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DISCLAIMER 
 
 This report was prepared as an account of work sponsored by an agency of the United 

States Government. Neither the United States Government, nor any agency thereof, nor any of 

their employees makes any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed or represents that its use would not infringe privately owned rights. 

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 by the United States Government or any agency thereof. The views 

and opinions of authors expressed herein do not necessarily state or reflect those of the United 

States Government or any agency thereof. 

 
 This report is available to the public from the National Technical Information Service, U.S. 

Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 

accepted at (703) 487-4650. 
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 LEGAL NOTICE  This research report was prepared by the Energy & Environmental 

Research Center (EERC), an agency of the University of North Dakota, as an account of work 

sponsored by the U.S. Department of Energy National Energy Technology Laboratory. Because 

of the research nature of the work performed, neither the EERC nor any of its employees makes 

any warranty, express or implied, or assumes any legal liability or responsibility for the 

accuracy, completeness, or usefulness of any information, apparatus, product, or process 

disclosed or represents that its use would not infringe privately owned rights. 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 or recommendation by the 

EERC. 
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ABSTRACT 

 The purpose of the project was to assist U.S. Steel in the evaluation, selection, planning, 

design, and testing of potential approaches to help meet U.S. Steel’s goal for low-particulate 

matter emissions and regulatory compliance. The energy-intensive process for producing iron 

pellets includes treating the pellets in high-temperature kilns in which the iron is converted from 

magnetite to hematite. The kilns can be fired with either natural gas or a combination of gas and 

coal or biomass fuel and are equipped with wet venturi scrubbers for particulate control. 

Particulate measurements at the inlet and outlet of the scrubbers and analysis of size-fractionated 

particulate samples led to an understanding of the effect of process variables on the measured 

emissions and an approach to meet regulatory compliance. 
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EXECUTIVE SUMMARY 

 U.S. Steel Minnesota Ore Operations must meet a new maximum achievable control 

technology (MACT) standard for particulate matter emissions from its taconite-processing 

facility. The energy-intensive process for producing iron pellets includes treating the pellets in 

high-temperature kilns in which the iron is converted from magnetite to hematite. The kilns can 

be fired with either natural gas or a combination of gas and coal or biomass fuel and are 

equipped with wet venturi scrubbers for particulate control. Particle-size distribution 

measurements at the inlet and outlet of the particulate control scrubbers and analysis of size-

fractionated particulate samples collected from the process were completed to help determine the 

cause of higher emissions with coal and to evaluate the scrubber performance.  

 

 Results showed that the scrubber was over 99% efficient at collecting larger particles, but 

the scrubber efficiency was near zero for submicron particles. The increased particulate 

emissions while the kiln was fired with a combination of coal or biomass and natural gas 

(compared to firing with 100% natural gas) were attributed to the formation of submicron 

calcium or potassium salt particles that are not effectively collected in the scrubbers. However, 

since emissions were only slightly higher than the MACT standard, fine tuning of the scrubber 

was expected to have some benefit on the overall emission reduction by improving the capture of 

some of the larger particles.  This approach, along with a modified Method 5b compliance 

sampling approach, was found to be sufficient to meet the MACT standard.  
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JV TASK 95 – PARTICULATE CONTROL CONSULTING FOR MINNESOTA ORE 

OPERATIONS 
 
 
INTRODUCTION 

 U.S. Steel Minnesota Ore Operations must meet a new maximum achievable control 

technology (MACT) standard for particulate matter (PM) emissions from its taconite-processing 

facility. The energy-intensive process for producing iron pellets includes treating the pellets in 

high-temperature kilns in which the iron is converted from magnetite to hematite. The kilns can 

be fired with either natural gas or a combination of gas and coal or biomass fuel. They are 

equipped with wet venturi scrubbers for particulate control. There was concern that the new 

MACT standard of 0.01 grain/dscf may not be met while firing coal or biomass fuel, while it 

would be met firing natural gas. Because of the higher cost of natural gas, there is a significant 

economic benefit to using less costly fuels.  

 

 The purpose of the project was for the Energy & Environmental Research Center (EERC) 

to assist U.S. Steel in the evaluation, selection, planning, design, and testing of potential 

approaches to help meet U.S. Steel’s goal for low-PM emissions and regulatory compliance. 

Specific goals included the following:  

• Review available process data and PM emission results.  

• Based on current and new information, recommend options such as fuel change, 

process modification, or pollution control component modifications that would 

minimize PM emissions and ensure compliance with applicable MACT standards.  

• Assist U.S. Steel in the evaluation of possible approaches for improved PM control.  

• Evaluate the theoretical and empirical basis for specific technologies to reduce PM 

emissions, and make recommendations for performance specifications to ensure that 

PM emission goals would be met.  

• Review alternative sampling methodology and make recommendations for modified 

compliance testing approaches.   
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 The overall project was structured as five tasks: 

• Task 1 included initial consulting, data review, test planning for additional 

measurements, and recommendations for potential solutions. 

• Task 2 consisted of particle-size distribution measurements at the inlet and outlet of the 

particulate control scrubber for the Line 7 agglomerator (which includes the high-

temperature kiln and a verturi particulate scrubber). 

• Task 3 included scanning electron microscopy (SEM) analysis of size-fractionated 

particulate samples collected from the process. 

• Task 4 consisted of a review of the pertinent data for the plant process including the 

most recent PM measurements, an evaluation of the basis for employing EPA Method 

5b for compliance testing, and further consulting support to evaluate the basis for 

proposed approaches to meet the MACT standard. 

• Task 5 was for the purpose of assisting U.S. Steel in the evaluation of the Line 3 

scrubber performance for the two cases of firing with 100% gas and a combination of 

gas–biomass. 

 

 Approximately one-third of the project cost for Tasks 1 and 4 was funded through the 

EERC–U.S. Department of Energy (DOE) Jointly Sponsored Research Program (JSRP). 

Subsequently, details for results from Tasks 2, 3, and 5 are not included in this report. However, 

since the purpose of the DOE JSRP-funded tasks was to review the available results, a summary 

of the findings from all of the tasks is provided in this report.  

EXPERIMENTAL 

 The work consisted of a review of the existing pertinent data for the plant process and 

recent PM measurements. Since the key question for the Line 7 process was how PM emissions 

were affected by the use of coal instead of natural gas alone, a review of available coal and ash 

data and how the PM is generated and collected within the process was completed. From this 

initial review, it was determined that additional data were needed on the fractional PM collection 

efficiency of the Line 7 scrubber. Subsequently, Tasks 2 and 3 were funded by U. S. Steel.  
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 Under Task 4, a compliance sampling issue was evaluated. The question was whether U.S. 

Environmental Protection Agency (EPA) Method 5 was appropriate for compliance testing or 

whether EPA Method 5b would more accurately measure the actual PM emissions at the stack.  

 

 Task 4 also included further consulting support to evaluate the basis for proposed 

approaches to reduce emissions and to review data as they become available to assess whether 

tested approaches provide measurable reductions in PM emissions that would lead to meeting the 

MACT standard. Modifications that were considered included increasing the pressure drop 

across the scrubber to improve particle capture.  

 

 The work included evaluation of the process and resulting particulate characteristics so that 

the best PM capture approach could be implemented based on an understanding of the particulate 

characteristics, process constraints, and strengths and weaknesses of available collection 

mechanisms.  

RESULTS AND DISCUSSION 

 Particle-size distribution measurements at the inlet and outlet of the particulate control 

scrubber for the Line 7 agglomerator were completed by the EERC, and conventional dust-

loading measurements were completed by an outside sampling group. Sampling was completed 

for the case of firing the kiln on 100% gas for comparison with the case of firing with a 

combination of gas and coal. The dust-loading results, shown in Table 1, indicate that with coal 

firing, the scrubber particulate collection efficiency was reduced and that the emissions were 

above the MACT standard limit of 0.01 grains/scf. The MACT standard PM limit designates that 

the emissions are to be rounded off to only two places after the decimal. The net result is that 

emissions up to any value less than 0.015 grains/scf are allowed. Therefore the emission data 

from Table 1 with coal would be just above the MACT limit. However, the total dust-loading 

data do not provide insight as to why the emissions were higher with coal. 

 

Table 1. Line 7 Particulate Dust Loadings (average of three tests) for Line 7 
 Scrubber Inlet, gr/dscf Stack, gr/dscf Scrubber Collection Efficiency 
Gas 0.136 0.0074 94.6% 
Coal 0.123 0.0161 86.9% 
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 To help determine the cause of higher emissions with coal and to evaluate the scrubber 

performance, in-stack particle-size sampling with a cascade impactor and multicyclone sampling 

at the scrubber inlet were completed. These data (Figures 1 and 2) showed that the scrubber was 

over 99% efficient at collecting particles larger than 6 µm, which represent about 90% of the 

inlet loading for both gas and coal firing. However, data show that the scrubber efficiency was 

near zero for particles smaller than 1.6 µm. Even though only 4% of the inlet mass on gas and 

6% on coal was smaller than 1.6 µm, this fraction made up 67% of the outlet PM mass on gas 

and 79% on coal. From these data, two main conclusions can be formed. First, the scrubber was 

highly efficient at collecting larger particles but inefficient at collecting very small particles. This 

is consistent with the characteristics of venturi-type PM scrubbers and within general theoretical 

expectations. Second, more fine particles (<1.6 µm) are generated under coal combustion, which 

leads to higher stack emissions. The PM emissions as a function of particle-size data (Figure 2) 

show that the formation of fine particles, which are not readily collected by the particulate 

scrubber, was the cause of the higher-than-desired particulate emission level while firing coal. 

Review of previous data and the additional testing indicated that the particulate scrubbers were 

operating within theoretical expectations, removing larger particles at 99% efficiency. However, 

the loading of submicron particles (which are not readily removed by the particulate scrubbers) 

was large enough to result in stack emissions just above the new MACT limit. 

 

 To help evaluate the mechanism of increased fine particle emissions on coal, SEM analysis 

was completed on the inlet multicyclone filter sample which consisted of submicron particles 

and the outlet dust-loading filter samples, which consisted primarily of submicron particles. The 

data in Table 2 show that the main difference between 100% gas firing and coal firing was the 

presence of calcium in the samples for firing coal. In both cases, chloride makes up a major 

fraction of the mass. However, with coal, there is a significant increase in calcium and chlorides 

in the stack PM emissions. The main source of chlorine in the process is the chloride in the water 

from the wet processing of the green ball iron pellets which are fed into the kilns. The green balls 

are typically about 10% moisture and, since the kiln temperature reaches over 2400°F, chloride 

as well as the moisture is evolved. HCl sampling at the scrubber inlet and stack (Table 3) shows 

that the high level of chloride is present with either 100% gas firing or with coal firing. The data 
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Figure 1. Particle-size distribution for gas and gas–coal firing at the Line 7 scrubber inlet, 
measured with a 5-stage multicyclone. 

 
 

 
 

Figure 2. Stack particle size and emissions for gas and gas–coal firing for Line 7, measured with 
a 7-stage cascade impactor. 
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 Table 2. Table Chemical Analysis of Inlet and Stack PM for Line 7 
100% Gas and Gas–Coal Comparison Outlet EPA 5 Filters (% as oxides) 
 Na Mg Al Si P S Cl K Ca Ti Cr Fe Ba  
Gas 6.0 0.3 0.2 16.1 0.0 7.9 33.1 22.2 1.6 0.0 0.0 12.5 0.0  
Coal 5.3 1.3 1.2 7.1 0.6 8.4 40.1 16.9 10.2 0.0 0.0 7.2 1.8  
 
100% Gas and Gas–Coal Comparison Inlet Multicyclone Filter (% as oxides) 
 Na Mg Al Si P S Cl K Ca Ti Cr Fe Ba  
Gas 13.9 0.3 0.5 1.4 0.0 8.2 45.9 26.0 0.0 0.0 0.0 1.4 0.0  
Coal 10.7 1.9 1.7 5.7 0.5 7.9 40.4 20.0 8.6 0.0 0.0 0.0 0.0  

 
 

Table 3. HCl Concentrations in the Flue Gas at the  
Scrubber Inlet and Stack for Line 7 

 Scrubber Inlet HCl Stack HCl 
 ppmv (dry) ppmv (dry) 

Gas 23.5 1.4 
Coal 30.0 1.7 

 
 
show that the scrubber removes much of the HCl, but, since the scrubber water is recirculated, 

the chloride level in the water, which is used in the green ball production, remains high. The 

increased particulate emissions while the kiln was fired with a combination of coal and natural 

gas (compared to firing with 100% natural gas) were attributed to the formation of submicron 

calcium particle. The calcium is evolved from the coal in the very high temperature combustion 

conditions and then most likely combines with chlorine upon cooling to form submicron calcium 

chloride salt particles. 

 

 Because of wet stack conditions, the highly hygroscopic nature of calcium chloride, and 

the formation of calcium chloride hydrates, some moisture would likely be retained on the stack-

sampling filters, even after the filters are desiccated prior to weighing (according to EPA Method 

5). In such case, the results would erroneously be including moisture rather than the true PM. 

Experimental data indicated that if the filters could be heated to 350°F, which is part of Method 

5b, at least some of the moisture would be removed and a more accurate measurement of the true 

PM provided. Approval was obtained from the U.S. Environmental Protection Agency (EPA) to 

heat the samples to 325°F to more accurately determine the particulate mass emissions. The 

combination of the change in sampling procedure and some optimization of the scrubber 

performance has resulting in meeting the MACT standard while firing coal. 
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 A separate task (Task 5) to determine the origin of particulate emissions for the Line 3 

agglomerator was completed. This task was funded entirely by U.S. Steel, but is related to the 

DOE-funded Joint Venture project results from the Line 7 particulate scrubber. In this case the 

comparison was between firing 100% gas and a combination of gas and biomass. Similar to the 

Line 7 results, there were significantly increased submicron emissions with biomass firing 

(Figures 3 and 4). Analysis of the size fractions (Figures 5 and 6) showed that the increase in fine 

particle emissions was due to increased submicron potassium and chloride particles (most likely 

as potassium chloride), which are not readily collected by the particulate scrubber.   

 

 The Line 3 data confirmed the fine particle formation mechanism indicated by the Line 7 

data and the limited ability of a venturi particulate scrubber to effectively collect submicron 

particles. However, the data also indicated that there was a basis for expecting some reduction in 

PM emissions for particles in the 1–5 µm range if the scrubber performance could be optimized.  

CONCLUSION 

 The particle-size data from both the Line 7 and Line 3 agglomerators, showed that with 

coal firing or biomass firing increased mass of submicron particles was generated. The source of 

the additional fine particle mass was the formation of submicron calcium chloride particles with 

coal firing and submicron potassium chloride particles with biomass firing. Since a venturi-type 

particulate scrubber is primarily designed to collect larger particles, the submicron particle 

emissions cannot be eliminated by optimizing the scrubber. However, since emissions were only 

slightly higher than the MACT standard, fine tuning of the scrubber was expected to have some 

benefit on the overall emissions reduction by improving the capture of some of the larger 

particles. This approach, along with the modified Method 5b sampling approach was found to be 

sufficient to meet the MACT standard while allowing cofiring with coal. 
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Figure 3. Scrubber inlet particle size and loading for Line 3 with gas and gas–biomass firing, 
measured with a 7-stage cascade impactor. 

 
 

 
 
Figure 4. Stack particle size and emissions for Line 3 with gas and gas–biomass firing, measured 

with a 7-stage cascade impactor. 
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Figure 5. Stack potassium emissions as function of particle size for Line 3, comparing firing with 

100% gas and gas–biomass. 
 
 

 
 
Figure 6. Stack chloride emissions as function of particle size for Line 3, comparing firing with 

100% gas and gas–biomass. 
 




