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ABSTRACT 

 

The selling price of any coal product in the utility market depends on its heating value or 

Btu content, which is a function of both ash and moisture content. Typically, ash content 

of fine (-1 mm) and coarse (+1 mm) coal reporting to the clean coal belt of a coal 

preparation plant are relatively similar; however, moisture content of fine coal is much 

higher (i.e., two to three times) than that of coarse coal. If the moisture content of the fine 

fraction can be reduced substantially (i.e., 50% or more), the density cut point of the 

coarse coal cleaning circuit can be increased and a higher overall plant yield can be 

obtained while satisfying the final product heating value specification. To achieve this 

improvement, the use of a drying technology particularly suited for fine coal is required.  

 

The major goal of this investigation was to evaluate the Nano Drying Technology 

(NDT
TM

) process for further reducing the moisture content of fine clean coal produced by 

coal preparation plants in Illinois. The NDT process, developed by Nano Drying 

Technologies, LLC in Beckley, West Virginia (WV), makes use of molecular sieves to 

extract residual moisture from mechanically dewatered coal.  In this study, mechanically 

dewatered fine clean coal from two different coal preparation plants were further dried 

with the NDT system to show that it is able to reduce the moisture content of Illinois fine 

clean coal from over 20% to less than 10%. Pilot-scale experiments were conducted at 

NDT LLC’s pilot-scale facility in Beckley, WV to evaluate and optimize the system’s 

performance. A parametric study conducted using the Box-Behnken experimental design 

showed that the mass ratio of molecular sieves to coal feed was the most significant 

factor for the NDT coal moisture reduction process. The optimal product moisture 

content achieved for Illinois No. 6 coal was 7.28%. An economic analysis of the plant 

yield improvement and the resulting revenue gain achievable in a coal preparation plant 

flowsheet was conducted for a typical coal processing plant in Illinois, which produces 

100 tph of mechanically dewatered fine clean coal. Capital and operating costs for the 

NDT fine clean coal drying system are estimated to be $9.71-11.00/ton of fine clean coal 

product and inclusion of this system to an existing coal preparation plant flowsheet could 

increase plant profitability by as much as $4.4 million per year. 
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EXECUTIVE SUMMARY 

 

In modern coal preparation plants, wet separation has been widely applied with several 

parallel circuits for different particle size fractions. While heavy medium separation has 

been predominantly used for coarse and medium size coal, water-based gravity 

separation, such as spiral separators and hydrosizers, have been widely used for fine coal 

particles in the 1-mm to 150-micron size range. Ultrafine coal (less than 150 microns) is 

cleaned by froth flotation, which utilizes the difference in surface properties of clean coal 

and gangue materials. 

Fine and ultrafine clean coal products are generally dewatered using screen-bowl 

centrifuges, vacuum and/or pressure filters, or other mechanical means. While product 

moisture content of coarse and medium size clean coal is usually below 10%, the 

moisture content of fine clean coal that is dewatered by screen-bowl centrifuges ranges 

between 15 and 20% and that of ultrafine clean coal dewatered by vacuum or pressure 

filters can be as high as 25-30%. A simple analysis indicates that reducing the moisture 

content of the fine coal fraction by about 50% using a proper drying system could 

potentially increase plant yield by 3.3% while satisfying overall product specifications. 

Conventional thermal dryers have been used for this purpose in the past.  They are 

convective heaters that allow hot air to pass through a bed of moist coal to evaporate 

moisture. Low energy efficiency, high capital costs, and a required air pollution control 

process have limited the application of this technology. Additionally, direct contact 

between the thermal source and combustible coal poses potential operational and safety 

hazards. To overcome these disadvantages, an emerging fine coal drying technology, 

commercially known as Nano Drying Technology (NDT
TM

), was investigated in this 

study. The NDT process utilizes molecular sieves in the form of activated alumina beads 

to absorb moisture from fine coal. The process was evaluated using a pilot-scale NDT 

system located in Beckley, WV that includes a feeding system, a mixing reactor, a 

separation system to recover alumina beads, and a molecular sieve regeneration system. 

The main goal of this study was to evaluate the suitability of the NDT process for drying 

fine Illinois No. 6 coal that had been mechanically dewatered in an Illinois preparation 

plant. Target moisture content for the final clean coal product was 10%.  

 

Two dewatered fine clean coal product samples were collected from separate plants 

operating in Illinois and West Virginia. One had been dewatered by a screen-bowl 

centrifuge (d80=0.83 mm) and the other by a vacuum disk filter (d80=0.22 mm). Both 

samples were sealed in 55-gallon barrels and shipped to NDT LLC’s facility in Beckley, 

WV for pilot-scale testing. Before pilot-scale testing, a set of preliminary tests were 

conducted with the Illinois screen-bowl centrifuge product, which had average moisture 

content of 19.23%, using laboratory-scale equipment at Virginia Tech.  In these 

laboratory-scale tests, fine coal product moisture of 9.26% was achieved with a molecular 

sieve-to-coal (mass) ratio of 0.78 and coal/bead contact time of 4.92 minutes. Higher 

sieve-to-coal ratios and longer contact times resulted in lower product moistures. Three 

test conditions were selected from the test matrix for scale-up testing with the pilot-scale 

system. Pilot-scale results showed that the continuous NDT system was able to produce 

even better results than the laboratory-scale batch system. 
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NDT pilot-scale experiments were carried out to identify optimized conditions for 

effective moisture removal. A Box-Behnken test matrix was designed and used in 

performing pilot-scale tests on the West Virginia vacuum disc filter cake. Three 

parameters were considered in the Box-Behnken design: fine coal feed rate (contact 

time), mass ratio of alumina beads-to-coal feed (sieve-to-coal ratio), and the size of 

alumina beads (bead size). Feed and product coal moisture contents were analyzed and 

recorded to determine process responses. This parametric study showed that sieve-to-coal 

ratio and bead size are significant factors for moisture reduction. Validation tests were 

successfully conducted to verify models developed from the Box-Behnken study. 

 

Molecular sieve regeneration performance was evaluated in this study for regeneration 

efficiency and consistency. The alumina bead is one type of molecular sieve that can be 

regenerated by thermal drying; hence, an indirect steam-heated thermal dryer (Solex unit) 

system fueled by natural gas was designed by NDT LLC to regenerate wet beads for the 

next cycle. The pilot-scale regeneration system produced 8 lbs/min of dry beads. 

Moisture content of beads was reduced from 13-16% down to 1-3%.  

 

A preliminary economic analysis was conducted for drying 100 tph of fine clean coal 

obtained from a typical Illinois coal preparation plant. Based on information found in 

NDT LLC’s user’s manual and other documents, the annualized capital and installation 

cost for the NDT system ranges from $2.2 to $3.3 million. The operating cost, estimated 

at $3.3 million per year, is composed of costs for thermal energy, electricity, drying 

media, maintenance, and manpower requirements. Total capital and operating costs for 

fine clean coal drying using the NDT system is estimated to be $9.71 to $11.00 per ton of 

fine clean coal product.  
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OBJECTIVES 

 

The overall goal of this study was to evaluate the suitability of Nano Drying Technology 

(NDT
TM

) for lowering the moisture content of a mechanically dewatered fine clean coal 

product by nearly 50% and investigate potential financial gains that can be realized by 

Illinois coal preparation plants. Specific project objectives were: 

 To examine the suitability of NDT for additional reduction of moisture content of 

the mechanically dewatered fine clean coal. This included identifying key process 

parameters and determining their optimal conditions.  The target moisture content 

was in the range of 5 to 10%. 

 To conduct a comparative feasibility and economic analysis to estimate potential 

financial gains that can be realized through integration of the NDT process into a 

typical Illinois Basin coal preparation plant. 

 

 

INTRODUCTION AND BACKGROUND 

 

Introduction 

 

A 2010 report, published by the National Energy Technology Laboratory (NETL, 2010), 

indicates US coal producers have discarded up to two billion tons of moisture-laden fine 

coal in waste ponds or slurry impoundments over the years. That amount continues to 

increase as over 70 million tons of fine coal waste are discarded into ponds every year. 

This valuable resource is left unrecovered because of technological limitations, as well as 

other operational and market considerations, resulting in a tremendous loss of potential 

energy for coal-burning utilities and forfeited profits for coal producers.  Furthermore, 

this practice creates a significant long-term environmental problem that must be dealt 

with at some point (Asmatulu, 2001; Svarovsky, 1981). 

 

The fine and ultrafine coal product from coal processing plants contains large amounts of 

moisture that reduce the heat content of the final coal product unless removed. Existing 

technologies for removing this moisture are either extremely expensive, very inefficient, 

or both. For this reason, many coal producers elect to just discard the fine portion of their 

run-of-mine coal into waste ponds without any attempt at recovery. As profit margins 

shrink and it becomes increasingly difficult to permit waste storage and slurry 

impoundments, existing technologies will have to be supplemented, enhanced, or 

replaced in order for coal producers to satisfy contract specifications and stay in business. 

 

Potential Profit from Fine Coal Drying 

 

The selling price of a utility coal product depends on the heating value (Btu content) of 

the coal, which is a function of ash and moisture content. As shown in Figure 1, the 

correlation between heating value and inert content of coal has been developed based on 

analyses of more than 60 different Illinois Basin coal samples (from Illinois No. 6, 

Murphysboro No. 2, and Western Kentucky No. 9 seams) over a period of several years 

(Mohanty et al., 2012). The relationship can vary for different ranks of coal, but coals are 
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fairly consistent in the Illinois Basin. This correlation indicates that for each 1% decrease 

in moisture and/or ash content of fine coal, the heating value will be increased by 

approximately 155 Btu/lb.  

 

 

Figure 1: Correlation of heat content with combined ash and moisture content  

for Illinois Basin coals (Mohanty et al., 2012). 

 

For example, assume that a hypothetical plant provides a clean coal product to meet a 

contract specifying a minimum heating value of 11,500 Btu/lb with a maximum cap of 

12% and 10% on ash and moisture content, respectively, on an as-received (AR) basis. 

For simplicity, other product quality constraints such as sulfur, mercury, etc. are not 

considered. As shown in the top half of Table 1, without using any additional fine coal 

drying technology, the hypothetical plant produces an overall clean coal product with 

10% ash, 8% moisture, and 11,578 Btu/lb heating value to satisfy the contract. The ash 

content obtained from both coarse and fine circuits is 10%; however, the moisture content 

from these respective circuits is quite different, i.e., 6% and 20%, for the coarse and fine 

circuits, respectively.  Consequently, the heating value of the fine coal is significantly 

lower than that of the coarse coal (9,713 versus 11,889 Btu/lb). This disparity in heating 

value can be overcome by utilizing advanced drying technologies on fine coal, which 

ultimately results in higher clean coal yield from the plant as shown in the bottom half of 

Table 1. If the moisture content of fine coal can be lowered to 10%, the fine coal tonnage 

is reduced from 100 to 89 tph on an AR basis reducing the total clean coal from 700 to 

689 tph, but it has a higher heating value of 11,809 Btu/lb. This higher heating value 

allows the coarse section of the plant to operate at a higher density cut point while still 

satisfying the heating value specification (11,500 Btu/lb) for the total product, which 

produces 44 tph of additional coarse coal with higher ash content. Therefore, a net gain of 

33 tph of clean coal can be achieved from the hypothetical preparation plant that would 

result in additional annual revenue of nearly $8.9 million assuming a selling price of 

$45/ton for Illinois clean coal and 6,000 operating hours per year.  
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Table 1: Potential gain achievable by lowering the fine coal moisture content by 50%. 

Without Enhanced Drying Technology 

Circuit tph (dry) tph (AR) % Moisture (AR) % Ash (AR) Btu/lb (AR) 

Coarse 564 600 6 10 11,889 

Fine 80 100 20 10 9,713 

Total 644 700 8 10 11,578 
 

With Enhanced Drying Technology 

Circuit tph (dry) tph (AR) % Moisture (AR) % Ash (AR) Btu/lb (AR) 

Coarse 564 600 6 10 11,889 

Fine 80 89 10 10 11,267 

Total 644 689 6.52 10 11,809 

Coarse + 41 44 6 35 8,004 

New Total 685 733 6.49 11.5 11,580 
 

Difference +41 +33 -1.51 +1.5 +2 

Increased Annual Revenue = $8,910,000 (33 tph * $45/ton * 6,000 working hrs/year)  

  

 

Conventional Fine Coal Drying Limitations 

 

With only mechanical dewatering systems, coal fines generated from coal preparation 

plants or recovered from impoundments typically contain 25-30% moisture content by 

weight. For utilization as a fuel, the ideal moisture content of coal fines is below 10%, 

which usually requires additional dewatering using thermal coal drying technologies, 

such as convective thermal dryers (Klima et al., 2012). Convective thermal dryer 

technology employs hot gases that pass through the moist coal evaporating water and 

carrying away the water vapor. Low energy efficiency, high capital costs, and a required 

air pollution control process have limited the application of this technology. Additionally, 

direct contact between the thermal source and combustible coal poses several operational 

hazards and environmental issues. Due to these economic and environmental issues, the 

use of conventional thermal dryers has decreased significantly over the years. 

 

Nano Drying Technology (NDT
TM

)  

 

To reduce the risk of fire or explosion, any close contact between a high-temperature heat 

source and fine clean coal particles must be eliminated. This can be done using molecular 

sieves to absorb excess water from fine coal at ambient temperatures. Molecular sieves 

are a form of nano-technology-based particles typically used for extracting moisture from 

aerosol and liquid environments. Molecular sieve drying has been widely used in the 

agriculture and chemical industries for seed drying and gas purifying. Molecular sieves 

often consist of small-diameter alumino-silicate minerals, clays, porous glasses, micro-

porous charcoals, zeolites, active carbon, or synthetic compounds that have open 

structures through or into which small molecules such as nitrogen and water can diffuse 

(Breck, 1964). Molecular sieves can absorb up to 42% of their weight in water (Bland, et 

al., 2011).  According to Ramakrishna et al. (2011), molecular sieves contain precise, 

uniformly sized pores, typically in the 3-10 angstrom range (1 angstrom equals 10
-10

 m or 

0.1 nm). These pores are large enough to absorb water, but small enough to prevent fine 

coal particles from entering.  
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Molecular sieves are used in drying processes because they are reusable after the 

absorbed water is removed by heating. NDT LLC has developed a coal/mineral drying 

system using activated alumina beads, which are only one type of reusable molecular 

sieves. In this process, since combustible coal is not in proximity to any heat source or 

heat carrier, the hazard of fine coal ignition or explosion is completely eliminated. When 

molecular sieves are mixed with wet coal fines, they quickly draw water away from the 

wet solids. In order to maximize surface contact between molecular sieves and coal 

particles, the mixture is agitated for a short period of time. After the mixing or contact 

period, molecular sieves are recovered from the dry coal by simple screening since sieves 

are substantially larger than the top size of dried coal particles. With sieves removed, the 

dried fine coal has substantially reduced moisture content, which can reach single-digit 

values regardless of coal particle size.  

 

After passing through the mixing zone and being separated from the dried coal, molecular 

sieves are then regenerated by evaporating the trapped moisture in a conventional thermal 

dryer.  It is important to note that the regeneration occurs after the deeply dewatered coal 

particles have been removed (i.e., no portion of the coal is ever subjected to heating). 

Once regenerated, the sieves are recycled back through the process. Consequently, this 

process is considered by the inventors to be an advanced dewatering process and not a 

thermal drying process, which offers many advantages in terms of operational cost and 

environmental compliance. 

  

A schematic of the pilot-scale process NDT process is illustrated in Figure 2. Preliminary 

laboratory tests completed by Bratton et al. (2012) showed the feasbility of achieving 

product moisture content in the 5-10% range for both -0.6 mm and -0.15 mm coal having 

feed moisture content of 22 to 28%.  

 

 

Figure 2: Schematic of the pilot-scale NDT process. 
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EXPERIMENTAL PROCEDURES 

 

Coal samples used in this study were collected from two different coal preparation plants.  

Both had been mechanically dewatered. Sample 1, referred to as Illinois steam coal, was 

a spiral product dewatered with a screen-bowl centrifuge.  The coal was mined from the 

Illinois No. 6 seam. Sample 2, referred as West Virginia metallurgical coal, was a 

flotation product dewatered with a vacuum disc filter.  The coal was extracted from the 

Pocahontas No. 3 seam. 

 

Initial exploratory experiments were bench-scale batch tests conducted with the Illinois 

steam coal to identify critical operating parameters in the NDT process. Using the best 

results from lab-scale testing, the Illinois steam coal was then processed in the pilot-scale 

unit at NDT LLC’s facility in Beckley WV. A comparison of lab-scale and pilot-scale 

testing justified further pilot-scale evaluation. 

 

To achieve established objectives, a Box-Behnken experimental matrix was designed 

with three operating variables (factors) and conducted using the West Virginia 

metallurgical coal. Results of the Box-Behnken design were statistically analyzed for 

performance evaluation and further process optimization. Using these results, pilot-scale 

experiments were repeated for the Illinois steam coal in a parametric study designed to 

optimize drying performance and achieve targets established for this study.   

 

Next, the pilot-scale drying media (alumina beads) regeneration system was tested using 

three different bead sizes collected from pilot-scale experiments.  While the regeneration 

system testing was done independently, results can be combined with drying 

experimental results for the purpose of evaluating the entire NDT process as a 

continuously running system.  

 

Finally, with available capital cost information published in NDT LLC’s documents, an 

economic analysis of this technology was conducted based on a typical Illinois coal 

processing plant scenario. The operating cost for a 100 tph fine coal process was 

analyzed and used to estimate the increase in profit resulting from incorporation of the 

NDT system into a typical plant flowsheet. 

 

RESULTS AND DISCUSSIONS 

 

Task 1: Sample Acquisition and Characterization 

 

Nominal -1 mm fine clean coal product reporting to the clean coal belt of two different 

plants were collected in barrels. One was screen-bowl centrifuge dewatered spiral clean 

coal product sourced from a coal processing plant in Illinois. It is a bituminous coal 

mined from the Illinois No. 6 seam. Moisture content was in the range of 18 to 22% and 

ash content on a dry basis was close to 11%.  The other was vacuum disc filter dewatered 

flotation product from a metallurgical coal processing plant in West Virginia. It is a 

coking coal mined from the Pocahontas No. 3 seam.  Moisture content was 24.81%. 
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Both coal samples were stored in sealed, plastic-lined barrels, as shown in Figure 3, at the 

SIUC coal development park and the NDT LLC facility to avoid any natural evaporation 

of moisture from samples before the drying test program. The West Virginia coal was 

used primarily for statistical analysis and optimization of NDT pilot-scale operating 

parameters. 

 

 

Figure 3: Barrels of fine coal samples in storage (left) and as collected (right). 

 

Figure 4 shows the size distribution analyses for both coal samples. The screen-bowl 

centrifuge product of the Illinois steam coal had an approximate top size of 2 mm and a 

d80 size of 0.83 mm. Compared to the Illinois steam coal, the West Virginia metallurgical 

coal was finer with a top size of 0.5 mm and d80 size of 0.22 mm. 

 

 

Figure 4: Particle size distribution of coal samples used in this study. 
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Task 2:  Laboratory Tests 

 

Task 2.1 Lab-scale Testing on IL Steam Coal 

 

Eleven laboratory tests were performed using a bench-scale test apparatus consisting of a 

batch mixer, laboratory sieve, and microwave dryer as shown in Figure 5. Molecular 

sieves (activated alumina beads) of 3/16-inch diameter and 400 grams of Illinois steam 

coal were used in each test. The test matrix included beads-to-coal ratios of 0.70, 0.72, 

0.78, 0.85 and 0.88 and mixing times of 2.08, 2.50, 3.50, 4.50 and 4.92 minutes. As 

shown in Table 2, the best result was a moisture content reduction from 18.59 to 9.26% 

for Test 9 operating conditions.  Plotting these results, as shown in Figure 6, indicates 

that a lower moisture product can be achieved at higher beads-to-coal ratios and at a 

longer mixing times.   

 

Dry high-moisture 

coal fines by 

combining with 

molecular sieves.

Dry high-moisture 

coal fines by 

combining with 

molecular sieves.

Separate 

dewatered coal 

fines from 

molecular sieves.

Separate 

dewatered coal 

fines from 

molecular sieves.

Reuse molecular 

sieves after 

thermal 

regeneration.

Reuse molecular 

sieves after 

thermal 

regeneration.

Rotary

Mixer

Laboratory

Sieve

Microwave

Dryer
 

Figure 5: Schematic of the batch-scale NDT process steps (Bratton et al., 2012). 

 

Table 2: Laboratory-scale batch test drying results for Illinois steam coal. 

Test ID 
Beads: 

Coal  
Ratio 

Mixing 
Time  
(min) 

Moisture % 

Wet Coal Feed Dry Coal Product 
Moisture-Loaded  

Beads 

1 0.78 3.50 18.16 9.87 10.53 

2 0.85 4.50 18.65 9.66 10.38 

3 0.78 3.50 18.22 10.77 9.58 

4 0.85 2.50 18.78 11.43 8.15 

5 0.72 4.50 18.53 9.95 11.77 

6 0.70 3.50 18.64 11.13 10.57 

7 0.88 3.50 18.44 9.77 9.86 

8 0.72 2.50 18.40 11.62 9.46 

9 0.78 4.92 18.59 9.26 11.93 

10 0.78 2.08 18.61 11.76 8.69 

11 0.78 3.50 18.99 10.10 10.61 

Average     18.55 10.48 10.14 
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Figure 6: Parameteric effects of the NDT process on product moisture content  

(mixing time = 3.5 minutes for plot on left). 

 

 

Task 2.2 Comparison of Laboratory-scale and Pilot-scale Test Performance 

 

The lowest coal product moisture obtained in lab-scale testing was achieved with a 

beads-to-coal ratio of 0.78 and mixing for 4.92 minutes. Considering such a high contact 

time unrealistic for commercial application, conditions for Tests 1, 2, and 9, shown in 

Table 2, that also produced favorable results, were selected for the initial pilot-scale 

system evaluation. Table 3 shows results of these initial pilot-scale tests. 

 

In the pilot-scale system, the mixing time was adjusted by varying the screw rotation 

speed (rpm) in the contactor. To achieve the 4.5-minute mixing time, feed rates of coal 

and beads were reduced to operate the contactor at a lower flow rate. Although this 

enabled a mixing time of 4.5 minutes to be reached, the low flow rate of material could 

not provide a well-mixed environment for molecular sieves to efficiently absorb moisture 

from coal, as shown by results for Test 2 (see Table 3). On the other hand, Tests 1 and 3 

with lower mixing times, but higher coal feed rates, produced better results. Based on 

these results, it was concluded that the NDT pilot-scale system is capable of achieving 

acceptable results that are comparable to the promising results achieved in lab-scale tests. 

 

 

Table 3: Pilot-scale test results using conditions determined in lab-scale testing. 

Test 
ID 

Coal 
Feed 
Rate 

(lb/min) 

Beads: 
Coal 
Ratio 

Mixing 
Time 
(min) 

Bead 
Size 

(inch) 

Moisture (%) 

Feed 
Coal 

Product 
Coal 

Feed 
Beads 

Product 
Beads 

1 10 0.88 3.5 0.187 20.35 8.38 3.92 15.3 

2 5 0.85 4.5 0.187 19.89 9.21 3.7 19.4 

3 10 0.78 3.5 0.187 20.03 8.47 3.82 15.74 

 



12 

 

Task 3: Pilot-scale Experiments – Evaluation and Optimization 

 

Task 3.1 Experimental Design and System Calibration for Pilot-scale Testing 

 

In the Box-Behnken experimental design matrix developed for performance evaluation 

and optimization of the NDT pilot-scale system, three parameters: coal feed rate, beads–

to-coal ratio, and bead size were considered to be the major factors. Coal feed rate mainly 

represents the capacity of the pilot-scale unit.  It is important because production is 

directly related to profitability. The beads-to-coal ratio is controlled by adjusting the 

beads feed rate. This is a significant factor because a proper mix affects the probability 

water molecules transferring from fine coal particles to alumina beads. The size and 

number of beads determines the total bead surface area available for material contact. 

Smaller beads offer more total surface area for moisture absorption than larger beads; 

however, the smaller the bead size used, the greater the challenge in separating beads and 

fine coal.  This challenge makes larger sized beads preferable. 

 

Figure 7 illustrates a 3-factor Box-Behnken design with three levels for each factor. The 

combination of levels indicates positive effect, negative effect, and center point in the 

experimental design. 

 

 

Figure 7: Box-Behnken design parameters and selected levels. 
 

Pilot-scale system calibration tests used the West Virginia metallurgical coal sample as 

feed and activated alumina beads in three sizes:  1/8-inch, 3/16-inch and 1/4-inch, as the 

drying media. The pilot-scale system operates by placing the moist fine coal feed sample 

in the coal feeder bin and dry alumina beads in the beads feeder bin, as seen in Figure 8. 

Moist coal and beads are fed from these bins into the mixer/contactor, which is a 
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rectangular tank with two pin screws rotating in opposite direction to mix the coal and 

beads whilst ensuring material flow. The system is equipped with a control panel for 

varying screw rotation speed and vibratory feeder frequencies, which control material 

flow rates. Both coal and beads feeders were calibrated to match the feeding rate 

corresponding to the control panel reference value obtained from calibration curves 

shown in Figure 9. 

 

 

Figure 8: NDT pilot-scale system (left) and close-up of mixer/contactor (right). 
 

 

Figure 9: Coal feeder screw (left) and alumina beads feeder (right) calibration charts. 

 

 

Task 3.2 Box-Behnken Experimental Results and Parametric Analysis 

 

After calibration, 17 experiments required by the Box-Behnken design matrix were 

conducted in the NDT pilot-scale facility. Timed samples were collected from fine coal 

feed, dry beads feed, dry coal product, and water absorbed beads. Contact time in the 

mixer was maintained at 2.5 minutes, which was sufficient to reduce coal moisture and 
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still be efficient in a continuous industrial process. Mixed coal and beads samples were 

collected at the mixer/contactor discharge and separated with laboratory sieves. The fine 

coal product moisture was determined using NDT LLC’s moisture analyzer. Results of 

Box-Behnken experiments are shown in Table 4. 

 

A parametric analysis was then conducted using Design Expert Software. Two responses 

were targeted in the experimental design: product moisture (Response 1), which 

represents fine coal moisture achieved using the NDT
 
system, and moisture reduction 

(Response 2), which represents the portion of moisture absorbed by molecular sieves 

during the drying process. Table 5 shows the ANOVA table generated by Design Expert 

software for Response 1. The beads-to-coal ratio and bead size were determined to be 

significant factors for lowering fine coal moisture since their p-values are less than 0.05. 

Bead size has a linear effect on product moisture, whereas the beads-to-coal ratio has a 

quadratic relationship with product moisture. 

 

Table 4: Results of Box-Behnken experiments with NDT pilot-scale drying system. 

Test 
ID 

Feed 
Rate 

(lb/min) 

Beads:
Coal 
Ratio 

Bead 
Size 

(inch) 

Moisture (%) Moisture 
Reduction 

(%) 
Feed 
Coal 

Product 
Coal 

Feed 
Beads 

Product 
Beads 

1 10 0.5 3/16 23.51 1.67 1.11 15.52 92.9 

2 20 0.5 3/16 24.4 6.9 1.8 19.87 71.7 

3 10 1.5 3/16 24.87 1.06 1.51 9.98 95.7 

4 20 1.5 3/16 23.77 1.1 1.73 14.35 95.4 

5 10 1 1/8 25.16 1.31 0 15.99 94.8 

6 20 1 1/8 24.97 1.23 0 16.24 95.1 

7 10 1 1/4 25.4 3.63 0 11.43 85.7 

8 20 1 1/4 25.99 1.35 0 14.21 94.8 

9 15 0.5 1/8 27.16 3.76 0 17.99 86.2 

10 15 1.5 1/8 26.18 0.9 0 12.06 96.6 

11 15 0.5 1/4 25.28 6.64 0 16.72 73.7 

12 15 1.5 1/4 26.19 1.22 0 12.9 95.3 

13 15 1 3/16 24.3 1.9 1.11 17.4 92.2 

14 15 1 3/16 24.57 1.92 1.11 17.19 92.2 

15 15 1 3/16 24.35 2.1 1.51 17.44 91.4 

16 15 1 3/16 22.88 1.68 1.38 15.5 92.7 

17 15 1 3/16 22.81 1.73 1.13 17.645 92.4 

 

Table 5: ANOVA table for Response 1: product moisture. 

Source Sum of Squares df Mean Square F-Value 
p-value 

Prob > F 

Model 50.410 5 10.082 28.766 < 0.0001 

  B-Beads-to-Coal Ratio 37.815 1 37.815 107.894 < 0.0001 

  C-Bead Size 3.976 1 3.976 11.345 0.0071 

  AC 1.210 1 1.210 3.452 0.0928 

  BC 1.638 1 1.638 4.675 0.0559 

  B^2 9.303 1 9.303 26.545 0.0004 

Residual 3.505 10 0.350     

Lack of Fit 3.393 6 0.565 20.210 0.0059 

Pure Error 0.112 4 0.028     

Cor Total 53.915 15       
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The graphical relationship between main factors and product moisture are shown in 

Figure 10. The pertubation curve indicates that Factor B (beads-to-coal ratio) has a more 

significant effect on product moisture than Factor A (coal feed rate) and C (bead size). 

The interaction between Factors B and C indicates that a high beads-to-coal ratio is 

required to obtain a low product moisture and smaller diameter beads offer more surface 

area to absorb moisture from fine coal particles. When a high beads-to-coal ratio is used, 

the effect of bead size becomes limited; however, the load on the NDT system increases 

accordingly as does the load on the beads regenaration system. 

 

 

Figure 10: Main factor perturbation curves and factor interaction effects for Response 1 

(A-Fine coal feed rate, B-Molecular beads-to-coal ratio, C-Molecular sieve size). 
 

Table 6 shows the ANOVA table generated by Design Expert software for Response 2. 

Similar to Response 1, the beads-to-coal ratio and bead size were determined to be 

significant factors with bead size having a linear effect on moisture reduction and the 

beads-to-coal ratio having a quadratic relationship with moisture reduction. 

 

Table 6: ANOVA table for Response 2: moisture reduction. 

Source Sum of Squares df Mean Square F-Value 
p-value 

Prob > F 

Model 768.918 4 192.230 23.413 < 0.0001 

  B-Beads-to-Coal Ratio 589.869 1 589.869 71.845 < 0.0001 

  C-Bead Size 66.132 1 66.132 8.055 0.0161 

  BC 31.368 1 31.368 3.821 0.0765 

  B^2 134.372 1 134.372 16.366 0.0019 

Residual 90.313 11 8.210     

Lack of Fit 89.384 7 12.769 54.995 0.0008 

Pure Error 0.929 4 0.232     

Cor Total 859.231 15       
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As shown in Figure 11, the pertubation curve indicates that Factor B (beads-to-coal ratio) 

has a more significant effect on moisture reduction than Factor C (bead size). The 

interaction between Factors B and C indicates that, if the beads-to-coal ratio increases 

and bead size decreases, the miosture reduction is higher. Theoretically, moisture 

reduction is optimum at a beads-to-coal ratio of 1.3 and 1/8-inch molecular sieve size.  

These conditions should provide the highest probability for moisture absorption.  

 

 

Figure 11: Main factor perturbation curves and interaction factors effect for Response 2 

(A-Fine coal feed rate, B-Molecular beads-to-coal ratio, C-Molecular sieve bead size). 

 

The beads-to-coal ratio and bead size were determined to be the two most important input 

parameters. The ratio of beads-to-coal has the most significant effect on coal moisture 

reduction; however, bead size of beads used to absorb moisture has a major effect on 

moisture reduction as well. Decreasing bead diameter provides more bead surface area, 

which increases the contact area between beads and moist coal. 

 

Task 3.3 Validation of Box-Behnken Tests 

 

A set of validation tests were conducted to ensure that Box-Behnken experiments were 

performed to design specifications. A coal feed rate (Factor A) of 15 lbs/min, a beads-to-

coal ratio (Factor B) of 1.0, and a 3/16-inch bead size (Factor C) were selected as 

experimental conditions for predicting product moisture and moisture reduction from 

validation testing. Table 7 shows response predictions for these conditions with 

corresponding 95% confidence intervals as determined using final equations generated by 

Design Expert Software.  

 

Table 7: Predicted values and confidential intervals of targeted responses. 

Response Prediction Std Dev SE Mean 95% CI Low 95% CI High 

Product Moisture (%) 1.9 0.6 0.3 1.2 2.5 

Moisture Reduction (%) 92.3 2.9 1 90.2 94.5 
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Experimental validation tests verifying these predictions were conducted at the specified 

factor settings using the same coal sample employed in the Box-Behnken tests. Results, 

shown in Table 8, indicate average product moisture of 1.76%, which is close to the 

predicted value and well within the 95% confidence interval of 1.2 to 2.5%. Average 

moisture reduction was 92.59%, less than 0.2% deviation from the predicted value. 

Individual results from all three tests were within the 95% confidential interval. 

 

Table 8: Results from experimental validation testing. 

Test 
ID 

Feed 
Rate 

(lb/min) 

Beads: 
Coal 
Ratio 

Bead 
Size 

(inch) 

Moisture (%) Moisture 
Reduction 

(%) 
Feed 
Coal 

Product 
Coal 

Feed 
Beads 

Product 
Beads 

1 15 1 0.187 23.81 1.93 1.38 16.96 91.89 

2 15 1 0.187 23.7 1.84 1.13 17.50 92.24 

3 15 1 0.187 23.63 1.50 1.13 14.89 93.65 

Ave 
    

1.76 
  

92.59 

 

 

Task 3.4 Drying Performance Evaluation for Illinois Steam Coal 

 

The Illinois steam coal sample collected from the screen-bowl centrifuge has an inherent 

moisture content of 9.88% when tested in accordance with the ASTM procedure. To 

overcome the difficulty of removing inherent moisture by mechanical methods, it was 

determined to operate the NDT system at a higher beads-to-coal ratio and a lower fine 

coal feed rate. The size analysis conducted as part of Task 1 showed the Illinois steam 

coal sample had a top size of 2 mm. While theoretically, the 1/8-inch alumina beads 

would have provided more contact surface area, to improve the bead-coal separation 

efficiency, 3/16-inch beads were selected as the drying media for the Illinois steam coal. 

For commercialization purposes, less mixing time was preferred to obtain a desirable 

product. Therefore, 2.5 minutes was applied for mixing. Based on these factors, a test 

matrix was designed and tests were conducted with results shown in Table 9.  

 

Table 9: Pilot-scale drying performance evaluation for Illinois coal. 

Test 
ID 

Coal 
Feed 

(lb/min) 

Beads:
Coal 
Ratio 

Bead 
Size 

(inch) 

Moisture % 

Feed  
Coal 

Product 
Coal 

Feed 
Beads 

Product 
Beads 

1 10 1 3/16 20.07 9.94 2.86 10.35 

2 10 1.25 3/16 20.11 7.53 3.86 11.25 

3 10 1.5 3/16 20.44 7.27 3.26 9.21 

4 15 1.5 3/16 18.89 8.18 2.31 9.16 

5 20 1.5 3/16 21.21 8.27 2.17 10.99 

 

All of the results obtained from Task 3 testing indicate that the NDT pilot-scale system 

successfully achieved the target of producing fine clean coal with moisture content less 

than 10%. For the Illinois steam coal sample, 7.27% product moisture was achieved with 

a beads-to-coal ratio of 1.5 and a coal feed rate of 10 lb/min.  This was a moisture 

reduction of 64.43%. Furthermore, it demonstrated that the NDT pilot-scale system is 

capable of removing not only a majority of the surface moisture, but also a portion of the 

inherent moisture from fine coal particles, and this without any use of thermal drying. 
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Task 4:  Molecular Sieves Regeneration Tests 

 

Task 4.1 Molecular Sieve Recycling 

 

Molecular sieves used as the drying media in the NDT system require a major cost 

investment; however, activated alumina beads can be regenerated by thermal drying and 

reused. In NDT LLC’s pilot-scale facility, a double-deck vibrating screen is used to 

separate beads from the fine coal product so they can be regenerated and recycled back 

through the system.  This screen is shown in Figure 12. The upper deck screen has an 

aperture size slightly larger than the bead size to separate blocks or lumps of fine coal. 

The lower deck is used to separate moist beads and dried fine coal product.  

 

 

Figure 12: Molecular sieve recycling system (left) and screen deck (right). 

 

 

Task 4.2 Molecular Sieve Regeneration Tests and Results 

 

As shown in Figure 13, moist beads are loaded by an elevator at a specified speed and the 

output flow rate is measured and adjusted to control the material balance in the unit. Bead 

samples were collected from both loading and discharge points as feed and product, 

respectively. Bead moisture content was determined using a microwave dryer at the NDT 

LLC facility.  

 

As shown in Figure 14, high temperature steam from a steam boiler is injected into the 

heat exchanger for the regeneration unit. The input steam temperature is 250-300°F under 

100-120 psi gauge pressure. The steam boiler is fueled by natural gas. The pressurized 

steam heated regeneration unit evaporates adsorbed water from the alumina beads. The 

moisture-laden air and ultrafine coal particles that adhered on the beads are removed 

from the regeneration unit by an exhaust fan. In this study, the regeneration performance 

of 1/8-inch, 3/16-inch and 1/4-inch beads was evaluated. 

 

To do this, representative samples were collected before and after the drying system to 

determine bead moisture content. Samples are then dried in a microwave oven. 

Generally, the time required to completely dry moist feed beads and dry product beads 

was eight and three minutes, respectively. 
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Table 10 shows moisture reduction for the three molecular sieve sizes at various feed 

rates during the regeneration process.  Average moisture content for feed and dry product 

beads are shown in Table 11. The regeneration unit was able to reduce bead moisture 

content from 13-16% to 2-3% with a standard deviation of less than 0.3%.  

 

 

 

Figure 13: Alumina beads regeneration unit (left) and output flow (right) 

 

 

 

Figure 14: Steam boiler (left) and regeneration unit steam heat exchanger (right). 
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Table 10: Molecular sieve regeneration individual test results. 

Bead Size 
Test 
ID 

Wet Beads Feed Dry Product Beads 

Feed Rate 
(lb/min) 

Moisture 
(%) 

Output Rate 
(lb/min) 

Moisture 
(%) 

1/8 inch 

1 8.2 14.82 7.8 2.45 

2 8.4 15.12 7.6 2.48 

3 7 16.21 8.5 2.23 

4 7.6 15.62 8.8 2.66 

3/16 inch 

1 8.39 13.79 9.33 2.22 

2 8.86 13.68 8.57 2.02 

3 8.82 13.45 8.02 1.86 

1/4 inch 

1 7.6 14.18 8.8 2.54 

2 7 13.81 8.4 3.03 

3 8.2 14.02 8.3 2.29 

4 7.8 14.42 7.6 2.39 

 

Table 11: Molecular sieve regeneration test summary results. 

Bead Size 
Average Feed 
Moisture (%) 

Average Product 
Moisture (%) 

Product Moisture 
Standard Deviation 

1/8 inch 15.44 2.46 0.152 

3/16 inch 13.64 2.03 0.148 

1/4 inch 14.10 2.56 0.286 

 

 

Task 5: Economic Analysis 

 

Plant Assumptions 

 

A preliminary economic analysis was conducted to estimate the payback period for an 

NDT installation.  This analysis considering both capital and operating costs required for 

commercial application of the NDT system. The analysis compares two scenarios for a 

typical preparation plant flow sheet, one with the NDT enhanced fine coal drying circuit 

and one without any enhanced fine coal drying circuit. 

 

As was shown previously in Table 1, the coal processing plant is assumed to produce 700 

tph of clean coal with a heating value of 11,500 Btu/lb to meet contract specifications. 

Without any enhanced fine coal drying technology, the breakdown of this product is 600 

tph of coarse coal and 100 tph of dewatered fine coal. By adding the NDT enhanced fine 

coal drying technology, mechanically dewatered fine coal moisture content can be 

reduced from 20% or more to 10% or less as demonstrated by results achieved in this 

study.  This significantly increases the overall heating value of the plant product. In this 

circumstance, more clean coal can be recovered from the coarse circuit by slightly 

increasing the heavy media density cut point. For the particular case shown in Table 1, 44 

tph of additional higher ash content coarse coal can be blended into the clean coal 

product increasing total plant output to 733 tph while maintaining the contractual heating 

value of 11,500 Btu/lb. As was shown in Table 1, for Illinois steam coal selling at 

$45/ton, an additional $8.9 million in annual revenue can be generated by this 33 tph 

increase in clean coal product. 
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Capital and Installation Costs 

 

NDT LLC has quoted capital and installation costs of $150,000 to $225,000 per ton-hr.  

This includes capital equipment cost, engineering/electrical/construction cost, project 

development fee, and contingency reserve.  

 

Thus, for a 100 tph plant, the total capital and installation cost is: 

 

$150K-225K * 100 tph = $15-22.5 million. 

 

Given a capital recovery factor of 0.1468 (12% rate of return and 15 year plant life), 

annualized capital and installation costs are:  

 

$15-22.5 million * 0.1468 = $2.2-3.3 million. 

 

Operating and Maintenance Costs 

 

Operating cost are significantly dependent on the product moisture content required to 

meet customer specifications. Based on information provided by NDT LLC, operating 

costs are typically in the range of $3-15 per ton of product. If waste process heat is 

available at the site, operating costs can be as little as $2 per ton. In order to determine a 

specific operating cost for this study, a preliminary analysis was conducted. 

 

Operating costs are driven by two major factors: coal feed rate and the amount of 

moisture reduction desired. These costs are comprised of energy for bead regeneration, 

electricity, drying media, maintenance, repair, and manpower requirements. 

 

Bead Regeneration: The amount of heat required for beads regeneration can be estimated 

by calculating water evaporation efficiency to determine the energy required to raise the 

temperature of water from 21°C in liquid form to 200°C in vapor form. 

 

       Stage 1: 21°C (water) to 100°C (water): 141 Btu/lb. 

       Stage 2: 100°C (water) to 100°C (vapor): 965 Btu/lb. 

       Stage 3: 100°C (vapor) to 200°C (vapor): 89 Btu/lb.               

 

Total energy to evaporate the water is 1195 Btu/lb. If a natural gas based steam boiler 

with theoretical operating efficiency of 60% is used to provide this heat, the operating 

energy to evaporate 1 lb of water is 1992 Btu. For 1 tph water evaporation, 3.98 MBtu/hr 

energy is required.  Given the current price of natural gas in Illinois is about $6/MBtu, the 

operating cost for heat energy is $23.9/hr per ton of water. 

 

Electricity: For power connection, a 100 tph size NDT plant requires 1400 connected 

horsepower (~1044 kW). Assuming the electricity price in Illinois is $0.10/kWh, the 

operating cost for power connection is $104/hour. 
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Drying Meida: The drying media utilized for NDT system is activated alumina beads, 

with a purchase price of approximately $1/lb for 3/16-inch beads. Beads are reusable and 

based on the operating model tested by NDT LLC they can last for 6000 cycles. To dry 

100 tph fine clean coal, 150 tph alumina beads are needed for better performance. 

Assuming the time consumption for bead regeneration is about 2 hours, then 300 tons of 

material are required for the system setup. 
 
Manpower: The NDT system has been designed to operate for 6000 hours per year. In 

general, four operators at $25 per hour are applicable for a 100 tph plant.  
 
Maintenance and Repair: In their project model, NDT LLC estimated maintenance and 

repair costs to be around 2% of revenue. 

 

Annualized Capital and Operating Costs for a 100 tph Fine Coal Drying Circuit 

 

Capital Cost:  

 

$2,200,000 to $3,300,000 per year (12% rate of return, 15 year plant life) 

 

Operating Cost: 

 

Energy for heat: $23.9/tph of water * 11 tph * 6000hr/yr = $1,577,000 per year 

Energy for power: $104/hr * 6000hr/yr = $624,000 per year  

Manpower: $25/hr * 6000hr * 4 = $600,000 per year 

Drying media: $1/lb *300 tons * = $300,000 per year 

Maintenance and repair: 2% * $8,900,000 = $178,000 per year ($45/ton selling price) 

 

Thus, total annual operating costs for NDT technology are approximately $3.3 million.  

And total annual capital and operating costs are approximately $5.5 to $6.6 million. 

 

Payback Period 

 

For Illinois steam coal with a market price of $45/ton, 33 tph of additional clean coal 

production increases revenue by $8.9 million per year. This generates an increase in 

annual profits of $5.6 million after taking additional operating costs into consideration. 

Dividing capital cost by annual profits (15/5.6 to 22.5/5.6) results in a payback period of 

2.7 to 4.0 years.  

 

NDT Costs per Ton of Coal 

 

From the above figures, NDT’s unit cost can be estimated as follows: 

 

Ownership Cost = = $3.67 to $5.5 per ton of fine clean coal. 
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Operating/Maintenance Cost  = = $5.5 per ton of fine clean coal. 

 

Thus, total ownership and operating cost are $9.17 to $11.00 per ton of fine clean coal. 

 

The abovementioned capital and operating costs are estimated from the project model 

built by NDT LLC. With smooth commercialization and superior marketing, installation 

costs can be lower than the estimated value. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

The NDT
TM

 pilot-scale fine coal drying system having a feed capacity of 1 tph was 

successfully evaluated at the NDT LLC’s facility in Beckley, WV. The potential moisture 

reduction achievable from two fine coal samples was studied and presented in this report. 

One sample was spiral product dewatered by a screen-bowl centrifuge in an Illinois plant 

producing steam coal.  The second sample was collected from flotation product 

dewatered by a disk filter in a West Virginia plant treating metallurgical coal 

 

Conclusions 

 

 NDT laboratory test results showed that Illinois screen-bowl centrifuge product 

moisture was reduced from 18.59% to 9.26% with a beads-to-coal ratio of 0.78 

and 4.92 minutes mixing time. For industrial applications, shorter mixing time 

was preferred due to its effects on final fine coal production. 

 

 The NDT pilot-scale system was evaluated with the Illinois screen-bowl 

centrifuge product by repeating several tests selected from the lab-scale test 

matrix.  Under the test condition of 10 lbs/min coal feed and 3.5 minutes mixing 

time, the pilot-scale system achieved fine coal product moisture contents of 

8.38% and 8.47% with beads-to-coal ratios of 0.88 and 0.78, respectively. 

Compared to lab-scale results, the NDT pilot-scale system was found to produce 

fairly promising results. 

 

 Box-Behnken design tests conducted with the West Virginia disc filter product 

indicated that the beads-to-coal ratio and the size of beads are two significant 

factors affecting product moisture and moisture reduction. High beads-to-coal 

ratios contribute to intimate contact between alumina beads and coal; small bead 

size provides larger contact area for moisture absorption. The optimal result 

achieved for West Virginia metallurgical coal was product moisture of 0.9% and 

moisture reduction of 96.6%. 

 

 The drying performance of the NDT pilot-scale system was evaluated with the 

Illinois steam coal and the optimal result was 7.27% product moisture content. 

The inherent moisture content of the Illinois screen-bowl centrifuge product was 

determined to be 9.88%. Thus, the NDT system showed the capability of 

removing some inherent moisture from fine coal without any thermal drying. 
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 Molecular sieve regeneration performance for 1/8-inch, 3/16-inch and 1/4-inch 

activated alumina beads proved to be efficient and consistent. The molecular 

regeneration unit was able to reduce bead moisture from 13-16% to around 2-3% 

with less than 0.3% standard deviation in product moisture.   

 

 A preliminary economic analysis was conducted for drying 100 tph of fine clean 

coal from a typical Illinois Basin coal preparation plant. Based on the information 

provided in NDT LLC’s marketing literature, annualized capital and installation 

costs are $2.2 to $3.3 million. Operating costs were estimated to be $3.3 million 

per year in the Illinois Basin. Thus, ownership and operating costs for a fine clean 

coal drying NDT system are estimated to be $9.71 to $11.00/ton of fine clean coal 

product. 

 

Recommendations 

 

Based on findings from this study, the following recommendations were made for future 

studies: 

 

1. Drying media loss during NDT operation should be further evaluated. Activated 

alumina beads available on the market were advertised to stand for 6000 cycles of 

regeneration; however, during pilot-scale evaluation, some recycled beads started to 

show cracks or breaks due to screen vibration. Since bead losses were not directly 

measured in the current study, no specific valuation of this potential issue can be 

made at this time. It should be noted that tests conducted by NDT LLC showed low 

bead losses throughout the system after initial degradation of surfaces of freshly 

added beads.  

 

2. The NDT system needs to be demonstrated at a coal preparation plant site to pave 

the way for its near-term commercialization.  
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