to 

1160℉) within 0.9s from furnace exit to economizer inlet. With these inlet and outlet 

temperatures and cooling rates, new species concentrations can be obtained by SENKIN 

kinetic modeling using the species shown in Table 5-2. 
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  HGCL2     = 2.75E-15       HGO       = 1.90E-11       HG        = 3.44E-09   

  HGCL      = 2.09E-15       CL2       = 1.25E-11       CLO       = 7.22E-12   

  HCL       = 8.62E-06       CL        = 1.86E-08       CLO2      = 0.00E+00   

  COCL      = 0.00E+00       HOCL      = 1.80E-10       NOCL      = 5.71E-14   

  O         = 5.01E-10       OH        = 3.09E-07       O2        = 3.50E-02   

  O3        = 0.00E+00       H         = 1.13E-11       H2        = 1.89E-08 

  H2O       = 1.43E-01       H2O2      = 1.05E-08       HO2       = 1.38E-09 

  HCO       = 6.44E-20       CO        = 1.39E-07       CO2       = 1.35E-01   

  HNO       = 1.12E-14       HONO      = 3.12E-13       N2        = 6.86E-01   

  N2O       = 1.51E-08       NO        = 1.26E-07       NO2       = 1.28E-09   

  NO3       = 0.00E+00       S         = 5.12E-22       SO        = 4.64E-13   

  SO2       = 9.92E-04       SO3       = 1.18E-05 

Table 5-3. Composition of Flue Gas at Economizer Inlet with 10 ppmv HCl at 900K 

In Table 5-3, compared to species concentrations shown in Table 5-2, Hg0 

concentration still did not change significantly but ~0.019 ppbv Hg0 was oxidized to HgO 

which verified HgO can form slightly at temperatures higher than ~800K. The 

concentration of atomic Cl became one-tenth of that at the furnace exit at the temperature 

of 1700K because atomic Cl will combine to form HCl and minor amounts of Cl2.  

A SENKIN kinetic modeling was then performed from the economizer inlet to 

ESP inlet with the inlet species concentrations shown in Table 5-3. Table 5-4 presents the 

concentrations of all species at the ESP inlet. 
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  HGCL2     = 8.51E-10     HGO       = 1.82E-11     HG        = 2.09E-09   

  HGCL      = 3.53E-10     CL2       = 1.12E-09     CLO       = 5.34E-12   

  HCL       = 8.25E-06     CL        = 3.17E-09     CLO2      = 0.00E+00   

  COCL      = 0.00E+00     HOCL      = 9.10E-09     NOCL      = 8.49E-13   

  O         = 8.48E-19     OH        = 4.80E-15     O2        = 4.25E-02   

  O3        = 0.00E+00     H         = 1.88E-19     H2        = 7.09E-09 

  H2O       = 1.37E-01     H2O2      = 4.39E-09     HO2       = 9.58E-12 

  HCO       = 3.71E-28     CO        = 1.13E-07     CO2       = 1.29E-01   

  HNO       = 8.82E-18     HONO      = 1.20E-18     N2        = 6.91E-01   

  N2O       = 1.44E-08     NO        = 1.17E-07     NO2       = 5.10E-09   

  NO3       = 0.00E+00     S         = 1.91E-39     SO        = 9.76E-27   

  SO2       = 9.50E-04     SO3       = 1.14E-05 

Table 5-4. Composition of Flue Gas at the ESP Inlet with 10 ppmv HCl at 375K 

After the flue gas passed through economizer and air preheater, with the air 

leakage, Hg0 concentration decreased to about 50% at the ESP inlet. However, atomic Cl 

was still in ppbv level as expected. 

Figure 5-2 indicates atomic Cl has a concentration up to 1×10!! at furnace exit. 

The mercury oxidation rate limiting reaction HCl + OH = Cl + H2O occurs and 

temperature drops before flue gas enters economizer, which make atomic Cl 

concentration decrease significantly. In economizer and APH, the concentration of 

atomic Cl would generally decrease due to Hg0 oxidation and recombination of Cl with H. 

Within the range of furnace exit HCl concentrations from 0.01 ppbv to less than 1 ppbv, 

the atomic Cl essentially does not react with Hg0 due to very low concentration.  
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Figure 5-2. Atomic Cl Concentration vs. Time with Different HCl Concentrations 
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5.2 Mercury Behavior for the Flue Gas Across ESP  

In the tests done at Great River Energy on 9/27/2012 and 9/28/2012, the flue gas 

passed through the ESP before it entered the CHX. The ESP is the most commonly used 

APCD in coal-fired power plant and it is usually located downstream of the air preheater 

at about 160°C (320°F) which provides optimal resistivity of the coal-ash particles.  

Wang et al.9 measured the characterization of mercury emissions and their 

behavior in six typical coal-fired power plants in China and concluded ESPs can capture 

nearly all particulate mercury (Hgp). Table 5-5 shows the concentrations of different 

forms of mercury in the flue gas at APCDs of six different coal-fired power plants in 

China. 

 

Table 5-5. Concentrations of Different Forms of Mercury in the Flue Gas at APCDs 
of Six Coal-fired Power Plants in China10 

S. X. Wang et al.: Mercury emission and speciation of coal-fired power plants in China 1187

Table 3. Concentrations of different mercury species in flue gas at each sampling location.

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Plant 6

Before SCR Total Hg 1.92±0.05
(µg/m3) Hg2+ 0.15±0.04

Hg0 1.55±0.12
Hgp 0.22±0.02

Before ESP Total Hg 20.77±2.17 15.06±1.99 27.15±0.46 3.13±0.13 26.93±2.33 1.89±0.13
(µg/m3) Hg2+ 11.42±0.74 4.64±0.83 22.22±0.35 0.42±0.11 23.73±1.83 0.40±0.10

Hg0 6.00±0.66 7.05±0.32 2.11±0.32 2.48±0.26 2.78±0.40 1.02±0.07
Hgp 3.36±0.17 3.37±0.53 2.82±0.36 0.23±0.04 0.42±0.10 0.47±0.02

After ESP Total Hg 13.20±1.89 8.07±1.15 24.35±0.64 2.94±0.11 21.96±4.13 1.44±0.04
(µg/m3) Hg2+ 8.92±1.24 3.99±0.39 17.90±0.58 0.42±0.06 18.36±3.64 0.44±0.03

Hg0 4.27±0.74 4.08±0.63 6.44±0.55 2.50±0.14 3.58±0.57 1.00±0.03
Hgp 0.01±0.00 0.00±0.00 0.00±0.00 0.02±0.00 0.02±0.00 0.00±0.00

After FGD Total Hg 6.69±1.24 4.53±0.68 5.06±0.43 2.27±0.19 1.22±0.12
(µg/m3) Hg2+ 1.66±0.64 0.84±0.20 0.45±0.09 0.14±0.03 0.13±0.02

Hg0 5.03±1.05 3.70±0.40 4.61±0.46 2.13±0.20 1.08±0.11
Hgp 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00

After FF Total Hg 9.16±1.69
(µg/m3) Hg2+ 3.04±0.64

Hg0 6.11±1.09
Hgp 0.01±0.00

Fig. 3. Correlation between mercury content of coal and total mer-
cury concentration in flue gas released from boilers.

than the bituminous and lignite coal-fired boilers, which is in
line with a previous study in Korea (Park et al., 2008). Fur-
ther study is necessary to investigate the mechanism of Hg
release from anthracite.
During combustion, most of the Hg in coal is first released

in Hg0 form. With the existence of Cl, Br, and particles in
flue gas, part of the Hg0 is oxidized into Hg2+ either by gas
phase oxidation or catalytic oxidation (Galbreath and Zygar-
licke, 2000). As the flue gas temperature decreases, part of

the Hg0 and Hg2+ in the gas phase condenses on or is ad-
sorbed by fly ash particles. According to Table 3, the speci-
ation profile varies a lot among the tested plants. Generally
the share of Hg0 to total Hg in flue gas released from lignite
coal-burning boilers (80% on average) is significantly higher
than that from the bituminous coal-fired boilers (30% on av-
erage). By contrast, the share of Hg2+ to total Hg in flue
gas released from lignite coal-burning boilers is significantly
lower than that from the bituminous coal-fired boilers. The
share of Hgp to total Hg varies from 2 to 22%, which is sig-
nificantly lower than that from US tests.
Halogen in coal can be a key factor influencing Hg speci-

ation. We collected data from over twenty onsite tests and
analyzed the effect of chlorine content in coal on mercury
speciation in the flue gas released from the boilers, as shown
in Fig. 4a. We found that, with three sample points excluded,
the correlation coefficient reached 0.75, indicating that chlo-
rine content of coal may have significant effect on distribu-
tion of different mercury species. This is in line with previ-
ous studies (Yang et al., 2007; Chen et al., 2007). The follow
reactions show the mechanism of mercury changing from el-
emental form to oxidized form with the presence of halogens
(Cl and Br). In the reactions, M stands for metal and X stands
for halogen.

MX(s) �!MX(g) (R1)

MX(g) �!M(g)+X(g) (R2)

Hg(s) �!Hg(g) (R3)

www.atmos-chem-phys.net/10/1183/2010/ Atmos. Chem. Phys., 10, 1183–1192, 2010
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Table 5-5 indicates the flue gas Hg0 and Hg2+ concentrations after ESP could be 

considered same as those before ESP with the uncertainties of measurement. In all these 

simulations, it was assumed that the Hg0 and Hg2+ would convert to Hgp downstream of 

the boiler before flue gas entered ESP and all Hgp would be removed by ESP.  

In order to compare the simulated Hg0 oxidation results with measured results in 

the tests done at Great River Energy, the Hg0 and Hg2+ concentrations are assumed to be 

the same as measured values in the tests at Great River Energy on 9/27/2012 and 

9/28/2012. 

The Hg0 and Hg2+ concentrations before and after ESP are shown in Table 5-6 

with 4 ppbv Hg at the furnace exit. 

4 ppmv Hg at Furnace Exit 

Before ESP 
(ppbv) 

Total Hg 3.310* 

Oxidized Hg 1.223* 

Hg0 2.087* 

After ESP 
(ppbv) 

Total Hg 1.170** 

Oxidized Hg 0.373** 

Hg0 0.797** 

Table 5-6. Flue Gas Concentrations of Different Forms of Mercury with 10 ppmv 
HCl Before and After ESP with 4 ppbv Hg at Furnace Exit 
 *Simulated values based on 4 ppbv Hg0 at furnace exit 
 **Measured data 
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5.3 Kinetic Modeling in the CHX 

The SENKEN analysis was performed by same steps in section 4.3 with species 

concentrations shown in Table 5-4, except it was assumed particulate mercury was 

removed by the ESP shown in Table 5-6.  

Table 5-7 shows the flue gas compositions at different locations downstream of 

the furnace.  

Flue Gas 
Composition 

Furnace 
Furnace 

Exit 
Economizer 

Inlet 
APH 
Inlet 

ESP 
Inlet 

CHX 
Inlet 

Hg0 (ppbv) 4** 3.99 3.44 3.28 2.09 0.797* 

Oxidized Hg (ppbv) 0 0.0106 0.0220 0.0217 1.22 0.373* 

HCl (ppmv) 10** 9.82 8.62 8.25 8.25 7.80 

SO2 (ppmv) 1151 1160 992 949 949 897* 

SO3 (ppmv) 12.8** 1.56 11.8 11.4 11.4 10.7** 

CO2 (%) 15.6 15.6 13.5 12.9 12.9 12.2* 

H2O (%) 16.51 16.51 14.27 13.66 13.66 12.91* 

O2 (%) 0.75 0.75 3.5 4.25 4.25 5.23* 

N2 (%) Balance 67.02 67.02 68.63 69.08 69.08 69.63* 

Table 5-7. Flue Gas Composition Downstream of the Boiler with Air Leaking into 
the Flue Gas Ducts 

 *Measured values by BARR Engineering 
 **Assumed values 
 Others are calculated values 

The predicted changes in Hg0 are due to oxidation of the Hg0. Change in most 

other parameters are assumed to be primarily due to air leakage. At the furnace 

temperature up to 1900K, SO3 will decompose to SO2 which makes assumed SO3 

concentration at furnace exit decrease to 1.56 ppmv. With flue gas flow downstream of 
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the furnace, SO3 will reform and stay stable with temperature going down. However, the 

temporary change of SO2 and SO3 in furnace would not affect the mercury oxidation 

results. 

Figure 5-3 shows the mole fractions of different forms of mercury vs. time and 

temperature downstream of the furnace exit.  

 

Figure 5-3. Hg0, HgO and HgCl2 Concentrations vs. Time with 10 ppmv HCl 

In Figure 5-3, Hg0 decreases and HgCl2 forms significantly after the flue gas 

enters air preheater. These results indicate atomic Cl would react with Hg0 at the 

temperature range of 600K to 300K (620℉ to 80℉) with proper cooling rate. HgO 
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mainly formed in the furnace at the temperature higher than 1500K. Figure 11 also 

indicates the Hg0 is oxidized in this case.  

The comparison of mercury oxidation results between simulation and test in the 

CHX with total mercury of 4 ppbv at furnace exit is shown in Table 5-8. 

 Simulation Test  Simulation Test 

CHX Inlet 
Hg0 Conc. (ppbv) 

0.797 0.797 
CHX Inlet 

Temperature (℉) 
206.11 204.31 

CHX Outlet 
Hg0 Conc. (ppbv) 0.617 0.516 

CHX outlet 
Temperature (℉) 

102.40 104.83 

Hg0 Reduction 
(ppbv) 

0.180 0.281 
Hg0 Conc. 

At Furnace Exit 
(ppbv) 

4.00 - 

Hg0 Reduction 
Rate % 

22.58 35.25 
HCl Conc. 

In Flue gas (ppmv) 10.00 - 

 Table 5-8. Mercury Oxidation in CHX of Simulation and Test with 10 ppmv HCl  

Table 5-8 compares the predicted elemental Hg oxidation results in the CHX with 

data from low temperature test with 10 ppmv HCl. This comparison shows a not very 

good agreement between simulation and test. However, the rough assumption of HCl 

concentration in the simulation and uncertainties of measurement in the test may cause 

this disagreement. 

In the next section, how HCl concentration in flue gas affects Hg0 oxidation in the 

CHX is investigated. 
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Chapter 6 

Comparison and Discussion on Mercury Oxidation Results 

 

6.1 Comparison of Simulation and Measured Results 

Because of the lack of data on HCl concentration and the disagreement between 

the tests and simulations with 10 ppmv HCl in flue gas, the sensitivity analysis of HCl 

concentration in Hg0 oxidation was carried out with HCl concentrations in flue gas from 

0.01 ppmv to 80 ppmv. Total mercury of 4 ppbv at furnace exit was assumed for the 

following simulation and analysis. Table 6-1 predicts Hg0 oxidation simulation results in 

the CHX with different flue gas HCl concentrations from 0.01 to 80 ppmv.  
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Furnace Exit  
HCl Conc. 
 (ppmv) 

CHX Inlet 
Atomic Cl 

Conc. 
(ppbv) 

CHX Outlet 
Atomic Cl 

Conc. 
(ppbv) 

CHX Inlet 
Hg0 Conc. 

(ppbv) 

CHX Outlet 
Hg0 Conc. 

(ppbv) 

Hg0 Conc. 
Reduction 

(ppbv) 

Hg0 
Reduction 

Rate 
% 

0.01 0.165 0.08 0.797 0.79657 0.00043 0.05 

0.1 1.35 1.16 0.797 0.79657 0.00043 0.05 

1 1.49 1.08 0.797 0.71094 0.08606 10.80 

5 2.09 1.54 0.797 0.67142 0.12558 15.76 

10 2.99 2.22 0.797 0.61688 0.18012 22.60 

20 4.90 3.64 0.797 0.54722 0.24978 31.34 

30 7.02 5.22 0.797 0.51706 0.27994 35.12 

40 9.31 6.85 0.797 0.51509 0.28191 35.37 

50 11.79 8.55 0.797 0.53058 0.26642 33.43 

80 20.83 14.51 0.797 0.59937 0.19763 24.80 

Low Temp Test - - 0.797 0.516 0.281 35.25 

Table 6-1. Hg0 Oxidation Results in the CHX with Different HCl Concentrations 

Table 6-1 presents the concentrations of HCl used in simulations. Agreement with 

test results occur in the range of HCl at the furnace exit of less than 20 ppmv to greater 

than 50 ppmv.  

Figure 6-1 illustrates Hg0 concentrations vs. time with different concentrations of 

HCl from the furnace exit to the CHX. It shows significant Hg0 oxidation would occur at 

APH and CHX. 
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Figure 6-1. Hg0 Concentrations vs. Time with Different HCl Concentrations at the 

Furnace Exit 

Figure 6-1 indicates that a higher HCl concentration in the furnace will cause 

more Hg0 to be oxidized in the APH. However, the peak value of Hg0 oxidation rate in 

the CHX is 36% when HCl concentration is ~40 ppmv at the furnace exit. The predicted 

Hg0 oxidation rate decreases as the HCl concentration is more than 40 ppmv which is 

shown in Figure 6-2. In the range of HCl concentration of 20-50 ppmv, the predicted 

mercury oxidation rate does not increase with HCl concentration increase.  
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Figure 6-2. Hg0 Concentrations vs. Time with Different HCl Concentrations 

Furthermore, the simulation with high temperature conditions which are same as 

the test done on 9/28/2012 at Great River Energy was carried out. Table 6-2 shows the 

comparison of predicted Hg0 oxidation results between simulation with 40 ppmv HCl in 

the flue gas at the furnace exit and test in low and high temperature cases. The low 

temperature Hg0 oxidation has very good agreement between simulation and test. 

However, in the high temperature case, using different inlet Hg0 concentration with low 

temperature case, the Hg0 oxidation rate is a little bit higher in simulation than in the test. 
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CHX Inlet 
Atomic Cl 

Conc. (ppbv) 

CHX Inlet 
Hg0 Conc. (ppbv) 

Hg0 Conc. 
Reduction (ppbv) 

Hg0 
Reduction Rate 

% 

Low Temp Simulation 0.797 0.515 0.282 35.37 

Low Temp Test 0.797 0.516 0.281 35.25 

High Temp Simulation 0.983 0.588 0.395 40.18 

High Temp Test 0.983 0.663 0.320 32.55 

Table 6-2. Comparison of Hg0 Oxidation Results between Simulation and Test with 

40 ppmv HCl in Low and High Temperature Cases Respectively in the CHX 

It is assumed that the simulations have same flue gas compositions with the tests 

on 9/27/2012 and 9/28/2012. However, the CHX inlet Hg0 concentrations are different 

between these two tests. These different CHX inlet Hg0 concentrations and the 

uncertainties of measurement might cause the disagreement between simulation and test 

in the high temperature case.  
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6.2 Effects of Flue Gas Temperature in the CHX on Hg0 Oxidation 

 6.2.1 Flue Gas Temperature Prediction in the CHX  

An analytical model of heat and mass transfer processes in the CHX was 

developed by the ERC at Lehigh University. With same conditions of the tests done at 

Great River Energy except the CHX inlet cooling water temperature, using the numerical 

simulation software, the flue gas temperature profiles in the CHX were predicted.  

Figure 6-3 presents predicted temperature profiles through heat exchanger 1 (HX1) to 

HX6 with assumed cooling water temperatures from 35℉ to 100℉. 

 

Figure 6-3. Predicted Flue Gas Temperature Profile with Different Inlet Cooling 

Water Temperatures of the CHX  
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The different CHX inlet cooling water temperatures would lead to different heat 

and mass transfer processes in the CHX. The moisture contents of flue gas are also 

significantly different due to condensed water formed though the six sections of the CHX. 

Figure 6-4 shows the dew point temperatures (𝑇𝑑𝑒𝑤) and the tube wall temperatures (𝑇𝑠𝑐) 

at different CHX inlet cooling water temperatures. The low CHX inlet cooling water 

temperature makes condensed water form immediately when flue gas enters into the 

CHX due to the low surface contact temperature on tubes. On the contrary, moisture 

content does not change at the first three sections when the CHX inlet cooling water 

temperature up to 100℉. 
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Figure 6-4. Dew Point Temperature and Tube Wall Temperature Profile with 

Different Inlet Cooling Water Temperatures of the CHX 

The condensed water forms and leaves the CHX at each individual section. This 

causes the flue gas moisture content to decrease through the six sections of the CHX 

which is shown in Figure 6-5. 
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Figure 6-5. Moisture Content with Different Inlet Cooling Water Temperatures of 

the CHX  

Figure 6-5 illustrates the moisture content of flue gas would be significantly lower 

with inlet cooling water temperature of 35℉. Meanwhile, large amount of condensed 

water forms and captures oxidized mercury in the CHX.  
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6.2.2 Hg0 Oxidation Simulation Results with Different Flue Gas 

Temperatures in the CHX  

With temperature profiles and moisture content of flue gas profiles in section 

6.2.1, the Hg0 oxidation modeling in the CHX was carried out to investigate the effects of 

flue gas temperature and moisture concentration on Hg0 oxidation rate. Table 6-3 shows 

the Hg0 reduction rate is up to 37.36% when the CHX inlet cooling water temperature is 

35℉ with the furnace exit HCl concentration of 20 ppmv. The Hg0 reduction rate 

increases from 30.91% to 37.36 with CHX inlet cooling water temperature decreases 

from 100℉ to 35℉ with the furnace exit HCl concentration of 20 ppmv. 

Inlet Cooling 
Water Temp 

(℉) 

Furnace 
Exit  
HCl 

Conc. 
 (ppmv) 

CHX 
Inlet 

Atomic Cl 
Conc. 
(ppbv) 

CHX 
Outlet 

Atomic Cl 
Conc. 
(ppbv) 

CHX 
Inlet 

Hg0 Conc. 
(ppbv) 

CHX 
Outlet 

Hg0 Conc. 
(ppbv) 

Hg0 Conc. 
Reduction 

(ppbv) 

Hg0 
Reduction 

Rate 
% 

35  40 9.3 6.613 0.797 0.46033 0.33667 42.24 

35 20 4.9 3.523 0.797 0.49927 0.29773 37.36 

50 20 4.9 3.555 0.797 0.51479 0.28221 35.41 

70 20 4.9 3.614 0.797 0.53331 0.26369 33.09 

100 20 4.9 3.673 0.797 0.55063 0.24637 30.91 

Table 6-3. Hg0 Oxidation Results in the CHX with Different Inlet Cooling Water 

Temperatures of the CHX 

With the HCl concentration of 20 ppmv, the peak value of Hg0 oxidation rate 

which is 37.36% can be obtained at the CHX inlet cooling water temperature of 35℉. 
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Using same conditions except increasing the HCl concentration to 40 ppmv, the predicted 

Hg0 oxidation rate goes up to 42.24%. 

Simulations conducted by Li11 suggest a drier flue gas (flue gas moisture from 10% 

to 5%) would results in approximately a 30% increase of mercury oxidation at the APH. 

This shows that moisture in the flue gas significantly inhibits the mercury oxidation rate. 

Therefore, the large flue gas cooling rate and low moisture content of flue gas can 

contribute to Hg0 oxidation in the CHX. 
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Chapter 7 

Conclusions 

 

The modeling of elemental mercury oxidation in the condensing heat exchanger 

(CHX) with Chemkin software was conducted to investigate mercury oxidation in the 

CHX. Based on the Hg0 oxidation results of the performance tests of the CHX at Great 

River Energy, the author modeled the chemical reaction processes to obtain the Hg0 

oxidation results by chemical kinetic calculation tools. 

With the limited data collected in the tests done at Great River Energy, parameters 

like CHX inlet HCl concentration, Hg concentration and SO3 concentration, etc. were 

assumed in this investigation. Furthermore, an analytical model of heat and mass transfer 

processes in the CHX was used to predict flue gas temperatures in the CHX. These new 

temperature profiles in the CHX gave a different perspective to study Hg0 oxidation 

behavior in the CHX. 

Some of the conclusions are listed below. 

1) Atomic chlorine that plays a key role in Hg0 oxidation will be generated at 

furnace and flows downstream with the flue gas. 

2) The oxidation reaction between Hg0 and atomic Cl primarily occurs at 

temperature 600K to 300K (620℉ to 80℉). 

3) With increased HCl concentration at the furnace exit and the same temperature 

profile in the CHX, more Hg0 will be oxidized before flue gas enters the CHX. In 
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addition, more Hg0 will be oxidized within the CHX. 

4) The equilibrium calculation shows the oxidized Hg will mainly exist as HgCl2. 

5) The simulation shows the Hg0 oxidation rate will be higher in flue gas containing 

lower concentrations of water vapor.  

6) The lower flue gas temperature and moisture content of flue gas in the CHX will 

increase the Hg0 oxidation rate in the CHX. 

7) Exact coal ultimate analysis is needed. In the modeling of the report, Hg, HCl 

and SO3 concentrations were assumed according to typical values of coal-fired 

flue gas. 

The field tests at Great River Energy and modeling carried by the author both 

suggest that the CHX would be helpful in reducing mercury emissions. Hg0 will be 

oxidized efficiently in the CHX with sufficient HCl in the flue gas. The oxidized Hg will 

be captured in the condensed water formed in the CHX.  
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APPENDIX 

Table A-1. Geometry of CHX (Bare Tube) 

Inputs Parameters 
Heat Exchanger HX1 HX2 HX3 HX4 HX5 HX6 

 
 Units Duct Geometry 

Width of Flue Gas 
Duct 

in 14 14 14 14 14 14 

Height of Flue Gas 
Duct 

in 6 6 6 6 6 6 

Longitudinal 
Direction # of Row 

- 4 6 10 14 14 14 

Transverse Direction 
# of Row  

- 8 8 8 8 8 8 

Length of HX 
Section 

in 5.13 7.19 11.32 15.45 15.45 15.45 

        
 Units Tube Geometry 

Transverse Tube 
Spacing Pitch 

in 0.722 0.722 0.722 0.722 0.722 0.722 

Longitudinal Tube 
Spacing Pitch 

in 2 2 2 2 2 2 

Outside Diameter of 
Tube 

in 0.5 0.5 0.5 0.5 0.5 0.5 

Inside Diameter of 
Tube 

in 0.43 0.43 0.43 0.43 0.43 0.43 

Staggered or 
Aligned Tube  

- Align Align Align Align Align Align 

Calculated Parameters 
Heat Exchanger HX1 HX2 HX3 HX4 HX5 HX6 

 
 Units       

Heat Transfer 
Surface Area 

ft2 5.05 7.57 12.59 17.61 17.61 17.61 

Cumulative HT 
Surface Area 

ft2 5.05 12.62 25.21 42.82 60.43 78.04 
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