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1.0 INTRODUCTION 
 
Rare earth elements (REE) have a wide range of uses in catalysis, alloying, magnets, 
and optics, and have become critical for the batteries, motors, and generators that 
enable sustainable technologies and infrastructure. Despite these critical applications, 
the United States has sustained very little in the way of REE resources, with China 
producing more than 80% of the global supply of the elements1. A technology that will 
allow for the economical recovery of REEs from coal will reduce dependence on foreign 
supplies and ensure US capability for renewable and defense products. 

Rare earth elements have been found in varying concentrations ranging up to 1,000 
parts per million by weight in the following materials in the United States: coal mine roof 
and floor materials, run-of-mine coal, prepared coal, partings, pit cleanings, coal 
preparation refuse, and tailings. REEs can be found in coal byproducts, including ash, 
coal-related sludge, and mine drainage. Certain coals can contain a higher ratio of 
heavy (generally more valuable) REEs than found in other sources of REEs such as 
natural ores. Given the potentially low REE concentrations in the feed materials, and 
subsequent potentially low yield of REEs from any separation process, minimizing 
extraction costs is a key challenge.  

Battelle aims to validate the economic viability of recovering REEs from coal ash using 
its patented (US6011193) closed-loop Acid Digestion Process (ADP). This validation will 
be accomplished by selecting a source of coal ash that consistently provides 
concentrations of rare earth elements above 300 parts per million by weight and in a 
form suitable for leaching. In support of this study, Battelle conducted a sampling and 
characterization study in which ash from power generation stations, low temperature 
combustion coal ash, and ash from Battelle’s coal liquefaction process were assessed 
as potential sources of REEs. Next, Battelle conducted an economic feasibility study 
                                                 
1 U.S. Geological Survey. (2017, January 19). Mineral Commodity Summaries 2017. Retrieved 

from minerals.usgs.gov: https://minerals.usgs.gov/minerals/pubs/mcs/2017/mcs2017.pdf 
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focused on REE recovery from ash sourced from a power generation station, as ash 
sourced from power generation facilities is much more readily accessible than other 
sources of ash. The assumptions and economic sensitivities in the process that are 
used in a Technoeconomic Analysis (TEA) and certain required design parameters 
directed laboratory testing to validate the TEA and allow design of a bench-scale 
system to prove the process on a continuous basis. Additionally, Battelle created a 
CHEMCAD model which simulated the recovery process at the 30 tonnes per hour 
scale proposed by the TEA. 

The sampling and characterization results presented in this paper inform the process 
economics and future process design by assisting in the selection of key materials to 
target for recovery. These results, combined with the TEA, form a feasibility 
assessment, in which the economic feasibility of recovering REEs from coal ash is 
evaluated. Current market pricing information was collected for each of the REEs, as 
well as a CHEMCAD model which simulated the proposed recovery process. Scenarios 
in which economical recovery of REEs are possible are presented in the TEA results.  

2.0 SAMPLING AND CHARACTERIZATION STUDY 
 
Battelle’s approach included characterization of ash from pulverized coal combustion 
plants, a fluidized bed combustion plant, and a direct coal liquefaction process, as 
illustrated in Figure 1. High temperature ash is typical of pulverized coal combustion 
power plants, where it is heated to temperatures in excess of 1,200°C in the furnace. 
This high temperature creates a vitrified, glassy ash particulate that may entrap rare 
earth elements in regions that are not amenable to acid leaching. Lower temperature 
ash can be obtained from fluidized bed combustion facilities, which operate at lower 
furnace temperatures near 800°C, and should produce ash with less vitrification that is 
more easily leached. The direct coal liquefaction ash is not exposed to high temperature 
oxidation, and the REEs should be near the mineral form in which they are found in the 
raw coal. The coal liquefaction ash was further processed to divide it into sections by 
density and by particle size to determine if there is a simple mechanical process that 
can be used to enrich the REEs concentrations.  
 



 
 

Figure 1: Schematic describing coal ash samples of interest in this study. 

High temperature ash and low temperature ash were obtained from coal combustion 
power plants in the Appalachian Basin. Fly ash and bottom ash were collected from all 
of the plants, but feed coal was only collected at some of the plants. There is not a 
direct association between the feed coal and the ash samples that were collected, since 
in many cases the plant operations included significant ash and coal storage, but the 
samples were taken as near to the production point as feasible. It was not feasible to 
obtain fly ash at different points in the flue gas treatment train since this handling is 
largely automated, and safe access to the ash could not be provided until after the fly 
ash sources were combined. High temperature ash samples were obtained from 
pulverized coal plants, and low temperature ash samples were obtained from a fluidized 
bed coal combustor. Liquefaction ash was taken from pilot runs of Battelle’s direct coal 
liquefaction process.   

2.1 Sample Locations 
Data from the US Geological Survey (USGS) was used in conjunction with databases 
from the West Virginia Geological and Economic Survey (WVGES) and Pennsylvania 
Geological Survey (PAGS) to identify coal samples locations that may have high REE 
concentrations. A map of approximate sample REE values in the area of study is shown 
in Figure 2. WVGES also provided access to its extensive coal sample inventory; two 



Figure 2: Map of Kentucky, Ohio, Pennsylvania, and West Virginia with the worth of coal ash 
labeled based on USGS COALQUAL data and standardized pure rare earth metal prices. 

coal samples with high expected REE value were obtained based upon prior USGS and 
WVGES analyses. These were samples 11250 and 13423 in the WVGES database. A 
standard table2 for pure rare earth metal prices was used to assign approximate ash 
‘worth’ throughout this report unless noted otherwise.  

In the initial examination of the USGS database, Kentucky coal was found to have 
generally higher REE values on an ash basis than neighboring states, as shown in 
Figure 2. The Kentucky Geologic Survey (KGS) provided an explanation for these high 
concentrations and identified the Fireclay coal seam as a target formation for this study. 
The Middle Pennsylvanian Fireclay coal seam has a unique layer of tonstein, a layer of 
ash deposited in a coal forming swamp. This volcanic ash overburden increases the 
concentration of REE’s in the coal through multiple leaching and transport methods.  

Power plant samples were obtained with the support of commercial partners to find 
facilities that were representative of coal power stations. The low temperature sample 
was obtained by contacting an operator of a known fluidized bed combustion power 
plant. Coal liquefaction ash was generated at Battelle and used Middle Kittanning coal 
from Ohio due to its availability and known REE concentration above 300 ppm.  

 

                                                 
2 http://mineralprices.com/ (Accessed 14 April 2016) 



2.2 Results 
2.2.1 High Temperature (Pulverized Coal Combustion) Samples 
All samples were digested by either a sodium peroxide or lithium metaborate/ 
tetraborate fusion, dissolved in nitric acid, then analyzed for elements by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). Pulverized coal combustion (PCC) ash 
was obtained from four operating power plants. Both bottom ash and fly ash samples 
were collected, and in one case feed coal samples were also obtained. A summary of 
the REE content for all of the PCC plant samples is shown in Table 1. PCC Plant A was 
unique in that it had two separate feed coal piles feeding different units. Feed Coal A 
was generally washed and of higher quality than Feed Coal B and had higher REE 
content. However, the feed coal samples did not originate from the same mine(s), and 
so no conclusions can be drawn about the effect of washing on coal ash REE 
concentration. The fly ash collected from PCC Plant A was associated with Feed Coal 
A, and it had the highest REE+Y+Sc concentrations, as well as attractive Heavy Rare 
Earth Element (which are typically more scarce and more valuable) to Light Rare Earth 
Element (HREE/LREE) ratios. It was accordingly selected for replicate analyses to 
understand variability in the analytical methods as well as build confidence in the 
starting concentration of REE for later leaching tests. Two samples of this fly ash were 
taken. Sample 1 came from a single truckload of ash, while Sample 2 was collected 
from four separate truckloads. It should be noted that Yttrium and Scandium are 
commonly considered REEs along with the lanthanide metals due to their similar 
chemical characteristics, and Yttrium is commonly grouped with heavy REEs, while Sc 
is grouped with light REEs.  

Table 1: Summary of the REE content of PCC plant samples. Note that the concentration of Total 
REE+Y+Sc is consistently lower than the corresponding fly ash. 

 Total REE Total REE+Y+Sc HREE+Y LREE+Sc HREE/LREE 
 ppm ppm ppm ppm Ratio 
PCC Plant A Bottom Ash from Pile 287.46 373.06 89.26 283.8 0.31 
PCC Plant A Fly Ash from Pile, Sample 1  410.3 556 151.9 404.1 0.37 
PCC Plant A Fly Ash from Pile, Sample 2 429.45 574.05 153.65 420.4 0.36 
PCC Plant A Feed Coal A 416.73 566.63 156.03 410.6 0.38 
PCC Plant A Feed Coal B 269.44 342.54 73.74 268.8 0.27 
PCC Plant A Fly Ash from Pile, Sample 1 409.26 548.26 146.95 401.31 0.36 
PCC Plant A Fly Ash from Pile, Sample 1 399.69 537.69 145.59 392.1 0.37 
PCC Plant A Fly Ash from Pile, Sample 1 400.54 539.54 147.87 391.67 0.37 
PCC Plant B Fly Ash from Pile 278.29 367.49 86.09 281.4 0.30 
PCC Plant B Bottom Ash from Pile 265.69 352.89 84.59 268.3 0.31 
PCC Plant C Fly Ash from Pile 261.56 349.16 85.36 263.8 0.32 
PCC Plant C Bottom Ash from Pile 259.89 341.89 81.19 260.7 0.31 
PCC Plant D Fly Ash from Pile 307.07 391.07 80.8 310.27 0.26 
PCC Plant D Bottom Ash from Pile 291.32 369.32 77.48 291.84 0.26 
 



Although it appears from Table 1 that bottom ash has slightly lower concentration of 
total REE+Y+Sc than fly ash, the effect is small. PCC Plant A demonstrated a 
particularly high disparity between fly and bottom ash REE concentrations, but it is 
possible that the bottom ash analyzed originated from the lower starting concentration 
feed coal, and may not have been associated with the same feed as the fly ash. Feed 
Coal A and Samples 1 and 2 of the fly ash do not exhibit meaningful differences in total 
rare earth concentration, also supporting the expectation that bottom ash REE 
concentrations are close to fly ash.  

2.2.2 Low Temperature (Fluidized Bed Combustion) Samples 
Fluidized bed combustor (FBC) ash samples were obtained from a plant in West 
Virginia. These samples are of particular interest due to their lower combustion 
temperature, which may help to avoid vitrification of the ash particles. Vitrification is 
expected to reduce the leaching efficiency of REE since the glassy phases are largely 
resistant to acid attack. A summary of the REE content in the FBC ash is provided in 
Table 2. Rare earth concentrations were generally lower than observed in the PCC 
plant samples, but this is partially due to dilution from the addition of lime to the 
combustor. Calcium concentrations were roughly 10 times higher in FBC ash than the 
PCC ash, increasing from around 2% by mass to roughly 20% by mass. Sulfur 
concentrations are also higher, as expected, since the lime is added to scrub sulfate 
from the process. Although calcium would typically be expected to contaminate the 
leach solution, calcium sulfate generally has low acid solubility, and its impact would 
likely be minimal. Although the leaching recovery of REEs from FBC ash is likely to be 
high, the quantity of ash available from FBC plants is small compared to that for PCC 
plants.  

Table 2: Summary of the REE Concentration of FBC Plant Samples 

 Total REE Total 
REE+Y+Sc 

HREE+Y LREE+Sc HREE/LREE 

 ppm ppm ppm ppm Ratio 
Fluidized Bed Combustor Fly Ash 147.5 188.1 38.6 149.5 0.26 
Fluidized Bed Combustor Bottom Ash 121.4 153.2 30.5 122.7 0.25 
 
2.2.3 Coal Liquefaction Samples 
Ash from Battelle’s bio-based coal liquefaction process was taken from pilot scale tests. 
The process dissolves coal in a proprietary biosolvent, which prevents the ash from 
experiencing high temperature oxidizing environments. After digestion of the coal, the 
resulting oil is centrifuged to remove ash and heavy carbon deposits, and this residual 
material is what was analyzed at Battelle. It was separated into two density cuts as well 
as four particle size cuts to determine whether a simple mechanical separation could 
cause meaningful concentration of the sample. Figure 3 shows the concentration of 
REEs through the processing of the coal liquefaction ash.  

It appears that the coal liquefaction process enriches REEs over the feed coal. It is 
notable that the ash content of the coal liquefaction process samples used in this 
analysis was low; in the range of 7% ash, where it is normally expected to be 30% ash 



or higher. Pilot plant operations indicate that this low ash content could be due to higher 
coking of the coal conversion process, but could also be due to preferential collection of 
larger particle size ashes in the centrifuge. Beyond these cases, the REE enrichment 
could be caused by lesser dissolution of coal components that bear REEs, causing 
differential enrichment.  

The coal liquefaction process also appears to enrich the ash with the more valuable 
heavy rare earth components, as indicated in Figure 3, where HREE+Y concentration is 
increased from around 150 ppm to over 350 ppm. Although the liquefaction process 
does seem to enrich REEs, simple density and particle size separations of the residual 
material did not have a large impact on REE enrichment. It is likely that the particle 
sizes of the residual material are large compared to a typical grain of rare earth, which 
is on the order of microns. Much finer milling would likely be required to liberate the 
rare-earth components for separation by flotation, and a non-standard particle size 
sorting process would be required to significantly enrich the REE by particle size cuts.  
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2.2.4 Coal Samples 
Feed coal and raw coal samples were taken to understand the REE concentration as 
well as concentrations of other potentially valuable components. Four types of coal were 
sampled: two from feed coal from PCC Plant A, coal liquefaction feed coal, and raw coal 
samples from WVGES. A summary of the REE content for these coals, along with other 
bulk elements, is provided in Table 3. The other bulk elements provide insight into the 
type of rock associated with the coal, and may also provide insight into what major 
contaminants will be present in the REE leachate. One notable result from these 
analyses is the high total REE content of the Powellton seam coal, and in particular its 
high heavy rare earth content.  

Table 3: Elemental Analysis Results for Feed and Raw Coal Samples on an ash basis 

 % Ash Al Ca Fe K Mg S 
 % % % % % % % 

Fireclay Seam Coal 19.5 16.3 0.37 6.16 0.9 0.26 0.46 
Powellton Seam Coal 3.99 15.7 1.01 7.98 1.7 0.42 1.06 

Pulverized Coal Plant A 
Feed Coal A 

7.56 14.3 0.95 12 1.7 0.41 0.82 

Pulverized Coal Plant A 
Feed Coal B 

12.1 10.7 1.52 15.4 1.5 0.5 1.17 

Coal Liquefaction Feed 
Coal, Middle Kittanning, 

Ohio 

14.7 12.8 1.59 2.43 0.5 0.47 0.86 

 
 Si Ti Total 

REE 
Total 

REE+Y+Sc 
HREE+Y LREE+Sc HREE/LREE 

 % % ppm ppm ppm ppm Ratio 
Fireclay Seam Coal 25.1 0.9 871.23 1094.73 274.83 819.9 0.34 

Powellton Seam Coal 22.1 0.97 600.67 1000.67 457.77 542.9 0.84 
Pulverized Coal Plant A Feed 

Coal A 
20.3 0.74 416.73 566.63 156.03 410.6 0.38 

Pulverized Coal Plant A Feed 
Coal B 

20.9 0.54 269.44 342.54 73.74 268.8 0.27 

Coal Liquefaction Feed Coal, 
Middle Kittanning, Ohio 

28.4 0.95 359.28 512.88 153.88 359 0.43 

 
2.3 Key Findings from Different Processing Steps 
The key differences in the different processing steps considered are oxidative 
environments, where the higher temperature ashes have experienced a more 
aggressive oxidation, and the liquefaction ash is largely un-oxidized as evidenced by 
the presence of iron sulfide grains. The lab furnace-treated ash samples are 
morphologically different from operating plant fly ashes, likely since the lab furnace ash 
can sinter and is influenced physically by neighboring particles, whereas the fly ash 
cools while suspended in air.  



X-Ray Diffraction (XRD) was done on the samples to understand how crystallography 
changed between the different ash treatments. This is summarized in Figure 4. Notable 
changes include the apparent conversion of pyrite to pyrrhotite and an amorphous iron 
phase in the coal liquefaction process. Also, overall crystallinity of the ash increased 
between 800°C and 1,200°C, where the expectation was for an increase in the vitrified, 
amorphous phases at higher temperatures. It appears that instead, the aluminum and 
silica changed to a mullite phase, which is a refractory phase that would also resist acid 
leaching.  

 
Sample % 

Crystalline 
Kaolinite Illite Quartz Halite Anatase Pyrite Pyrrhotite Hematite Mullite 

Middle Kittanning Ohio Coal 5.0 39.2 16.2 25.4 0.0 0.0 19.2 0.0 0.0 0.0 

Liquefaction Ash 7.1 52.4 0.0 26.4 14.4 0.0 0.0 6.8 0.0 0.0 

Ash from Coal 800°C 34.6 0.0 11.2 40.8 0.0 2.3 0.0 0.0 45.7 0.0 

Ash from Coal 1200°C 41.6 0.0 0.0 6.4 0.0 0.0 0.0 0.0 31.2 62.3 

Figure 4: Identified crystalline phases across coal ashing treatments, beginning with Ohio Middle 
Kittanning Coal. 

X-Ray Diffraction was also performed on the fluidized bed combustor fly ash to 
understand how it differs from the other ash sources. The results are shown in Table 4, 
and indicate a much different structure than other ashes, primarily due to the addition of 
lime to the furnace in fluidized bed combustors.  



Table 4: Summary of fluidized bed combustor ash crystallography. 

 % 
Crystalline 

 Quartz Anhydrite Gehlenite Hematite Lime 

FBC Fly Ash 35.7 36.3 21.9 17.5 13.6 10.6 
 
2.4 Sampling and Characterization Conclusions  
Based on the analytical results, the feasibility study will focus on PCC Plant A fly ash as 
a feedstock for Battelle’s ADP technology. The PCC Plant A fly ash had a higher Total 
REE+Y+Sc concentration than all other operating plant ashes sampled, at 545 ppm +/- 
13.4 ppm, as well as a higher HREE/LREE ratio at 0.37 +/- 0.008. Additionally, it 
contains significant amounts of Scandium (36 ppm +/- 1.4 ppm), Vanadium (279 ppm 
+/- 12 ppm), Yttrium (104 ppm +/- 5.3 ppm), Cobalt (44 ppm +/- 2.5 ppm), and Lithium 
(~166 ppm), which can be valuable process byproducts with robust market outlets. 
Although the coal liquefaction ash had a greater concentration of heavy rare earths, 
there is some risk for implementation since the liquefaction process is not yet 
commercial and does not represent a widely available source. The low temperature ash 
may prove to be more leachable than PCC ash since it did not exhibit as high a level of 
refractory mullite concentration, but it would also likely demonstrate lower selectivity due 
to the high calcium content. Furthermore, the overall capacity of fluidized bed 
combustors is much lower than pulverized coal combustors, so there would be more 
risk in feedstock sourcing.   

3.0 Battelle ADP Technology Process Description 
3.1 Process Flow Discussion 
This process description is written to be used with the process flow schematic shown in 
Figure 5. The integrated, closed-loop leaching process has three subsystems consisting 
of the leach, acid regeneration, and NOx absorption processes. The proposed 
production scale plant will process 30,000 kg (30 tonnes) of ash per hour, resulting in a 
production rate of dry rare earth concentrate of approximately 2,120 kg/hr. The scale of 
the pilot plant was chosen to be an appropriate size for development of the continuous 
rare earth recovery process while being reflective of a future full scale plant. 

At the start of the process, coal ash is fed to the process at a rate of 30,000 kg/hr and 
mixed with a dilute nitric acid stream (approximately 34 wt.%) before being pumped 
through a heater to an elevated, sub-boiling temperature, and into the leaching reactor. 
The leaching temperature is expected to be between room temperature and 120 °C. 
Approximately 137,000 kg/hr of acid is charged to the reactor for every 30,000 kg/hr of 
ash fed. Within the reactor, mixing causes intimate contact of the ash with the nitric 
acid, allowing the REEs to be dissolved into the nitric acid solution. Selectivity for the 
rare earths is higher than that for iron, aluminum, and silicon in the ash, causing 
enrichment of the REEs in the leach solution over the ash.  

After the leach reaction, the ash is filtered out in a vacuum drum filter at a rate of 55,099 
kg/hr, and transferred to an ash drying operation. The ash dryer is important for 
economical recovery of REEs since the high temperatures will boil off and convert any 



entrained nitrates, allowing them to be recovered in the system. Additionally, this 
prevents the discharge of nitrates from the ash wherever it is used or stored. The ash 
dryer is expected to be a rotary-type drum dryer, heated to a temperature of 155 °C, 
and is indirectly heated to minimize costs associated with off-gas treatment. When the 
ash is dried, it is removed from the system at a rate of approximately 28,071 lbs/hr. It is 
expected that the leaching operation will increase the surface area of the ash while 
removing some surface contaminants, which will improve the pozzolanic activity of the 
ash and make it ideal for use in cements. The leachate, containing unreacted nitric acid, 
is recycled to the reactor at a rate of 540,000 kg/hr to ensure complete utilization of the 
acid fed to the process.  

Off gases from the process, made up of nitric acid with NOx components, are swept 
with an air stream maintained at a minimum flow of 800 kg/hr, and fed along with the 
REE-loaded leachate into a roasting operation at a flow rate of approximately 380,000 
kg/hr. The roaster will operate in two steps, the first to concentrate the slurry, and the 
second to crystallize the rare-earth salts. The concentration step will likely use a 
conventional evaporation unit, while the crystallization step is expected to take place in 
a custom-designed crystallizer to convert metal nitrates to oxides.  

As discussed, all off gases of the process, consisting of nitric acid vapor and NOx 
gases, will flow to an absorption column system for recovery at a rate of approximately 
600 kg/hr, swept to the column using excess air. Optionally, these vapors may be 
compressed and fed through a heat exchanger to preheat the acid feed to the roaster, 
then to a condenser to recover nitric acid for recycle, prior to being fed to the column. 
However, it is anticipated that recovery of low grade heat available at power plants will 
provide the majority of the heat required for this process. Any NO gas generated in the 
roaster, leaching, and ash drying processes needs to be oxidized to NO2 prior to being 
absorbed back into the acid stream. This oxidation rate is improved at higher 
temperatures, and can occur in the drying and roasting processes with the presence of 
air. As the gas passes through the condenser, it is then cooled, which is preferable for 
the absorption of the NO2 back into the liquid phase. Gas will be recycled in the 
absorption column at a rate of 3,010 kg/hr until NOx gases have been absorbed, at 
which point the gas will be discharged from the process. The liquid recirculated in the 
column consists of acid recovered from the roaster. This acid is recirculated within the 
column at a rate of 243,000 kg/hr to absorb NOx gases and regenerate the nitric acid to 
near its original concentration prior to the leaching process. 

Nitric acid recovered in the column will be recycled back to the leach reactor to 
complete the acid recycle process at a rate of 136,000 kg/hr. A small fraction of this 
stream (approximately 3,000 kg/hr) will be sent to a distillation column, which will distill 
and separate the water-nitric acid mixture. The concentrated nitric acid recovered in the 
distillate will be recycled to the acid leaching process, while the water recovered in the 
bottoms will be treated to a neutral pH and purged from the system at a rate of 1,600 
kg/hr. This purge ensures that a buildup of water does not occur in the process. Testing 
and simulation to date indicates that greater than 95% of acid (calculated as the fraction 
of makeup acid required versus the total acid feed requirement of the reactor) is able to 
be recovered through the acid roasting process and the absorption column used to 



recover the gas-phase nitrates. The process includes a small makeup acid stream, 
which feeds nitric acid to the process at a rate of 2,500 kg/hr to maintain a constant 
concentration of nitric acid within the leach reactor. 

Table 5: Performance model flow rates in Battelle’s REE separation process, as presented in CHEMCAD flowsheet. 

Feed/Product Stream Flow Rate (kg/hr) 
Coal Fly Ash Feed (Feed) 28,311 

Nitric Acid Makeup (Feed) 997 

Process Water (Feed) 1,764 

Leached Ash (Product) 28,100 

Mixed Rare Earths 
(Product) 

2,122 

Process Purge Stream 
(Product) 

25,439 

The process is expected to be supported by several ancillary process operations, 
including material handling, water and wastewater handling facilities, steam facilities, 
and plant air. The ideal location for a REE processing facility would be co-location with 
an existing power plant, due to the preexisting coal and ash handling network existing to 
feed the power plant. Many of these supporting operations, such as wastewater facilities 
and steam facilities, already exist for most power plants, and may be upgraded to serve 
both processes. 
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4.0 Laboratory Testing Results Summary 
 
Leaching tests were performed on PCC plant fly ash, FBC plant fly ash, and coal 
liquefaction residual material, both ashed and unashed. As discussed in the sampling 
and characterization portion, PCC plant A ash was the focus for much of the lab testing 
and feasibility work due to its availability over other ash types and higher REE 
concentration compared to other plants. However, leach tests were performed on the 
other ash types as well to understand how the ADP technology may perform on them. 
PCC plant ash typically encounters the highest temperatures of the three during 
combustion, which causes vitrification of the ash particles. FBC ash usually encounters 
lower temperatures, but also has high calcium content due to the addition of lime to the 
coal in the furnace for control of sulfur emissions. Coal liquefaction ash has not been 
through combustion conditions, but rather liquefaction at moderate temperatures 
(around 400°C) and pressures around 300-400 psig. As indicated in the sampling and 
characterization report, the liquefaction ash retains much of the same crystal structure 
as feed coal, and sees only minor oxidation as indicated by the conversion of pyrite to 
pyrrhotite. Leaching tests were conducted on all three ashes to understand the 
differences in leaching efficiency with the three feeds. The percent leached for each 
element was calculated by mass balances using the concentration of the element in the 
leach solution and volume of leach solution at each sample.  

4.1 PCC Ash 
Tests on PCC ash were performed at multiple nitric acid concentrations: 17%, 34%, 
51%, and 68%. It has been Battelle’s experience that some higher nitric acid 
concentrations can cause passivation of iron materials, reducing leaching efficiency, 
and this was also the case for PCC sources. Table 6 describes the leaching efficiency 
for each REE according to starting acid concentration, and indicates the reduced 
leaching efficiency at higher acid concentrations. This reduced efficiency is likely due to 
passivation of the bulk aluminum and iron phases preventing further leaching. 
Aluminum and iron leach efficiency averaged 11.5% and 6.1%, respectively, in the 17% 
and 34% acid concentrations, compared to 3.4% and 2.4%, at 51% and 68% acid 
concentrations, respectively, supporting this hypothesis. The last column indicates the 
best leaching efficiencies achieved in the preliminary testing, which was after milling of 
the ash to break up vitrified sections, and which were used in the techno-economic 
assessment. Milling was done in a ball mill, and caused reduction of particle sizes from 
10-100 microns to 1-40 microns. 



Table 6: Leaching efficiencies for rare earth elements and starting acid concentrations for the leach. 

Element Starting Nitric Acid Concentration in PCC Fly Ash Leaches 
17% 17% 17% 34% 51% 68% 34% 

(milled) 
Sc 19.2% 20.8% 21.5% 21.5% N/A N/A 55.3% 
Y 24.6% 26.7% 28.0% 28.0% 14.9% 13.0% 46.9% 
La 19.0% 19.3% 20.0% 19.0% 9.9% 8.2% 35.4% 
Ce 21.0% 21.5% 21.7% 27.0% 11.9% 9.9% 34.0% 
Pr 20.3% 21.7% 22.4% 22.9% 11.6% 10.0% 36.3% 
Nd 20.8% 22.6% 23.4% 23.9% 12.3% 10.5% 39.5% 
Sm 22.5% 24.0% 25.0% 25.4% 13.7% 11.8% 40.5% 
Eu 22.7% 24.5% 25.4% 26.4% 14.8% 12.7% 42.4% 
Gd 25.0% 27.2% 28.5% 28.8% 15.7% 13.7% 45.2% 
Tb 23.3% 25.5% 26.9% 28.1% 15.4% 13.4% 44.3% 
Dy 24.1% 26.2% 27.6% 28.6% 15.5% 13.0% 41.9% 
Ho 24.6% 26.8% 28.0% 28.6% 15.2% 13.3% 41.8% 
Er 23.8% 26.2% 27.5% 27.8% 14.8% 12.6% 43.8% 
Tm 23.0% 25.2% 26.4% 26.9% 14.4% 12.0% 42.2% 
Yb 21.2% 23.1% 24.7% 24.8% 12.9% 10.6% 36.3% 
Lu 21.2% 22.6% 23.9% 24.3% 13.0% 10.2% 34.6% 

 

4.2 FBC Ash 
The fluidized bed combustor (FBC) ash was run multiple times with 17% nitric acid, and 
exhibited higher leach efficiencies for REEs than PCC ash. The leaching efficiencies are 
indicated in Table 7. However, the selectivity was lower as measured by the 
concentration of REEs compared to all measured analytes. The improved efficiency is 
likely due to the lower furnace temperatures in a fluidized bed combustor, which leads 
to less vitrification of the ash, providing better access to the REEs for the acid leach 
solution. The reduced selectivity is also likely impacted by reduced vitrification, but also 
the high calcium concentration in the ash, which is typically acid soluble and ‘dilutes’ the 
REEs that are leached. FBC ash was not pursued further in testing due to its much 
lower availability than PCC ash and complications with calcium concentrations.  



Table 7: Leaching efficiencies by element in the FBC leaching tests, note that cells marked N/A were below detection 
limits in the analysis. 

Element Starting Nitric Acid Concentration in FBC 
Leach Tests 

17% 17% 17% 
Sc N/A N/A N/A 
Y 37.4% 38.6% 37.9% 
La 68.0% 71.7% 70.6% 
Ce 62.5% 65.9% 63.7% 
Pr 69.2% 73.7% 71.2% 
Nd 62.5% 64.6% 62.2% 
Sm 65.9% 70.7% 67.9% 
Eu 62.8% 66.4% 62.6% 
Gd 63.1% 66.2% 63.6% 
Tb 56.0% 58.2% 64.4% 
Dy 55.2% 59.5% 57.9% 
Ho 46.2% 49.8% 46.4% 
Er 47.8% 48.9% 46.0% 
Tm 38.3% 40.7% 39.5% 
Yb 42.3% 42.2% 41.2% 
Lu N/A N/A N/A 

 
 
 
4.3 Coal Liquefaction Residual Material 
Residual material from the 1 ton (0.91 tonne) per day direct coal liquefaction pilot plant 
was leached with nitric acid to determine whether the ADP technology could effectively 
leach REEs from it. Results for 2 trials at 17% nitric acid concentration are presented in 
Table 8. Leaching efficiency was significantly less than either the PCC or FBC ash, and 
there are a couple possible reasons. The liquefaction residual material contains a large 
amount of carbon, which is likely blocking access of the leach solution to the mineral 
portion containing rare earth elements. Additionally, the carbon-laden material was less 
dense than the leach solution, which created difficulties in obtaining good mixing within 
the round-bottom flask where the leaching was performed. To establish whether the 
carbon residual was impacting the leaching results, a sample was ashed at 500°C and 
leached with nitric acid. This sample realized an overall REE+Y+Sc leaching efficiency 
of 66%, which suggests that the carbon must be removed from the liquefaction residual 
to treat it effectively with the acid digestion process.  



Table 8: Leaching efficiencies by element in the liquefaction residual material leaching tests, note that cells marked 
N/A were below detection limits in the analysis. 

Concentration Starting Nitric Acid Concentration in 
Liquefaction Residual Leach Tests 

17% 17% 
Sc N/A N/A 
Y 3.4% 3.0% 
La 13.9% 13.5% 
Ce 13.2% 10.5% 
Pr 10.2% 7.9% 
Nd 8.5% 7.7% 
Sm 11.0% 8.7% 
Eu N/A N/A 
Gd 8.9% 6.5% 
Tb N/A N/A 
Dy 3.1% 1.9% 
Ho N/A N/A 
Er 3.3% N/A 
Tm N/A N/A 
Yb 5.0% 3.7% 
Lu N/A N/A 

4.5 Pozzolanic Activity Tests 
Fly ash is commonly used as a filler in concrete to increase strength, and it is ideal if 
Battelle’s process does not negatively affect its performance in concrete. To begin 
investigating the effect of acid leaching on the utility of the fly ash in concretes, three 
cylindrical 1.75 inches x1.75 inches concrete samples were prepared as described 
below:  

− Sample A: Blend of residual material (fly ash treated with acid to remove REE, 
heat treated at 200 °C to simulate drying in the process), Type 1 Portland 
cement, sand, and water   

− Sample B:  Blend of unleached fly ash, Type 1 Portland cement, sand, and water   

− Sample C:  Type 1 Portland cement, sand, and water   

Figure 6 is a photo of the concrete cylinders and Table 9 reports the composition of 
each concrete sample. Before testing, all samples were dried for 48 hours at room 
temperature and 28 days in a water bath at 65 °C.  

 

 



 
Figure 6: Cured concrete samples 

Table 9: Composition of the concrete samples 

Sample  Description  Cement 
(wt%) 

Ash 
(wt%) 

Sand 
(wt%) 

Water/Cement 
weight ratio  

A Concrete with post leached fly 
ash 

77 19 4 0.5 

B Concrete with fly ash 77 19 4 0.5 
C Concrete without addition of fly 

ash 
77 0 23 0.5 

The compressive strength test was performed following ASTM method C39/C39M. The 
results were A: 3420 psi, B: 3420psi, and C: 3250psi. This preliminary testing suggests 
that leaching does not affect the pozzolanic activity of the ash, but more tests are 
required to reach a conclusion. 

5.0 Technoeconomic Assessment Model Narrative 
This section describes how the technoeconomic assessment was performed to 
understand overall costs of the process. These process costs describe an Nth-of-a-Kind 
(NOAK) estimate of capital and operating costs. A more thorough understanding of the 
process is expected to reduce capital and operating costs, thereby reducing the overall 
capital and operating costs of the system. These improvements and the resulting NOAK 
costs are discussed in later sections.  

5.1 Summary of TEA Method 
The procedure used in this work follows the Electric Power Research Institute’s (EPRI) 
Technical Assessment Guide (TAG™) guidelines for cost estimation of emerging 
technologies. The total capital requirement (TCR) of a REE separation system takes 
into account the direct costs of purchasing and installing all processing equipment 
(denoted as the Process Facilities Capital, PFC), plus a number of indirect costs such 
as the general facilities cost, engineering and home office fees, contingency costs, and 
several categories of owner’s costs. These costs are used to determine the overall cost 
of Battelle’s ADP technology for recovery of REE. Figure 7 outlines the TAG method 
developed by EPRI.  



 
Figure 7: Method of cost assessment3  

5.2 Capital Cost 
The process facilities capital (PFC) of a component refers to the capital required to 
purchase and install a major process at the facility. Ideally, these costs are known and 
come from prices quoted from an equipment manufacturer. When manufacturer data is 
not available, installed cost data is derived from references describing costs for 
installing similar processes. Equipment costs are then scaled using well-documented 
cost correlations4.  

The PFC of the REEs separation system is approximately $30 million. The most capital 
intensive process area is the evaporator-condenser associated with the acid recovery 
system, which accounts for approximately half of the total direct capital costs of the 
system. The evaporator-condenser is used to recover nitric acid from the leaches 
stream and reduces the annual operating expenses associated with reagent cost. The 
filter system, electrostatic precipitator, and rotary dryer are also capital intensive 
processes totaling approximately $10 million.  

                                                 
3 Electric Power Research Institute (EPRI). (1986). Technical Assessment Guide (TAG) Vol. 1: Electricity 
supply. Palo alto: Electric Power Research Institute. 
 
4 Tribe, M. A., & Alpine, R. L. (1986). Scale economies and the "0.6 rule". Engineering costs and 
production economies, 271-278. 

 



In addition to the Process Facilities Capital costs, there are a number of other capital 
cost items (often referred to as indirect costs) that are applied. Traditionally, these are 
estimated as percentages of the total PFC. These additional costs are divided into the 
following categories: 

− Engineering and home office fees (EHO) 

− General facilities capital (GFC) 

− Process contingency 

− Project contingency 

− Royalty charges 

The sum of these costs, called the total plant cost (TPC), is developed based on 
overnight construction. Overnight cost is the cost of a construction project if no interest 
was incurred during construction, as if the project was completed "overnight."5 These 
costs are summarized in Table 10.  

Table 10: Summary of values used to estimate direct and indirect capital costs for the REE recovery process. These 
costs are the basis for estimating the total plant cost—a major component of the total capital requirement of the plant. 

Capital cost elements Nominal 
Value 

Process Facilities Capital (PFC) PFC 
Engineering and Home Office Fees 7% PFC 
General Facilities 10% PFC 
Project Contingency 10% PFC 
Process Contingency 10% PFC 
Total Plant Cost (TPC) = Sum of the above 

General facilities capital (GFC) is the capital required for the construction of general 
facilities such as buildings, roads, shops, etc. This cost is usually estimated to be 
between 5 and 20% of the PFC. Engineering and home office overhead is included if 
the cost estimates for the general facilities capital do not include these fees as part of 
the equipment costs. For these fees, 7 and 15% of the PFC is typical. Royalty charges 
are included as indirect capital costs and typically range from 1 to 10% of PFC.  

The EPRI TAG method uses two types of contingencies: the process contingency and 
the project contingency. The process contingency is a capital cost contingency factor 
applied to a new technology in an effort to quantify the uncertainty in the technical 

                                                 
5 Stoft, S. (2002). Power economics: Designing markets for electricity. Chichester: Wiley-Academy. 
 



performance and cost of commercial scale equipment6. Therefore, a higher process 
contingency factor is used for more basic cost estimates.  

For the REE separation and concentration processes, this work uses an NOAK default 
process contingency of 10% so that the costs represent a commercial plant. 
Calculations were also done for a first of a kind plant, but are not reported in this paper. 
The project contingency is a capital cost contingency factor that is intended to cover the 
cost of additional equipment or other costs that would result from a more detailed 
design of a definitive project specific to the actual site5. Specifically, the project 
contingency addresses the need for site preparation, building construction, ancillary 
process equipment, structural support, and miscellaneous equipment required when the 
actual plant is built.  

Like the process contingency, EPRI recommends that project contingencies be applied 
for each plant selection and this work uses finalized design effort values for each supply 
chain step outside of the separation and concentration process. In regards to Battelle’s 
ADP technology, a project contingency factor of 10% is used as the default value for the 
current Nth of a kind study, but was also run with higher contingencies for a first of a 
kind study not fully described here.  

The total capital requirement (TCR) includes all the capital necessary to complete the 
entire project. These items include: 

− Total plant cost (TPC) 

− Allowance for funds used during construction (AFUCC) 

− Prepaid royalties 

− Pre-production costs 

− Inventory capital 

Table 11 summarizes the steps required to calculate the total capital requirement. The 
total capital requirement for the Nth of a kind REE recovery process is approximately 
$42 million. This includes all direct and indirect capital costs associated with the project.  

                                                 
6 Electric Power Research Institute (EPRI). (1986). Technical Assessment Guide (TAG) Vol. 1: Electricity 
supply. Palo alto: Electric Power Research Institute. 



Table 11: Indirect capital cost factors used in the REE separation plant.  

Capital cost elements Applied Factor 
AFUDC (interest during construction) 0.5% TPC 
Royalty Fees 0.5% PFC 
Pre-Production (fixed) 1 month fixed O&M 
Pre-production (variable) 1 month variable O&M 
Inventory Capital 0.5% TPC 

Total Capital Requirement (TCR) Sum of TPC and above 
values 

5.3 Operating Costs 
The operating and maintenance (O&M) costs are usually estimated for one year of 
operation. These can be divided into fixed O&M and variable O&M costs. These costs 
are discussed in this section. Note that all reference costs are adjusted to 2015 dollars 
from the source year using the Bureau of Labor Statistics Consumer Price Index 
Inflation Calculator7.. The fixed O&M (FOM) costs include the costs of plant 
maintenance (materials and labor) and labor (operating labor, administrative, and 
support labor) (see Table 12).  Operating labor costs are estimated based on 
correlations between labor hour requirements and the plant’s daily capacity8. 

Table 12: Fixed operating and maintenance cost parameters and their deterministic values. 

Fixed O&M Costs Units Nominal Value 
Major processing steps # 9  
Cor'l'n for Op. Labor Hrs./day-step 14  
Operating Labor Rate $/hr $34.65  
Total Maintenance Cost %TPC 2.5% 
Maint. Cost allocated to labor % FOM maint. 40% 
Admin. & Support labor cost % total labor 30% 

The variable O&M (VOM) costs include the cost of materials consumed (make-up acid, 
process water, etc.), utilities, and services used (waste transport and disposal). These 
quantities are determined in the CHEMCAD performance model. The unit cost of each 
item (e.g. dollars per tonne of coal ash or dollars per tonne of transported REE 
concentrate) is a parameter specified as a cost input to the model (see Table 13). The 
total annual cost of each item is then calculated by multiplying the unit cost by the total 
annual quantity used or consumed. Total annual quantities are dependent upon the 
facility’s annual operating capacity factor. The individual components of variable O&M 
costs are explained in more detail below. Note that the unit costs for all the 
consumables are based on publicly available sources.  

                                                 
7 Bureau of Labor Statistics. (2017, March 17). CPI Inflation Calculator. Retrieved from www.bls.gov: 

https://www.bls.gov/data/inflation_calculator.htm 
 
8 Peters, T., Timmerhaus, K., & West, R. (2003). Plant Design and Economics for Chemical Engineers 
(5th ed.). New York: McGraw Hill. 



Table 13: Variable operating and maintenance cost components and their deterministic values. 

Variable O&M Costs Units Nominal Value 
Coal Ash $/tonne $-    
Makeup Nitric Acid $/tonne $600 
Dilution Water $/tonne $0.3  
Leached Ash Disposal $/tonne $10.3  
Natural Gas $/GJ $1.26  
Electricity $/MWh $6.36  
Avg. Price for Salable 
Byproduct 

$/tonne $(30.00) 

The nominal (default) values of all major operating and maintenance (O&M) costs in the 
REE separation and concentration process model are summarized in Table 14. Note 
that the cost of coal ash is zero for the deterministic case. 

Table 14: Variable and fixed operating cost component results for an REE separation plant.  

Variable Cost Component Variable O&M Cost 
($1000/yr) 

 Fixed Cost Component Fixed O&M Cost 
($1000/yr, 2015) 

Coal Ash $0     Operating Labor  $2,130  
Makeup Nitric Acid $3,820   Maintenance Material  $1,770  
Makeup Water $4   Maintenance Labor  $710  
Solid waste disposal $880   Admin. & Support Labor  $850  
Natural Gas $60   REE Process Total 

Fixed Costs ($1000/yr)  
$5,470  

Electricity $440     
REE Process Total 
Variable Costs ($/yr) 

~$5,210   Total O&M Costs ($/yr)  ~$11,000 

5.4 TEA Results 
A robust way to evaluate the cost of resource-intensive processes such as REE 
processing systems is to normalize the cost of production based on incoming coal ash 
($/tonne feedstock) and outgoing rare earth product ($/kg elemental product). The 
normalized cost, also known as the Levelized Cost of Production (LCOP), represents 
the income that the processing facility would need to receive from the sale of products 
to fully recover all capital and operating costs, while earning a specified rate of return 
over the plant life. The LCOP is calculated first by quantifying the annual revenue 
requirement as shown in Equation 1.  

Equation 1: 

 
  
Financial parameters such as the annual rate of return, plant life, and other plant 
assumptions are embedded in the fixed charge factor (FCF) to annualize the total 
capital costs. Thus, the reported value represents the “levelized” annual revenue 



stream, defined as the uniform yearly revenue stream that a processing facility must 
realize from the sale of REE concentrate to produce the same net present value as a 
stream of variable year-to-year costs over the life of the plant.  

A summary of the levelized production costs reported based on the ash feedstock and 
mixed rare earths products (sold as oxides) is shown in Table 15.  

Table 15: Cost model results using nth-of-a-kind plant assumptions. These costs represent the cost of producing rare 
earths from coal ash given an improved understanding of the separation process. 

Cost Component $Million per 
year (2015) 

$/tonne Coal 
Ash Processed 

Annual Fixed Cost $3.6 $20 
Annual Variable Cost $5.2 $28 
Annualized Capital Cost 4.7  $26 
By-Product Credits $(2.0) ($11) 
Total Annual Revenue Requirement $11.6  $62 

Several scenarios which were evaluated as part of the TEA were found to suggest 
profitable operation of Battelle’s ADP technology as feasible. Plant revenue 
requirements presented in Table 15 were compared against the value of coal sources 
(modified to reflect the combustion process) compiled using data from the CoalQual 
database and REE market price information. These data are presented in the 
histograms shown in Figure 8 and Figure 9. On the “x” axis of the histograms, the value 
of REEs in the coal source (on a per tonne of ash basis) is shown. The “y” axis displays 
the number of coal sources. Note that on each histogram, outliers which are 
exceptionally high in value (up to $630/tonne) exist. It is important to note that these 
charts and the analysis only pertain to the costs of the ADP technology, where there will 
be other steps to convert the product to a purified, salable commodity.  

Figure 8 shows the value of potential coal sources using current market pricing for both 
a FOAK and a NOAK plant. With a FOAK plant, economical operation scenarios exist 
with approximately 5% of coal feedstocks, while with a NOAK plant, approximately 20% 
of coal sources result in economical REE recovery scenarios. Figure 9 shows a similar 
set of scenarios, but utilizes historical high REE prices. Under this set of conditions, 
25% of coal sources are economical with a FOAK plant, while almost half of all coal 
sources can sustain economical recovery operations when a NOAK plant is considered. 
These results are also summarized in Table 16. 



 
Figure 8: Histogram of REE value in coal sources using current market pricing, obtained from CoalQual database. 

Coal sources to the right of the red line are considered economical sources for a FOAK plant, while those to the right 
of the orange line are economical for a NOAK plant. 

 



 
Figure 9:  Histogram of REE value in coal sources using high value market pricing, obtained from CoalQual database. 
Coal sources to the right of the red line are considered economical sources for a FOAK plant, while those to the right 

of the orange line are economical for a NOAK plant. 

Table 16: Summary of viable coal sources for FOAK and NOAK plants under current and high REE pricing 
environments. 

Summary of Viable Coal Sources 

Scenario 

Revenue 
Requirement 

($/tonne Coal Ash 
Processed) 

Percentage of Viable Coal 
Sources, Current Prices 

Percentage of Viable Coal 
Sources, Historical High 

Prices 

First-of-a-kind 103 5 25 

Nth-of-a-kind 62 20 47 

 
As with any processing plant, it is expected that additional costs associated with 
construction of a FOAK process will result in higher operating costs and reduced 
profitability. This is reflected in our analysis, as NOAK plants show promise as being a 
more profitable venture than the first plant. It should also be noted that current REE 
prices used in this analysis represent a near historical low, and that even with these 
low-price conditions, economically feasible scenarios exist for recovery of REEs from 
coal ash. Should import of REEs from overseas become restricted, it can be reasonably 



assumed that REE prices would climb (possibly near their historical high prices, as they 
did in 2010), which only further supports economical operation of Battelle’s ADP 
technology. 

6.0 Conclusions and Next Steps 
The results of the feasibility study indicate that an REE recovery process based on 
Battelle’s ADP technology will be capable of recovering rare earth elements from coal 
ash generated by power generation facilities under a variety of economic conditions 
utilizing a variety of feedstock coals. The feasibility study results indicate that when a 
FOAK plant is considered, approximately 5% of coal sources contain sufficient rare 
earth material to support an economical recovery plant, while 20% of coal sources may 
sustain a NOAK plant at current REE market prices. Considering historical high REE 
prices, which may again be seen if import restrictions occur, more than 25% of coal 
sources can be treated with a FOAK plant, and more than 47% of sources with an 
NOAK plant. 

The next task of this project includes development of a detailed process design. As part 
of this task, additional laboratory testing will be conducted to inform the process design. 
It is expected that a large portion of the laboratory testing will be in support of the 
reactor design. Several process variables which impact leaching efficiency, including 
type of reactor, pretreatment (crushing, water wash, etc.), and reaction conditions will 
be optimized to maximize REE recovery and will be scaled for a continuous 
demonstration system.  

A process design package will be generated which reflects the results of all laboratory 
testing conducted as part of this phase. The design package will include an updated 
process flow diagram, updates to mass and energy balances, a process description for 
the continuous, bench-scale demonstration system, a process and instrumentation 
diagram, an equipment list, and identification of any environmental, utility, or other 
process requirements. At this point, the TEA will be updated to reflect any relevant 
information collected during the process design task. 

 
 
 
 
 
 
 
 
 
 


