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PFBC ashes -

a material

with commercial

potential

Further development of the pressurized fluidized bed combustion (PFBC)

process over the past two decades has resulted in a technology with

important ecological benefits that include low emissions and solid resi-

dues with commercial potential. PFBC ashes can be transformed into a

concrete-like material with excellent technical properties simply by ad-

ding water and vibro-compacting the mixture. Several pilot projects have

been carried out with this material, which has several uses in road con-

struction.

xtensive leachability studies, in-
cluding column tests, tank tests and
batch tests, have shown that PFBC
ashes have only a minimal impact on
the environment.

As the hydraulic conductivity of har-
dened ash mixes is very low, the leach-
ability depends more on the diffusion
velocity of the elements than on the
convective water-flow.

PFBC technology

PFBC technology makes use of a com-
bined cycle in which electricity is gener-
ated by both a gas turbine and a steam
turbine [ [1, 2]. The result is higher ef-
ficiency and reduced fuel consumption,
the latter being approximately 15%
lower than with conventional technol-
ogies. Combustion takes place in a flui-
dized bed at an elevated pressure of
500 to 1,200 kPa (5-12 bar), depending
on the load. The combustion tempera-
ture is about 820-880°C, resulting in
lower nitrogen oxide emissions since
thermal NO, is only formed at higher
temperatures.
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Prior to combustion, the coal is
crushed to a maximum size of about
5 mm and then mixed with a sorbent
(limestone or dolomite). During combus-
tion, the sorbent captures released sul-
fur to form harmless calcium sulfate.

PFBC plants can utilize a very wide
range of solid fuel, from poor quality
sub-bituminous coal to high-quality
hard coal. Plants burning brown coal
and petroleum coke - a fossil fuel similar
to oil — are under construction or at the
planning stage.

The residues produced by a PFBC
plant are of three types:
® Granular bed ash
® Fly ash captured by the cyclones
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e Filter catch from the final back-end
filter

In terms of grain size distribution, fly ash
can be characterized as sandy silt and
the bed material as coarse sand. The
amounts of ash from the back-end filter
are very small (less than 1 to 2%) and
are normally added to the fly ash from
the cyclones.

Mechanical properties of

PFBC ashes

A comprehensive study was carried
out in 1988/89 to investigate the prop-
erties of ashes from the pilot plant at
ABB Carbon in Finspong. The lab-
oratory investigations were comple-
mented by field tests performed on
ashes from the commercial Véartan
PFBC plant in Stockhoim K. In these
tests, the sorbent was mainly limestone,
although dolomite ashes were also in-
vestigated.

It was seen at an early stage that,
even though spent bed ash and fly ash
can be used separately, a mix of the two
has most benefits. By mixing these
ashes, adding water and vibro-compact-
ing the mixture, a concrete-like material
with high bearing capacity and com-
pressive strength is obtained.

For the described tests, bed ash and
fly ash were mixed mainly in the ratio of
50/50 or 30/70, with fly ash dominating.
In most cases, the bed material and fly
ash were mixed in the dry state, before
water was added. The amount of water
was varied to obtain either a paste or a
slurry. The samples were then vibro-
compacted. Curing normally took place
at a high relative humidity (about 90 %)
and a temperature near to +20°C.
Some test series were carried out under
other conditions, for example with cur-
ing under water or at a high (+50°C) or
low (-18°C) temperature.

An important factor in any estimation
of the potential utilization of fine-grained
combustion residues is their strength
properties. In the case of ashes, the
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Védrtan PFBC combined cycle power plant, Stockholm, with an electrical rating of 135 MW 1]
and a thermal rating of 224 MW

strength is usually given by the uncon-
fined compressive strength. This is
normally assessed from samples with
different curing times, for example 7,
14, 28, 56, 90 and 360 days. The
growth of compressive strength in
PFBC ash mixes is fast and values of
over 5 MPa are achieved within a few
days. The final strength is normally be-
tween 20 and 45 MPa, although values
above 50 MPa have also been

measured.

H presents examples of the devel-
opment of strength of ash mixtures ob-
tained from Polish coal with limestone
as sorbent. Other results have shown
that when dolomite is used as the sor-
bent the compression strength may
decrease. Maximum values so far for
dolomite-based bed material vary be-
tween 15 and 25 MPa. However, the
test series are too small to be statis-
tically significant.

To clarify the long-term durability of

the compression strength, one test
series based on limestone as sorbent
was cured for 28 days and then placed
in pressurized cell permeameters. Water
under high pressure (170 kPa) was
forced through the samples for up to
8 months, this corresponding to several
hundred years of constant water per-
colation at a pressure equal to a 1m
water column. Afterwards, the uncon-
fined compression strength was deter-
mined. The results indicated no reduc-
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tion in strength compared with samples
cured in the normal way.

However, it should be noted that the
strength properties depend very much
on the mixture being cured at a tem-
perature above freezing until the har-
dening process is completed or at least
has progressed for a certain time. In
some laboratories, and even with some
full-scale tests, the ash mixture was ex-
posed to temperatures below 0°C from

ty Curing time

the beginning or after only a few days of
curing, resulting in almost no increase in
strength.

As the test results show, the permea-
bility of the ash mixtures is very low,
with values of less than 10-© m/s
exhibited by the samples after curing for
28 days H.

A large number of laboratory tests
were also carried out to clarify the prop-
erties of synthetic aggregates produced

Permeability of PFBC ash mixtures (Polish coal, limestone as sorbent, H
curing time 28 days). The permeability of Swedish clay is shown

for comparison.
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from PFBC residues. These looked at
the compacting characteristics, aggre-
gate degradation, flakiness index and
impact value, etc. In general, the results
showed that, after curing and crushing,
PFBC ash mixtures are well suited for
use as synthetic aggregates in fills and
road building.

Leaching characteristics

Like all other coal ashes, PFBC ash
mostly consists of a mixture of amor-
phous glass and crystalline phases
as well as some unburnt material. The
main components of the ash are com-
pounds of silicon (Si), calcium (Ca), alu-
minium (Al) and iron (Fe). The desulfuriz-
ation process results in the capture of
sulfur as calcium sulfate (CaSO,), while
surplus calcium is captured as calcium
carbonate (CaCO,). The chemical com-
position of the ashes may vary to a cer-
tain extent, depending on the type of
fuel and whether limestone or dolomite
is used as sorbent.

If dolomite is used as sorbent, the
ash will also contain a certain amount of
magnesium. In general, the results of
analyses of ash mixtures from the Var-
tan plant have shown that the amount
of trace elements is normally less than
200 mg/kg, and for most of the el-
ements even less than 50 mg/kg.

In general, the main environmental
consequences of utilizing such residues
are that contaminants can be released
with percolating water. The possible
release of contaminants from PFBC
ashes has been evaluated by means
of leaching tests based on Sweden’s
ENA method. This involves a serial
batch test with four leachings at the L/S
ratio 4 (accumulated L/S ratio 16) and
with 24 h agitation by horizontal oscil-
lation. The L/S 1 ratio was also deter-
mined.

In an extensive study during
1988/89, leaching tests were performed
on mixtures of PFBC fly ash and bed
ash with the ratio 70/30 (samples no
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1-8) and 50/50. For the 70/30 mixture,
tests were performed both on untreated
samples and samples that had been
cured and afterwards crushed to a
gravel-like material (synthetic agglomer-
ates).

The ash showed a high buffering ca-
pacity and the pH was high in all of the
leachings (between 10 and 13), the
lower value being in the leachates with
higher L/S ratios.

B shows the accumulated leaching
of Cr, Mo and Pb as a function of the
L/S ratio, and compares the figures with
results from identical leaching tests with
ordinary pulverized fly ash and normal
Swedish moraine. From the results, it
appears that leaching from the synthetic
agglomerates and from the untreated
sample lay in the same range. Neither
were any significant divergences ob-
served between samples with different
mixing ratios.

It is possible that the leaching from

sample no 3 B, which originated from
combustion with ammonia (to reduce
the emissions of nitrogen oxides), was
slightly greater than from the other
samples. However, it is difficult to draw
any firm conclusions as many elements
in the leachates lay below the detection
limits.

It was concluded that leaching of
chromium and molybdenum was
greater than for other trace elements.

From B, it can be seen that more
chromium is leached from PFBC ashes
than from a normal moraine, but less
than from PFA fly ash. Leaching of lead
from PFBC ashes was in the same
range as from PFA, but the amount was
considerably lower than for the moraine.
The reason for the high figure for leach-
ing of Pb from the moraine is not clear,
but has been noticed in several samples
from different places in southern
Sweden.

In Sweden, leachate levels from the

L/S 1 test have in the past often been
used to estimate the environmental im-
pact of disposal or utilization of different
residues. In E, maximum levels of
chromium, copper and lead in leachate
from PFBC ashes are compared with
results from identical tests involving
moraine. Limits for Swedish drinking
water, storm-water from urban areas,
normal background levels in unaffected
fresh water, and water from the Baltic
Sea are also shown. From an environ-
mental standpoint, the leaching levels of
Cr, Cu and Pb from PFBC ashes are
considered to be the most critical, com-
pared with the background levels. As
shown, the leachate levels from PFBC
ashes are more or less comparable with
the Swedish drinking water criteria. For
other elements, the leachate levels have
been generally low, and in many cases
even below the adopted detection
limits.
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Potential uses are

numerous

The residues from PFBC, in particular
hardened mixtures of spent bed ash
and fly ash, have proved to be one of
the important competitive edges of this
valuable technology @, . Mechanical
properties such as high strength, high
bearing capacity and low permeability,

PFBC ash being cast into a large slab by means of vibro-compaction
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Blue  Chromium (Cr)
Red Copper (Cu)

combined with a low environmental
impact, make PFBC residues well suited
for a range of uses, for example as:

e structural fill

road construction materials
stabilizing agents

sealing layers on waste disposal
sites

Green Lead (Pb)

Structural fill

Due to their mechanical properties, resi-
dues from PFBC are well suited for
different fill applications. Adding water
to a mixture of spent bed ash and
fly ash, followed by vibro-compaction,
results in a monolithic fill material of
high strength. Half-scale tests have
demonstrated that this is possible even

Manufacture of paving stones
from PFBC ash mixes




directly into water; this could be useful,
for example, for extending harbour
areas.

In the tests, a mixture of spent
bed ash and fly ash was mixed
in a dry state and poured into a basin
filled with fresh water. The mixture was
then vibro-compacted under water.
After one week of curing, a standard
penetration test (SPT) was performed
on the fill. The results showed a coef-
ficient of elasticity modulus of more
than 300 MPa.

Another way of using PFBC ash mix-
tures as fill material is to produce syn-
thetic aggregates from the material.
This can be done by casting large slabs
and then curing them for a certain time.
After being cured, the slabs are used
directly as fill material or crushed in a
conventional rock crushing plant and
used as synthetic gravel.

Road construction

material

Using a method similar to the one de-
scribed above, synthetic aggregates
can be produced from PFBC ash mix-
tures for use as road construction
material. Various full-scale tests have
already been performed. In one case,
a mixture of spent bed ash and
fly ash was cast into a homogeneous
slab which, after curing, was crushed
to a coarse gravel El. This was then
used for an embankment and as sub-
base for an industrial road. The road
was built in 1989 and results so far have
been good El.

In a similar half-scale test, synthetic
aggregates were used as road-base
material on an industrial site at ABB
Carbon in Finspong M. Above the
road-base, a mixture of fly ash and con-
ventional crushed bedrock was used
as a sealing layer. The sealing layer
was allowed to cure for about six
weeks. All of the goods transports in
the area were then re-routed across the
test area. Here, too, results are still
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Synthetic gravel produced from PFBC ash

good even after several years, and no
damage has yet been observed on the
surface.

Stabilizing agent
Due to their self-binding properties,
PFBC residues, and especially fly ash,
are well suited for use as stabilizing
agents. A project financed by the Swed-
ish National Road Administration has
shown that fly ash from the PFBC pro-
cess can confidently be used as a sta-
bilizing agent. In the project, different
stabilizing agents were mixed with natu-
ral silt. The results showed that when
15 weight-% of pure PFBC fly ash is
added to silt, the shear strength in-
creases to more than 10 times the fig-
ure for natural silt.

Consequently, using PFBC fly ash as
a stabilizing agent in embankments
either increases the quality of the
road or allows the thickness of the sub-
base and/or road-base layers to be re-
duced. Similarly, PFBC fly ash can be

used as a stabilizing agent for pile foun-
dations. In this application, it can be
added to lime or cement to reduce
costs.

Tests have also been performed to
investigate the possibilities of using
PFBC fly ash as a stabilizing agent in
mining with back filling. Since a short
hardening time is important for this ap-
plication, the fly ash was mixed with
small amounts of cement.

The results showed that, once again,
PFBC fly ash increased the shear
strength. Consequently, less cement
has to be added, resulting in lower
costs for the back filling. The laboratory
investigations also showed that with
PFBC fly ash used as additive, the
shear failure is more plastic than with
conventional cement admixtures. The fill
can absorb rock movements better,
thereby reducing the risk of cracks.

These  self-hardening  properties
make PFBC ashes interesting for the
manufacture of cement and concrete.
One limiting factor when using ordinary
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coal fly ash as an additive in concrete
is the amount of unburnt carbon it con-
tains. A comprehensive analysis of
PFBC ash from the Vértan plant indi-
cates that during normal operation the
unburnt carbon content is less than
3%, which is well below the Swedish
requirements for such additives. A limit-
ing factor of greater significance is the
relatively high content of sulfate in
PFBC ash, which normally easily ex-
ceeds the specifications for raw materi-
al used by most cement clinker manu-
facturers.

Investigations into the possibility of
producing a material based on cement-
stabilized PFBC ash have still only been
carried out a small scale. A construction
material known as Cefyll is marketed in
Sweden by Cementa. This product is
based on PFA ash, FGD residues and
about 5-20 % of cement. It sets to form
a hard, tight, durable material that is
similar to concrete.

P F B C A S H E S

Initial tests on PFBC residue-based
mixtures containing free lime
(0.4-2.3%) and MgO (3.9-14.1%)
showed that they could be used as con-
crete under certain circumstances. Be-
fore this can be done on a commercial
basis, however, complementary labora-
tory tests have to be performed to in-
vestigate long-term durability, swelling
and frost resistance.

Waste disposal applications
Another
PFBC ash is in the waste disposal sec-

interesting application for
tor, where it can be used as a sealing
and stabilizing agent. Leachability is re-
duced considerably by the high bearing
capacity and low permeability. PFBC fly
ash generated at the Vartan plant in
Stockholm is used in this way. It re-
places cement as a stabilizing agent for
flue gas cleaning products from a near-
by waste incineration plant.

Synthetic gravel used for an embankment and as sub-base material 9]

in road construction
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Conditioned and compacted PFBC
residues will set to a concrete-like ma-
terial with a permeability which is lower
than that required by most landfill direc-
tives (109 m/s). It should be possible to
use ash mixes both as basal layers,
which prevent leachates from reaching
groundwater, and as surface capping
layers to prevent the percolation of rain-
water.

Environmental aspects

If PFBC ash is to be used in aggregates
such as gravel, the results from the
leaching tests mentioned above can be
used for environmental impact assess-
ments. From the leaching tests it can be
concluded that the leaching of trace
elements from PFBC ash is generally
low. However, the results in relation to
the background levels indicate that
leaching of chromium could be a prob-
lem. This is illustrated by an environ-
mental impact assessment performed
for a planned fill for a harbour reclama-
tion project in Stockholm. The fill is
small, being about 10,000 m3. For envi-
ronmental reasons, the leaching was
calculated under the assumption of a
relatively high permeability, such as for
silt, although the hardening could result
in a much lower figure. Calculations of
the leaching from the fill, based on the
leachate levels from the L/S 1 tests,
showed that the leaching of chromium
should be in the same range as the wet
deposition on the surface of the close
recipient (7 square kilometers) or
5-20 % of the direct local urban run-off
into the recipient.

A more probable scenario was also
calculated on the assumption of a har-
dened fill of low permeability. To esti-
mate the leaching, tank tests were per-
formed with ash from the Vartan PFBC
plant. These determined the leaching by
diffusion from a monofill. An environ-
mental assessment based on these as-
sumptions showed a considerably lower
leaching of chromium, namely about
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PFBC ash used as base material and as a sealing layer on the site of 10}

ABB Carbon in Finspong, Sweden

5% of the wet deposition on the close
recipient and less than 1% of the urban
run-off in the area.

The relatively high leaching of chro-
mium calculated for the first case is a
consequence of the high permeability of
an unhardened fill in combination with
changing water levels, causing frequent
pore water exchanges in the fill. This ef-
fect would be even more pronounced if
the fill were constructed with synthetic
gravel because of the higher permeabil-
ity of such a fill. A permeable fill con-
structed on land would leach much
less, since the amount of water flowing
through the fill decreases and the re-
lease of chromium would consequently
be less important in relation to other
sources. Recent leaching tests also in-
dicate that leaching of chromium may
not be the same for all ashes, but can
vary. The leaching properties may de-
pend, for instance, on the type of coal
burned and/or on the combustion con-
ditions.

Finally, it should be emphasized that
leachate levels measured in laboratory
leaching tests should be used with cau-

tion when predicting leachate levels and
the environmental impact of real fills.
For example, leaching tests carried out
on conventional filling materials such as
moraine result in leachate levels which
are in the same range or are higher (ex-
cept for chromium) than with the tested
PFBC ashes.

Other tests have shown that the
leachate level of PFBC ash fills most
closely resembles that of conventional
concrete.
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