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CHAPTER 13. COAL ASH: SOURCES AND POSSIBLE
USES'

13.1. Summary

Coal is the second most important source of energy in the world (after petroleum), and it is
the one with by far the largest reserves. But it is not a "clean" fuel.

Coal is a carbonaceous material of va riable composition. It contains, on average, 1-3% sulfur
and 10%-40% ash. Since coal is consumed in very large quantities (billions of tonnes), ash
is also generated in very large quantities. No detailed census exists. In the industrialized
countries, coal is used primarily to generate electric power, and secondarily as a source of
coke for steel production and a fuel for cement manufacturing. Ash recovery from these
activities, by means of electrostatic precipitators (ESP's) is quite high, typically 95-99%.
However, even the small amount of unrecovered fly ash is a significant source of toxic heavy
metals such as arsenic, cadmium and mercury. Coal ash is one of the major sources of each
of these metals — if not the largest source — in the environment.

In Eastern Europe and the former Soviet Union, not to mention China and India, large
amounts of coal are consumed with very little ash recovery. Thus, disposal is less of a
problem but the toxic effects of ash are much more widespread.

Ash that is captured and recovered must either be put to use, or disposed of. At present, only
a small fraction is utilized beneficially. Most of it is currently used as landfill. Thus,
uncontrolled coal ash is both a health hazard and a wasted resource, particularly rich in
aluminum, iron, and silicon. As an industrial feedstock it has three important qualities: (i) it
is already finely divided (i.e. powder), (ii) the material is homogeneous, at least in a given
location, and (iii) it is anhydrous. The latter is a particularly useful characteristic for many
potential industrial uses of the material.

From an economic point of view, the key to successful use of ash as a resource — either for
cement manufacturing or metals recovery — is physical integration with tine electric power
generating plant and ash supply. Integration is essential to assu re reliable availability of the
ash and its intermediate products, on the one h and, and reliable utilization on the other hand.
In the absence of existing established markets for intermediates (like high/low iron ash) the
entire complex of related activities must be designed and operated as a unit.

Under normal conditions, private firms from different industries would specialize in each of
the component elements of the system. Electric and gas utilities want to sell electricity, not
sulfuric acid or cement; certainly not alumina or ferro-silicon. Aluminum companies tend to
more interested in high-value aluminum products than in alumina production or smelting.
Similarly with steel companies. Yet the viability of each component of the system depends
on by-product credits. Integration on this scale in the U.S. is normally discouraged by anti-
trust laws.
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Fortunately, there is some history of successful - if partial - integration along such lines
in Europe. The best known example so far is the town of Kalundborg, in Denmark. This case
has been touted as the first example of an "industrial eco-system". It is comprised of an oil
refinery and a coal-fired power plant, with sulfuric acid, cement and gypsum wall-board as
major by-products. In the Kalundborg case there is a significant effort to use waste heat from
the power plant, for district heating in the town, fish-farming, greenhouses and pharmaceutical
production. Fly ash is used only for cement and as a road filler. Integration along these lines,
with waste recovery, metal recovery and even metal processing added to the "mix", may well
evolve in future industrial ecosystems. It is probably the key to ultimate success.

Goals of Public Policy: Reduce the uncontrolled dispersal of fly ash; maximize the
recovery of use-values from this material.

13.2. Production of Coal Ash

Coal is mined and consumed in staggering quantities. Total world production (and
consumption) of hard coal in 1988 was 3.45 million metric tons (MMT); in 1992 production
was 3.471 MMT. International trade amounted to 405 MMT. Western Europe (EG 12)
produced 211.4 MMT in 1988 and 183.4 MMT and imported (net) 135 MMT in addition. The
only two significant producers in West Europe were the U.K. and Germany. East Europe
produced 229.8 MMT in 1988, with Poland accounting for the lion's share (193.0 MMT),
followed by Czechoslovakia (25.5 MMT)

Table 13.1. Sulfur & ash content of coal
Steam Coal

Country Sulfur rate (% gross) Ash rate (% gross)

Australia 0.6 - 1.0 9 - 14
China 0.9 - 1.1 13 - 14
Columbia 0.7 6 - 8
Poland 0.6 - 0.8 14
Russia 0.3 - 0.5 12 - 16
South Africa 0.5 - 0.8 10 - 15
USA 0.8-1.0 12-14
Venezuela 0.5 - 0.7 8

Sub-bituminous Coal

Brown coal and lignite is
produced in larger quanti-
ties in Europe. In 1988
West Europe accounted for
179.7 MMT, two thirds
from (West) Germany,
while East Germany added
another 310.3 MMT. The
rest of Eastern Europe con-
tributed 269.0 MMT, of
which Czechoslovakia ac-
counted for 98 MMT and
Poland for 73.5 MMT.

Ash is a mineral compo
nent of all coals. There is a
wide variation in ash con-
tent, however. German bi-
tuminous coals range from
6% to 40% ash. British
bituminous coal averages
16.5% ash. Sub-bituminous

Country Sulfur rate (% dry) Ash rate (% dry)

Australia 0.5 - 0.7 6.5 - 9.5
Canada 0.4 - 0.5 9.5
Norway 1.4 8.0
Poland 0.6 - 0.9 5.0 - 8.0
USA 0.6- 1.2 4.5-8.0

Source: [adapted from WEC 1992]
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coals in Western Europe range from 27% (France) to 50% (Spain), except for Norway. As
regards lignite, West Germany is low (6.5%) but otherwise the range is high (27%-45%).
Most Eastern European coals and lignite have ash contents in the 15-40% range, with Hun-
gary even higher. For example, Czech and Polish hard coals average 18% and 14.7% ash, re-
spectively. Sub-bituminous coal and lignite from Eastern Europe ranges from 30% to 40%,
except for Poland (15%). An overall average for Europe would probably be close to 1% for
sulfur and at least 15-20% for ash.

Table 13.1 contains data compiled by the World Energy Table 13.2. Composition of fly
Council on the average composition, including sulfur and
ash contents, of coal from most major countries. It will be
noted that the figures usually sum to more than unity. This
suggests that the carbon content refers to the combustible
fraction only; however it is not clear whether the moisture
content is counted as "volatile" or not. Nor is it clear
whether the reported sulfur content refers to the combusti-
ble fraction or the total mass. However, these uncertainties
make little difference to the analysis of potential uses of
ash, which follows.

Coal ash is a mixture of light metal oxides (Table 13.2)
together with trace quantities of many heavier metals, as
illustrated in Figures 13.1 & 13.2. Coals from different
locations vary considerably in mineral and trace element
content, and it is usually possible to find some example
where a given trace element, such as arsenic or mercury,
is present in concentrations as much as ten times the average.

Sulfur recovery from coal is discussed in some detail in Chapter 6, Sulfur. That discussion
need not be repeated here.

133. Coal Ash Recovery and Use

As noted in Table 13.1, from 10% to 40% or more of the mass of coal consists of ash, of
which 70% to 90% escapes via the stack (depending on the degree of pulverization of the
coal feed. At present, much of the fly ash is not even collected, although in the advanced
industrial societies recovery by means of electrostatics precipitators is generally quite high (up
to 99% from coal-burning power plants). But, after recovery, utilization is very low.

A detailed study of the use and storage of fly ash in the U.S. was carried out in 1988
[USDOC 1988]. The key highlights were as follows: in the year 1986 U.S. utilities generated
67 million tons of coal ash, of which 74% was fly ash, 20% was bottom ash and 6% was
boiler slag. Of this ash, about 22% (15 million tons) was used in some fashion. The utilities
themselves used about 4 million tons. Usage rates varied by the type of ash: 52% for boiler
slag, 27% for bottom ash and 18% for fly ash. Usage rates in 1986 were significantly lower
than in 1985 for unexplained reasons.
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Major uses of boiler slag (clinker) were as follows: blasting grit, roofing granules, and snow
and ice control. Fly ash and bottom ash were used mainly as additives for cement and
concrete products, road bases and structural fills. There were also many minor uses, some of
which we discuss hereafter.

Potential uses for ash include: (i) as an additive or substitute for Portland cement or other
cements; also as grout; (ii) aggregate for concrete; (iii) for ice control on roads in winter, as
"fill", e.g. for road ballast, structural fill or in bituminous m ixtures (asphalt); (iv) as a soil
conditioner for acid soils; (v) as a sorbent for sulfur dioxide in fuel gas desulfurization (FGD),
(vi) as a component of drilling mud for oil or gas wells or (vii) as metal ores, especially for
silicon, iron and aluminum, but potentially for titanium and minor metals. Some uses a re only
appropriate for fly ash, others for bottom ash (clinker), some for either.

The first use is well-known but somewhat limited by the fact that ash can only be used in
small quantities as an additive to concrete (order of magnitude 5%) without adversely
affecting the time required for the cement to harden. It is useable as a substitute, primarily
in applications where hardening time is not an important competitive factor. (The use of
concrete as a way of fixing and stabilizing hazardous chemical or mildly radioac tive wastes
would appear to be a significant use, for instance).

Use of ash as a lightweight aggregate for concrete is very promising, but a manufacturing
process is involved, since the ash must be sintered or melted and blown into a suitable gravel-
like consistency. This requires energy, of course, but (in principle) such a process could be
integrated with the combustion process itself. In some countries (indeed, much of central
Europe) the traditional aggregates — sand and gravel — are becoming scarce and costly.
Moreover, mines and quarries are environmentally damaging. Thus, the use of ash as a raw
material for concrete aggregate is likely to grow rapidly in cen tral Europe.

In many of the "fill" applications, the only impediment to wider use is marketing, packaging
and distribution. All of these applications already exist somewhere. Use for soil conditioner
is, of course, limited to areas with acidified soils, but fly ash could be used as a substitute for
or in a mixture with lime. This would depend, however, on having fairly good knowledge
both of the trace metals profile of the particular ash, but also the soil where it is to be used.

The use of fly ash as a sorbent for FGD has the attraction of using a locally available waste
to solve a local emissions problem. One method of doing this (Trimex) was mentioned
previously. Use of fly ash as a component of drilling mud is obviously location dependent.
Unfortunately, this use is not likely to be appropriate for continental Europe.

The final possibility is to use ash (especially fly ash) as a metal "ore", especially for
aluminum. This possibility is considered next.
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Table 13.3. Composition of sample fly ash & fractions obtained by magnetic separation

Chemical Composition, Weight Percent

Dry Separation Wet Separation
Whole

Fly Ash Magnetics	 Non-Magnetics Magnetics Non-Magnetics
Constituent 100 parts 23.6 parts	 76.4 parts 26.1 parts	 73.9 parts

Si02 42.36 20.31	 47.89 20.83	 53.0
Al203 17.91 10.21	 20.04 9.95	 22.83
Fe203 19.29 60.08	 6.56 65.00	 5.24
CaO 4.49 1.87	 4.88 13.20	 5.82
MgO 0.71 0.40	 0.76 0.42	 0.99
Na20 0.35 0.18	 0.35 0.14	 0.31
K20 1.72 0.81	 1.85 0.71	 1.91
SO3 2.13 0.79	 2.04 c	 c
LODE 0.58 0.13	 0.45 0.12	 0.56
LOIN 10.39 2.13	 12.40 1.70	 8.46

Source: [Chou et al 1978]
a. LOD is loss on drying at 110°C
b. LOI is loss on ignition from 110-800°C
c. Not detected

Table 13.4. Composition of products of fly ash without magnetic separation

Ferro Silicon Slag

Iron 61.00% Aluminum oxide 35.00%
Silicon 33.00% Silica 26.40%
Chromium 1.89% Calcium oxide 11.68%
Carbon 1.88% Magnesium oxide 10.63%
Vanadium 1.07% Iron oxide 7.80%
Magnesium 0.09% Sulfur 2.17%
Copper 0.04% Chromic oxide 0.50%
Sulfur 0.01% Copper 0.08%
Phosphorus & other 1.02% Phosphorus 0.03%
trace elements Vanadium & other

trace elements
5.71%

100.00% 100.00%

Source: [Morton 1978]
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13.4. Metals Recovery from Coal Ash

Use of coal ash as a source of iron ore (magnetite) is a possibility. See Table 13.3. Magnetic
separation is quite straightforward, and has been demonstrated in several places [Nowak 1978;
Roy et al 1979]. The hematite content of the magnetic fraction ranges between 60% and 70%.
The magnetic fraction itself varied between one fourth and one third. Let us assume that
Western Europe consumes coal with an ash content of 15%. Given an annual coal
consumption of 700 MMT, the ash output would be 100 mil lion MT, and the iron "ore"
content of the ash would be of the order of 3% or 3 million MT. While this could hardly
displace all of the virgin iron o re needed in the steel industry of the region, it is not quite
insignificant.

Ferro-silicon is another possible product of ash smelting. Fly ash can be smelted in an electric
arc furnace (even without magnetic separation) to produce ferro-silicon [Mo rton 1978]. All
of the aluminum remains in the slag. See Table 13.4. Thus, in effect, this process would
recover the iron and about half of the silicon in a very marketable form, while upgrading the
slag as a potential aluminum source. (See also Chapter 2, Aluminum), where a process to
produce aluminum-silicon and ferrosilicon from clay and bauxite was discussed briefly). In
principle, virtually the same process would be applicable to coal ash smelting, with the further
virtue that the process would be very easy to integrate into a "coal-plex", using coal as the
fuel and ash as feedstock.

Figure 13.3. Hypothetical process product flows for Coalplex
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Basically the process would start with an oxygen-blown blast furnace using ash as a
feedstock. The molten Al-Fe-Si alloy would then pass to a fractional crystallizer where the
Fe-Si (ferro-silicon) phase separates from the Al-Si (alumino-silicon) phase. The latter could
then be used as an alloying agent, or electrolytically reduced to pure Al and pure Si in a
diaphragm cell [Bruno 1982]. (See Figure 13.3)

Table 13.5. Summary of published Bureau of Mines estimates of alumina process costs (1973 basis)

Raw Material
Bureau of Mines Reference # Input

Process

Energy	 Total
(Utility)	 Operat-

Cost ing Cost

Fixed
Capital

Cost
$ per $ per 1000 tpd

ton ton Plant
Al203 Al203 million $

Clay (cost, $1/ton)
RI6431 Nitric Acid ($83/ton) 32.04 93.47 110
RI6133 Hydrochloric Acid; isopropyl ether extraction 31.76 98.94 116

gas precipitation 59.76 135.80 156
gas precipitation - isopropyl ether extraction 98.65 187.67 195
caustic purification 24.74 13.53 143
sinter purification 35.45 121.76 151

RI5997 Sulfurous Acid; caustic purification 27.33 103.23 130
RI6229 Sulfuric Acid; electrolytic iron removal 50.59 133.84 152

chemical iron removal 51.34 131.89 135
ethanol purification 58.35 136.97 126

RI7758 Sulfurous Acid/Sulfuric Acid 92.14 142.67 97
RI6290 Potassium Alum 40.48 148.17 166
RI6573 Ammonium Alum; ammonium bisulfate leaching 82.06 187.40 243

ammonium sulfate baking 62.89 168.18 224
RI6927 Lime-Soda Sinter; dry-grinding option 34.55 13.12 104

wet-grinding option 32.19 104.88 96
RI7299 Lime Sinter; double leach 44.23 122.77 122

single leach 59.33 138.60 124

Anorthosite (costs: anorthosite,$2.50/ton; limestone,$1/ton)
RI7068 Lime-Soda Sinter; dry-grinding option 33.94 111.15 110

wet-grinding option 38.49 111.26 101

Bauxite (cost, $8/ton)
RI6730 Bayer process 10.48 63.15 67

Source: [Peters & Johnson 19741

In the early 1970's there was widespread concern about an impending producers cartel of
bauxite exporters, leading to higher prices. This concern led the U.S. Bureau of Mines to
undertake a major program of research into potential alternative sources. In the course of this
research a large number of potential processes were studied, and some of them were tested
at the bench level. The U.S. Bureau of Mines studied at least 18 alternative processes for
extracting alumina from domestic resources such as clay or anorthosite in the early 1970's
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[Peters & Johnson 1974]. None appeared to be immediately competitive with the Bayer
process (alumina from bauxite), at then current prices (Table 13.5). By the end of the decade,
the producers cartel had collapsed and worries about shortages subsided.

However, fly ash is inherently a more attractive raw material than clay, since the most
energy-intensive step in clay processing is dehydration, and this is unnecessary when fly ash
is the starting material [e.g. Yun et al 1980]. Also, the magnetic fraction has some value, as
noted above. Based on 1981 prices several of these processes appeared to be promising. Later,
the Electric Power Research Institute (EPRI) studied a number of processes. However only
two were studied in detail. One, the direct acid leach (DAL) process is described as a
"minimum treatment" process for removing those metals that might otherwise leach out of ash
in a landfill. The other process, known as pressure digestion-acid leach (PDAL), is described
as a "maximum recovery process" that would extract all of the metals in the ash.

The DAL process begins with an acid leach (metal removal) at slightly elevated temperature
(about 105 C). The choice of acid (HC1, H 2SO4 or HNO3) is a matter of process economics.
The scheme works, in principle, with any strong acid. Laboratory work indicates that only
stoichiometric amounts of acid are needed. In other words, enough acid is needed to combine
with the aluminum, iron and other heavy metals, and no more. There is little or no acid waste.
The metal recovery rate from the acid leach depends on concentration and temperature.
However, among the process conditions that were investigated, the best choice seems to lead
to recovery rates of about 45% for Al, 76% for Fe, 64% for Mn and 29% for Ti. Under these
conditions the leach residue accounts for 88% of the initial weight. It is innocuous and can
be disposed of in land fills, if not used as fertilizer.

Fe20 3

Solids
to
landfill

Figure 13.4. Hydrochloric acid leach process
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The leachate, with 10% free acid content, would then go to an anion exchange unit where iron
and the other heavy metals (Co, Cu, Mo, Zn, Pb, U, Hg, Cd and As) form negatively charged
complexes and mostly remain with the anion exchange medium. The effluent retains the
aluminum and trace quantities of other metals. Aluminum chloride hexahydrate (A1C13.6H20)
is separated by fractional crystallization. The chloride is subsequently calcined to yield the
marketable oxide form (alumina). A process flow sheet for DAL is diagrammed schematically
in Figure 13.4.

The DAL process appeared to be economically favorable even in comparison with the Bayer
process. EPRI estimated a return on investment of 40% per annum — repayment of capital
in 2.8 years — for an industrial scale 1 MMT/y unit [Canon et al 1981]. It would be
worthwhile to investigate the current economics in European conditions. At the time of the
study, the more complex PDAL process was uneconomic and would have had to be operated
at a loss. However, the main reasons for this appear to be physical losses of caustic soda and
chlorides. It appears that further development of DAL would also reduce these losses.
Moreover, if properly designed from the outset with this in mind, it should be possible to
upgrade a DAL ash-treatment plant into a PDAL plant at some later time.

It should be noted, here, that if the ALCOA process for aluminum smelting (see Chapter 2,
Aluminum) could be revived — perhaps with the help of some new materials and/or inert
anode technology (see below) - it would fit very well with the DAL process described above.
Recall that the ALCOA smelting process starts by chlorinating alumina from the Bayer
process, whereas the DAL process ends by calcining aluminum chloride to produce salable
alumina. At first sight, it appears that a combination of the two would make these two steps
unnecessary, thus enabling major savings in both. Since each process appears to be potentially
economically attractive on its own (assuming the necessary R&D is completed) the
combination could cut aluminum production costs "from cradle to grave" very significantly
indeed.

Unfortunately, there is a serious snag: the aluminum chloride produced by the DAL process
is both wet and hygroscopic (water-loving). It would have to be dehydrated prior to use in
the ALCOA process, and that would be tricky, probably involving a combination of heat and
vacuum. Fortunately, the heat (at least) would be readily available in a "coal-plex". A
feasibility study for European conditions, and taking into account recent technological
progress in materials, would be highly desirable.

A somewhat more speculative (hence longer range) possibility was conceived as a way to
extract metals from lunar soil [Jarrett et al 1980]. The scheme in question is electrolytic
separation of fly ash (plus slag from the smelting of iron) into all of its metallic components.
Conceptually the problem is fairly simple, and closely analogous to the current Hall process
for aluminum reduction'. The fly ash would first be dissolved in molten cryolite (Na3A1F6)
at a temperature of 970 degrees C. Iron, silicon and aluminum oxides can be reduced
electrolytically, in a sequence of three bipolar cells at different voltages. Iron is extracted first
at 1 volt; silicon follows at 1.8 volts. Finally, aluminum is extracted at 2.2 volts. Calcium,
magnesium, sodium and potassium oxides actually react by ion-exchange with the cryolite,
exchanging their oxygen for fluorine from the aluminum, and yielding the corresponding
fluorides plus alumina. These contamin ants gradually build up over time, and the cryolite
must be purged and recycled at intervals. The product of this step is an alloy of the four light
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fluorides plus alumina. These contaminants gradually build up over time, and the cryolite
must be purged and recycled at intervals. The product of this step is an alloy of the four light
metals (Ca-Mg-Na-K) that can be used as a reductant. The fluorine gas is recycled back to
the cryolite as AlF3).

An inert anode (not carbon, as in the Hall cell) would be needed for this process. Cells of this
type have been under development for a number of years, for eventual use in the aluminum
industry itself. Indeed, the ALCOA process would be an ideal application of inert anodes,
since the reactivity of carbon anodes appears to have been a problem — if not the 'Achilles
heel' —of the first ALCOA process pilot pl ant in Palestine, Texas. While several aluminum
companies have started and later abandoned work along these lines, there is no reason to
doubt that eventual success is possible. This, too, appears to be a promising area for EU
support.

A rather different idea, also conceived in relation to the problem of extracting metals from
lunar soil, was patented by Criswell and Waldron for Cis-Lunar Inc. in 1980 [Criswell &
Waldron 1980]. It is a hydrofluoric acid leach process, applicable most likely after magnetic
separation. Fluorine decomposes siliceous minerals much more efficiently than chlorine. HF
acid leach would substitute F2 for O in all of the metallic elements in the fly ash, at moderate
temperatures. The silica would be converted to fluosilicic acid (H 2SiF6) in which the other
fluorides are dissolved. The end result would be a mixtu re of fluorides, fluorosilicates, sulfite-
bisulfites and sulfates.

The problem would then be to separate the various fluorides, etc. and to recover the HF for
recycling. The first step is hydrolysis of the silicon and titanium fluorides (SiF4 and TiF4),
yielding the corresponding hydroxides and HF. This occurs at low temperatures in an aqueous
solution if the input F:Si (or Ti) ratio is not much above 4:1. Hydrolysis of the other metals
requires higher temperatures and pressures, in the order Fe, Al, Mg, Ca. Hence, the next step
is to convert the other metallic fluorides and fluorosilicates into sulfite/bisulfites, hydroxides
or carbonates, using SO2, NH3 or (NH4)2CO3 respectively. There are established methods of
recovering AL203 from sulfites. But there are also commercial markets for aluminum fluoride,
aluminum sulfate, and other possible products.

A considerable amount of research would be needed, even to reach the pilot stage. Areas
needing further investigation include: (i) solubility relations in m ixtures of hydrofluoric,
fluosilicic and sulfurous acids; (ii) volatile recovery of SiF4, HF and H2O from SO2 carrier
streams in equilibrium with leach solutions and (iii) methods of recovery of iron hydroxide
from fluoride, fluorosilicate and bisulfite solutions and/or salts.
hydroxides and HF.
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Endnotes(13)

1. We note that some of the material in this chapter has been published previously by us; in particular, we refer
to R.U. Ayres Coalplex: An Integrated Energy/Resources System Concept UNEP Seminar on Environmental
Aspects of Technology Assessment, United Nations Organization, Geneva, Nov./Dec. 1982. Also, R.U. Ayres
"Trans-boundary Air Pollu tion: An Opportunity for Innova tion" RAND-EAC Conference The Law of the
Atmosphere, Delft, Netherlands, May 24-26, 1993 and R.U. Ayres "Industrial Metabolic Systems Integration:
The Black Triangle" in Sustainability- Where Do We Stand? International Symposium, Graz, Austria, July 13-
14, 1993.

2. The idea is primarily due to Noel Jarrett, of ALCOA Research Center.
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