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ABSTRACT  
 
This research paper focused on the occurrence and distribution of rare earth elements 
origin with coal deposits in East Asia. We evaluated the link between elevated 
concentrations of rare earth elements in some coal deposits based on the geological 
arrangement of these deposits were being lain down. Recently, some evidence has 
been found linking at least two regions that could account for the presence of rare earth 
elements in some coals in the East Asia Kalimantan. This study sought to identify the 
information needed to determine whether there might be a potential for commercial 
extraction of the rare earth elements from coal power plants ash. Amongst the various 
coal deposits showing elevated levels of rare earths, a number of locations evidence a 
ratio of heavy REE+Y to light REE. The aim of this study was recovery of the rare earth 
elements from coal ash residues from coal power plants and simultaneous utilization of 
CO2. Carbonation is one of the cost effective and ecofriendly process for the recovery of 
rare earth elements by using limestone and limestone mixture. Accelerated carbonation 
was more suitable process for CO2 capture and utilized this CO2 for manufacturing of 
“green cement” (Calcium Sulfo Aluminate) from coal power plants ash. In this paper we 
reported some case studies of sustainable critical rare earth elements in various fields 
and managing the supply chain risks of rare earth elements (REEs). 
 
INTRODUCTION 
 
The rare earths or rare-earth elements (REEs) are a group of 17 chemically similar 
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metallic elements (15 lanthanides, including scandium and yttrium). Rare earth 
elements play an important role in many industrial, petroleum refining, clean energy, 
automobile, electronics etc. applications and in the military also, widely used for 
precision-guided munitions, communication systems, lasers, radar systems, avionics, 
night vision equipment and satellites. These rare earths are essential to the success of 
green technologies. But the rare earth elements were highly demand and risk to supply 
because of their lack of sources and increases the metals prices (Fig.1).1 China 
occupied about 90 - 95% of the world’s rare earth oxides production especially two 
strongest magnets, samarium (Sm) and neodymium (Ne) rare earth magnets2 and 
China today controls more than 95 percent of the rare-earth supplies and nearly all rare-
earth refining. 1  
 
Recently, some media reports highlighted the rare earth “crisis.” In the case of REEs, 
the dominance of China as a single or dominant supplier of the raw material, 
downstream oxides, associated metals and alloys, may be a cause for concern because 
of China’s export restrictions and growing internal demand for its REEs1. The 
applications of rare earths are prominent in green technological areas. The use of REEs 
to combat global warming and improve energy efficiency has attracted significant 
attention. The use of several REEs in petroleum fluid cracking catalysts and automotive 
pollution control catalysts is well known. REE used in magnets reduces the weight of 
many pieces of equipment such as automobiles. Rare earths are used widely in various 
fields’ i.e magnetics, phospors, metal alloys, catalysts, ceramics, glass & polishing, 
defense and military applications. Some REEs are used in in the reduction of carbon 
dioxide emissions, and have attracted noteworthy attention from public and 
governmental authorities. Due to the rare earths demand and crisis, recycling of waste 
is the alternative source for rare earths recovery.  
 

 
 

Fig. 1. Rare Earth Demand for the clean tech industry 2011-2017 (Ref. 1) 
 
ALTERNATIVE SOURCE OF REE  
 
Recovery from coal ash  



 
While this may be true for the wider commercial uses of rare earth metals, for military 
applications, the Pentagon report claims that in 2014 the U.S. will be able to 
domestically produce six rare earth elements on scale with demand. The seventh 
element used in military applications – yttrium – is very rare and used in precision lasers 
and rocket stabilizers, according to the Wall Street Journal. 
 
Fly ash, used primarily in the manufacturing of concrete, is one of the waste product 
residues generated during the combustion phase in coal power generation. It is 
captured by practice filtration equipment prior to reaching the chimneys of coal-fired 
power plants. In the past it was generally released into the atmosphere, but due to 
advancements in pollution control equipment, energy producers are now required to 
capture the substance prior to release. In the US, fly ash is generally stored at coal 
power plants or landfill, with approximately 43 percent being either recycled or reused. 
 
Neumann Systems developed extraction process successfully 60 percent of the 
available metals from ash samples obtained from a Colorado Springs Utilities power 
plant. Metals extracted include 14 rare earth and strategic metals and remove 
hazardous materials, mercury and arsenic, and that initial assessments show that the 
value of the metals ranges between $400 to $750 per ton of fly ash. 3 
 
Outside the Ray Nixon Power Plant south of Colorado Springs sits 3.3 million tons of 
coal ash, the remnant of three decades of coal-fired power generation. Rare earth 
extraction dovetails nicely with Neumann Systems Group’s primary business of 
developing emissions control systems for power plants. 4 

 
New beneficial uses for coal ash are continually under development. There is also 
renewed interest in the potential for extracting strategic rare earth minerals from ash for 
use in electronics manufacturing. Methods for extraction and separation of individual 
strategic metals from fly ash are emerging and becoming more efficient as chemical 
engineering techniques are improved. Several extraction techniques have been 
summarized for strategic metals. 5-7  
 
Recently, USA patented the new technology for the recovery of rare earth elements and 
compounds from coal ash. 8 
 
STATUS OF USA IN RARE EARTHS APPLICATIONS 
  
According to the USGS survey, U.S. demand for rare earth elements are also projected 
to rise as per world demand continues to climb. Demand increases are also expected 
for rare earths in flat panel displays, hybrid vehicle engines, and defense from cruise 
missiles to missile guidance systems, smart bombs, night-vision technology and 
medical applications. The 2015 composition of U.S. and world demand by application is 
shown in Fig 2.  
 



 
 
Fig. 2 Rare Earth Demand by Application-U.S. and World, 2015  

 
GEOLOGICAL ORIGIN OF RARE EARTHS  
 
As per state of art, wide range of rare earth deposited along with coals during 
coalification. In USA and Asia coalification happened in the end of paleozoic period (5-
2million years ago, the carboniferous and the Permian). The main phase of REE 
accumulated in the paleozoic period. REEs get immobility in bituminous coal. 
 
Rare Earth Elements in Indonesian Coal from East Kalimantan 
 
Coal distribution in Indonesia 
 
Mostly sub-bituminous coal is distributed in Indonesia with high moisture and ash 
content. The largest coal deposits are in Sumatera and Kalimantan Islands, which the 
calorific values of coal range from 5000 to 7000 cal/gr. The coal sample provided by 
Hadong Power Plant in South Korea was imported from Long Daliq, Long Iram, West 
Kutai, and East Kalimantan of Indonesia. The coal basin in East Kalimantan is on the 
Continental Margin, close to the Central Kalimantan Range and Muller Mt. These 
features are known for complicated geological activities,9 which affect not only basin 
size but also the type and components of the coal.  
 

Quality and Critical elements of East Kalimantan Indonesian Coal 
 
Indonesian coal sample was provided by Hadong Power Plant of Korea Southern 

Power. Table 1 shows the values of moisture, volatile material, fixed carbon, and 
calorific value. 
XRF analysis and measurement of rare earth elements were measured by 

Geoanalysis Center of Korea Institute of Geoscience and Mineral Resources. Rare 
earth elements were used with alkali fusion, acid digestion, and ICP-MS. 
 

Table 1. XRF results of Hadong Coal (unit: %) 



 
 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 MnO P2O5 igloss

Indonesian  
Coal 

2.40 16.85 47.93 10.67 2.44 0.11 0.23 0.60 0.77 0.04 12.42 

 
Table 2 shows the XRF results for Indonesian Coal. Unlike coal rich in Si and Al, 
Indonesian coal has a high Fe2O3 content. Sri Widodo et al. (2009) researched that coal 
quality of a region close to the East Kalimantan area revealed large mountain ranges 
such as the Central Kalimantan Range and Muller Mts. The high Fe content was 
assumed that it was resulted from the deposition of Cenozoic sediments and volcanic 
sediments by the formation activities of mountain ranges.9,10  
 

Table 2. Rare Earth Elements concentrations of Hadong Coal  
 

Light Rare Earth Elements(㎍/g) Heavy Rare Earth Elements(㎍/g) 

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
45 42.8 103 12.3 48.5 10.6 2.98 11.4 1.58 7.94 1.46 3.58 0.46 2.76 0.42

 
The results for rare earth elements in Table 2 show a high LREE concentration for 
Indonesian coal. With the tectonic activities that led to the formation of mountain ranges 
and volcanism, the coal deposit in East Kalimantan had produced mafic minerals and 
silica minerals. The minerals become weathered over time and are introduced into coal 
layers. After this process, incompatible LREEs are expected to have accumulated in 
silica minerals.  
 
EXPERIMENTAL METHODS 
 
Materials: We collected our samples from our near coal power plants. We presented the 
chemical composition of raw materials which was analyzed by XRF in table 3.  
 
Table-3. The chemical composition of raw materials  
 

Type 
Chemical Composition (Mass%) 

SiO2 Al2O3 Fe2O3 CaO SO3 MgO 
Limestone 10.42 1.45 0.92 46.05 0.01 1.92 

KA 18.20 23.40 33.00 2.47 0.28 0.11 
Bottom Ash 52.00 30.30 7.22 1.41 0.24 0.88 

Gypsum 1.39 0.28 0.20 44.80 51.20 0.09 
 
Procedure(Manufacturing Process) 
 
The manufacturing process was proceeded by 6 steps included i) Crushing of raw 

materials (by ball mill), ii) mixture of raw materials (by mixer), iii) Transfer of raw 
materials (by blower), iv) Kiln heating up, and v) the operation of the kiln.  

 



 
RESULTS AND DISCUSSION 
 
All of the CSA(4CaO·3Al2O3·SO3) cement, a special construction material for civil 
engineering are imported from other countries such as Japan and China  due to a lack 
of bauxite, which does not exist in Korea. Therefore, green cement technology is 
developed in order to replace CSA cement with green cement which utilizes low-quality 
limestone and power plant's bottom ash. 
 
Early strength-low shrinkage clinker can be calcinated at a low temperature and has 
4CaO·3Al2O3·SO3 base on portland cement, so it boasts its high performance with low 
shrinkage, a reduced crack, a wider application such as backfill in exhausted mine. Low 
Carbon-High Functionality Green Cement was developed based on the technology of 
early strength-low shrinkage clinker using low-quality limestone and power plant's 
bottom ash as a main material. The problem of high contents of impurity such as SiO2 
and Fe2O3 in low-quality limestone and power plant's bottom ash can also is solved by 
manufacturing and material combination method that secures quality safety.   
 
For the demonstration of the Green Cement technology, pilot plant (2 tons/per day) was 
constructed within Danyang plant of Hanil Cement Co., Ltd., Korea and simulated the 
optimal condition such as pre-heater‘s temperature, pressure, material balance, and 
calcination temperature balance. The pilot plant was equipped with a channel that 
protects volatile material from being accumulated at the bottom of pre-heater, improving 
manufacturing process. 

 
Properties of CSA Clinker 

CSA clinker is produced using by-product of industrial kiln. This CSA content of clinker 
is 16% by Rietveld(XRD) analysis.(C2S = 34.17%) (Fig.4)(Table 4) 
 
Table 4 XRD analysis of CSA clinker 

 

 

 

 

Type 
XRD quantitative analysis of CSA clinker by Rietveld method (%)

CSA CaSO4 CaO C3S C2S C3A C4AF CA MgO 
CSA 

Clinker 
 

16.05 
 

5.62 
 

0 
 

3.08
 

34.17
 

12.32
 

2.30 
 

6.14 
 

2.95 



 
 

Fig. 4 Quantitative analysis of CSA clinker 
 

Cement Production from Coal Ash (KIGAM, Korea) 

Here, we reported the production of calcium sulfoaluminate (CSA) based cement from 
coal ash. The CSA based cement synthesized by sintering process. This process 
requiring less energy and time and reducing costs in terms of setting time and changes 
in mechanical strength. The available work in the area is immense and there are 
different strategies and cementitious systems suggested. 11-13 Fig.5 &6 shows the 
difference between ordinary Portland cement and CSA cement process and the 
materials and conditions presented in Table-5. 

 

Fig.5. Ordinary Portland Cement Process 



           

       Fig.6. Calcium Sulfoaluminate(CSA) Process 

 

Table-5. Materials and Conditions of OPC and CSA 

 

Materials OPC CSA 

Sintering Temp ( ) 1300~1400 1200[8hrs] 1100[8hrs] 

Injection Rate 120 100 

Total Energy(kcal/kg-cl’) 700~720 620 500 

Recycling Rate(%) 25~30 25 10 

CSA Mineral Synthesis 
Rate (%) 

- 14~16 14~16 

 

Physical Properties of CSA Cement 

 

Here we measured several experimental parameters such as 1) Setting Test 2) Length 

Change test. Setting time of crushed CSA clinker: Initial set is 0:14 min, ending set is 

0:29 min (Fig.7). Hydration product of CSA cement is produced ettringite (expansibility). 

CSA cement is shown rapid curing and expansiblity and it confirms by SEM 

analysis.(Fig.8). 

 



 
Fig.7. Setting test of OPC and CSA cement 

 

 
 

Fig.8. SEM analysis of Hydration effect of OPC and CSA cement 
 



Effect of setting  and Flow testss 
 
We investigated the physical properties of high functional green cement such as mixing 
rate, setting time and flow test, compression strength test, length change test. Here we 
presented all the test results in Fig.9. and Fig.10. 
 

 
 

Fig.9 Setting test of CSA cement 
 

 
Fig.10 Flow test of CSA cement 

 
Effect of compression strength test 
 

For checking the characteristics of hydration effect of coal ash aggregate, we measured 
the reactivity of pozzolan of coal ash by the standard of KS L 5405.With 25% of bottom 
ash and 75% of cement mixtures, at 7th day and 28th day we measured compression 
strength. At 28th day, the bottom ash has 65.22% of activity factor, seachon bottom ash 
has 62.09 % of it. (Fig.11 and Fig.12). 

 



 
Fig.11. OPC-3400 Compression strength test 

 
Fig.12. OPC-1450 Compression strength test 

 
 

The supply of CSA cement depends on import due to a lack of a bauxite that does not 
exist in Korea. However, early strength-low shrinkage clinker created by the Green 
Cement technology substitutes power plant's bottom ash and bauxite residues, a by-
product of a by-product of aluminum manufacturing. The manufacturing temperature of 
early strength-low shrinkage clinker can be manufactured at 1300 ℃

(570kcal/kg_Clinker), a 150 ℃  lower than that of the existing clinker, 1450℃
(720kcal/kg_Clinker), saving 20% of the energy consumption.  
   
Low Carbon-High Functionality Green Cement can reduce about 2% of the CO2 
amount, which can be translated into 100,000 tons of the CO2 reduction a year when 
producing 5 million tons of cements. The sieve strength (age of 1 day) of the green 
cement is 19 MPa/a day, compared to that of the existing cement, 15 Mpa, meaning a 
30% increase in early strength, and low shrinkage respectively. It is expected that 
Green Cement can replace CSA cement, a special construction material for civil 
engineering that depends on import from foreign countries including Japan and China. 



Localization of cement can also be expected with more than 50 billion won worth of 
economic benefit such as reduced crack in construction and civil structure, and long life 
of building.  

 

Advantages of CSA from Coal Ash 

Significant benefits can be derived from the lower energy consumption during 
production (temperature between 700-5000C) and the reduced CO2 emissions per mass 
of cement produced. In addition, due to their low porosity and ability of ettringite(Fig.8) 
to bind heavy metals, CSA cements and their blends with Portland cement are of 
interest in the field of hazardous waste encapsulation. The major concern with CSA 
cement is associated with the main hydrating phase, ettringite, which is said to be prone 
carbonation. This work aimed at the synthesis of the calcium sulfoaluminate phase 
exhibits high strengths (Fig.13). More ettringite formation or expansion after drying it 
gives less cracking for buildings. 

 
Fig.13.  Calcium Sulfoaluminate(CSA) from Coal Ash 

 
 

CONCLUSION 
 
The results are indexed an promising parameter for CSA is strength and it would be an 
interesting extension. The use of this type of system could thus become a source of 
additional income for aluminum manufacturers and reduce environmental problems 
associated with coal ash lad filling.  
General CO2 solidification is just eliminating the hydration but our developed 
carbonation technology is not only eliminating the hydration but also ecofriendly CO2 
capture with high efficiency. The application of our technology is mainly synthesis of 



CSA cement rom coal ash waste. The results are indexed an promising parameter for 
CSA is strength and it would be an interesting extension.  
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