Residual Carbon Content in Slags and Ashes

Obtainable Residual Carbon Content in Slags and
Ashes from Waste Incineration Systems
Part I: Fixed Carbon as a Waste Property and Fixed Carbon Burn-Up in Different
Waste Incinerators

Introduction
Section 8.4.3.1 of the German Technical
Code on Waste (“TA Abfall”) requires that a
percentage of organic matter of ≤ 3 % be
maintained for waste incineration residues
that are to be deposited in landfill sites. Slag
which has a residual organic substance level
of more than 3 % must be separately contained and thermally treated in accordance
with the Technical Code on Waste [1]. What
is meant in the Technical Code on Waste by
percentage of “organic matter”?
The residual carbon Ctot in combustion residues is the total sum Ctot = Corg + Cel + Ccarb
of organically bound carbon (Corg), elementary carbon (Cel) in the form of coke, and – in
the case of incomplete decomposition (“thermal carbonate deacidification”) – from carbonate carbon (Ccarb). When “carbon” is
taken as critical parameter, the “organic
matter” would necessarily concern the residual quantity of organically bound carbon
(Corg).
Energy and fuel technology views the burnup of carbon under the aspect of energy utilization and speaks of residual coke as “unincinerated combustible matter”; coke
mainly concerns elementary carbon (Cel).
Waste incineration focuses more on the
complete destruction of organic waste
matter and views the residual organic matter
under this aspect of destruction, being itself
a type of thermal slag treatment. The residual carbon of the (during incineration) thermally treated slag may concern – in addition
to residual coke as elementary carbon – fuel
residues of unvolatilized organic matter or
traces of organic substances which have
been resorbed on the surface of the dis-
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charged slag. A more exact investigation of
the organic substances, composing the residual organic matter in municipal waste
slag, is found in [2]. Cel may already be
present in the waste feed (e.g. activated
coal), although the primary quantity of Cel
really occurs only during incineration,
namely during the pyrolysis (as part of initial combustion) of the waste in the furnace. Elementary carbon (Cel), the main
component in coke, proceeds normally from
previously organically bound carbon, is,
however, no longer organically bound carbon, but rather inorganic carbon, which is
inert within dumpsites, i.e. is not biodegradable.
The Technical Code on Waste [1] refers in
Point 8.4.3.1 to its Annex B, No. 2.2 and
makes further reference to DIN 38414-S3. It
describes a measurement regulation on residue on ignition or on loss on ignition
(LOI550 °C) of sludge and sediments, which
has its origin in wastewater treatment. This
area of technology, however, is hardly affected by elementary carbon (Cel). The Technical Code does not distinguish between Corg
and Cel. The loss on ignition – minus Ccarb as
so-called total inorganic carbon (TIC) – was
viewed as a measure of the total organic carbon (TOC) [3]. Correspondingly, the requirement of the Technical Code names the following on the dumping of municipal waste
and its incineration residues: LOI550 °C ≤ 5 %
or TOC ≤ 3 %, where TOC = Corg + Cel and
TIC = Ccarb; therefore TOC = Cges – TIC. The
objectively inappropriate assignment of elementary carbon Cel to TOC or to LOI instead
of TIC resulted in problems [4].
In view of this controversial situation, a
working group of the Association of Large
Boiler Operators (VGB) and of the Association of Steam Boiler, Container and Piping Producers (FDBR) in cooperation with
the Düsseldorf municipal utility company
(Düsseldorfer Stadtwerke) and some other
laboratories, developed and tested a measurement method in which the residual carbon is
differentiated into its parts Corg, Cel and Ccarb
[3]. The so-called VGB method is only one
of several possibilities to do this (see also
[24]) and is based on comparative determinations of the carbon both before and after
a specified intermediate malleablizing pro-

cess. The difference in carbon contents as determined from these investigations is understood as the actual organically bound carbon
Corg, after correction with respect to possible
crack residues from the residual organic substances expelled during the malleablizing
process [3]. The goal was therefore to subtract the uncritical Cel content from the loss
on ignition and/or to specify the Corg directly.
In [3] the Corg is designated as BOC (biodegradable organic carbon). Various incineration residues from three municipal waste incineration plants (MSWIP) were analyzed
and compared within the scope of a major
VGB inter-laboratory test. As summarized in
[3], only about one-half to one-third of the
so-called TOC is actually organically bound
carbon (BOC); see Figure 12 in Part II of this
work. This proved in the case of incineration
residues from MSWIPs (grate slag) that the
requirement specified by the Technical Code
on Waste (“LOI550 °C ≤ 5 % or TOC ≤ 3 %”)
is rather excessive.1
Similar to [3], this paper aims at clarifying
the situation for the dumping of combustion
residues produced in hazardous waste incineration plants (HWIP).
The fuel-related background, see Part I, Section “Cfix and Ash: Fluctuating Properties of
the Waste Feed” as well as the incinerationrelated background, see Part I, Section “CfixBurn-Up in Waste Incinerators” is the point
of departure for the later following Part II of
this work, which will contain the detailed
presentation and explanation of the complete
final analysis data set on MSWIP grate slag
and sewage sludge ash and on HWIP rotary
kiln slag, see Part II, Section “Loss on Ignition and Carbon Content of Incineration
Residues”, with the Subsections “Residues
From Incineration of Municipal Waste and
Sewage Sludge” and “Residues From Incineration of Hazardous Waste”, and the corresponding discussion of all data.
––––––
1 In certain types of ash or slag utilisation it is
possible that the usability can depend on a low
residual carbon level, i.e. on low Cel (residual
coke); cf. “Gütesiegel für Kohle-Flugaschen
(stamp of quality for coal fly ash)” with the
required residual carbon content of ≤ 1% with
respect to frost resistance of concrete building
materials.
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natural waste will be volatized, or 20 to
40 %, or an average of 30 % of this primary
carbon will remain in the bulk bed as Cfix.
Volatile content of natural waste
is around 85 % of org. DM.
Cfix content of natural waste
is around 15 % of org. DM
(organic dry matter).

Cfix content
(% of org. DM)

50
100

40
50
20

The volatiles do burn quickly in the gas
phase (“homogeneous combustion”) while
the remaining fixed carbon burns relatively
slowly (“heterogeneous combustion”),
whether on/in the particles of a cross-flow
bed (grate incineration) or on the surface of
an over-current bed, such as is the case in
multiple hearth furnaces for sewage sludge
(slow agitation of the bulk bed) and in rotary
kiln furnaces for hazardous waste (very slow
agitation of the bulk bed).
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Figure 1. Possible Cfix content in the bulk bed (starting point and objective of Cfix burn-up).
Condition of bulk bed after removal of the so-called “fuel volatiles”.

Cfix and Ash: Fluctuating Properties of
the Waste Feed
After drying and expelling the volatile matter
in the fuel, i.e. at the end of the pyrolysis
stage of the initial incineration of solid waste,
for example, the bulk bed consists of ash
(composed of initially incompletely oxidized
ash components) and of coke, the so-called
“fixed carbon” (Cfix), which remains in the
bulk bed as the residue of the original “combustible matter”. According to DIN 51719
and 51720, it is possible to estimate the content of ash, volatile matter and Cfix in a particular waste batch as fuel properties. These
values have generally been determined only
rarely or not at all, in view of the lack of homogeneity of solid waste. From this point of
view, these waste properties will be discussed below though rarely measured during

operation. The following must be clarified:
Depending on the quantitative amounts of
Cfix and ash in the input waste, the heterogeneous burn-up of solid waste in/on the carbonized bulk bed arises from very different carbon contents, Cfix/(Cfix + ash) in F i g u r e 1 .
The higher the ash content in the original
waste, the nearer (from the very beginning)
one is to the goal of TOC ≤ 3 % as specified
for municipal waste by the Technical Code
on Waste.
Many types of solid waste should be viewed
as “natural waste” ([1]), and to a certain extent as “not yet carbonizated coal” – such as
wood, paper, sewage sludge, or biowaste in
general with a hydrogen/carbon ratio of
around 0.11 to 0.15 kg H/kg C ( F i g u r e
2 2). According to Figure 2, describing the socalled carbon distribution during volatilization, around 60 to 80 %, or an average
70 % of the primarily available carbon in the

Paper, paper products [Niessen, 1978]
Saw dust, pine chips, bark [EC-Project Cocombustion/Cogasification, 1992 to 1994]
Sewage sludge [EC-Project Cocombustion/Cogasification, 1992 to 1994]
PVC [Zevenhoven et al., 1997]
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2 Note on the comparison of waste with carbon
in Figure 2: As carbonization progresses, the
original “organic dry matter” is reduced (reduction of the content of “volatiles”). Finally of the
organic dry matter (org.DM), only the coke remains. Therefore, with progressive malleabilization the Cfix-content of the remaining
org.DM increases to reach 100 % (waf.) finally).
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If Cfix is related to the sum of Cfix and ash
(Cfix content in the bulk bed just after pyrolysis), this results in F i g u r e s 4 , 5 a and 5 b
for the Cfix content in the bulk bed at the beginning of the Cfix burn-up for natural waste
and other waste materials. A comparison of

Bioproducts [Krishnamoorthy, 1992]
Trees, woods, brush, plants [Niessen, 1978]
Saw dust, pine chips, bark [EC-Project cocombustion/cogasification, 1995]
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Sewage sludge [EC-Project cocombustion/cogasification, 1995]
Bio masses [Rüdiger, 1996]
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Saar coal (Ensdorf)

Incineration technology often relates the volatile matter or the unvolatized matter (fixed
carbon Cfix) to the dry matter DM (“wf.” condition, i.e. “dry” or “water-free”), or to the
organic dry matter org. DM as the “combustible matter” (“waf.” condition, or “waterand ash-free”). The following can be determined on basis of F i g u r e 3 : After expelling the volatiles, i.e. at the end of the pyrolysis stage of initial combustion, around 15
≤ 5 % waf. from the primarily available organic dry matter in a natural waste remains as
Cfix in the bulk bed.

0
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see ordinate section left
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Figure 2. Carbon distribution during pyrolysis of natural waste
and coal (excerpt from [5] on the basis of [6 to 11]
and others).
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Figure 3. Volatile content (left side) or fixed carbon content (right side)
and ash content of the dry matter DM of “natural waste”.
Analysis of data from cited literature (excerpt from [5] based
on [6 to 11] and others).
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(see Figure 2); this means that virtually ashfree “pure Cfix” remains in the bulk bed (Figure 5a). The remaining distinction to be made
between natural and synthetic waste would
only be “technically pre-malleabilized waste
materials”, e.g. waste materials which from
the beginning are especially rich in Cfix, such
as activated coal, lignite coke or graphite
waste from the production of electrodes (Figure 5a).
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The composition and feed rate of solid waste
fluctuate more dramatically in hazardous
waste incineration than in municipal solid
waste incineration. The daily concern in
HWIPs is the “waste menu” , however, the
Cfix burn-up is not the main concern in this
determination of the waste feed. The fluctuating quantities of Cfix and ash included in the
waste feed can hardly be balanced very well,
even when the waste is “pre-mixed” in the
bunker. One consequence of this – at least
when the plant is fully loaded with solid
waste – is fluctuations in the residual carbon
content of the discharged ash or slag. Therefore, the maximum Cfix burn-up rate (kg
Cfix/h) is of special interest for any waste incineration furnace.

Sewage sludge [EC-Project Cocombustion/Cogasification 1992 to 1994]
Peat [Zevenhoven et al., 1997]

Cfix Burn-Up in Waste Incinerators

Wood [Zevenhoven et al., 1997]

Figure 4. Cfix content in bulk bed at beginning of Cfix burn-up.
Analysis of data from cited literature (excerpt from [5] based on [6 to 11], etc.),
also: lime conditioned mixed sewage sludge MS+ of BAYER AG, Leverkusen.

these illustrations makes it clear that many
other types of waste react during pyrolysis
similar to “natural waste”. In addition to
“natural waste” there is also “synthetic
waste”, such as plastic-rich waste, which
usually has a low ash content. Or, there are
also mixtures of natural and synthetic waste
materials such as the lightweight fraction
from automobile shredders (shown in Fi-

gure 5a) which usually has a high ash content. Some synthetic waste materials are almost completely volatized, such as polyethylene (PE), and therefore play no role
with respect to the heterogeneous burn-up of
solids, though it does play an important role
for the burn-up in the gas phase. Other materials – virtually ash-free – are only partially
volatile, such as polyvinylchloride (PVC)

In comparison to dust-fired furnaces, burning
pulverized coal, the Cfix burn-up rate in waste
incinerators, referred to the furnace space, is
small anyway (with regard to capacity) as
well as low (with regard to intensity). This is,
in the end, due to the coarser particle size
(“lumpiness”) of the solid waste and the
lower temperature level of the burning particles, at least on standard grate funaces and
on multiple hearth furnaces. In view of the
existing burn-up requirements, specified by
the Technical Code on Waste, and of the
fluctuations of the “Cfix and ash input” as a
result of the changing waste materials, the
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Figure 5a. Cfix content in bulk bed at beginning of Cfix burn-up.
Laboratory data provided by Babcock Power (formerly L&C
Steinmüller) [12]; also: PVC according to [11].
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Figure 5b. Cfix content in bulk bed at beginning of Cfix burn-up.
Data from public rotary kiln HWIP (hazardous waste incineration plant).
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Figure 6. Resistance model on Cfix burn-up.
Simplified diagram for carbon
burn-up on/in an over-air moving
bed [17].

Cfix burn-up rate (kg Cfix/h) forms the “inner
bottleneck” for the throughput of solid waste.
Burn-up in large-scale dust-fired furnaces
was and is the subject of many scientific
papers on coal incineration (see [13 and 14],
for example). These concern the burn-up of
small particles, individually conveyed in
combustion gas. The relationships determined for the Cfix burn-up in large-scale
dust-fired furnaces can hardly be related to
the Cfix burn-up in grate furnaces or rotary
kilns.
The Cfix burn-up on MSWIP grate furnaces
(cross-flow through bulk matter of comparatively large particles) has been investi-

gated recently on an experimental and theoretical basis [15]. This has resulted in relations to former investigations on the coal
burn-up on coal-fired grate furnaces, which
was of interest several decades ago. With regard to the Cfix burn-up in rotary kiln furnaces (over-current flow over bulk matter of
comparatively large particles), however,
there is little more than initial indications; cf.
experimental results of the carbon burn-up of
fine-particle model mixtures (sand/wood
chips or sand/acetylene coke) in a small,
electrically heated laboratory rotary kiln [16].
The Cfix burn-up during sewage sludge incineration in multiple hearth furnaces (over-current flow over bulk matter of medium-sized
particles), which is discussed in greater detail
below, has only been reported on in lectures
[17]. Based on [17], the various burn-up situations are described in F i g u r e 6 . The burnup of conveyed fine particles is only determined by the transition resistance Rß for the
mass transport gas/particle and from the chemical-kinetic resistance Rkin (at the reaction
front itself), which – in contrast to the physical transport resistances – is independent of
the particle size (see resistance model in
[18]). The strong temperature dependence of
the chemical-kinetic resistance is known by
the investigations of coal-fired incineration;
but this is directly known in the operation of
waste incinerators also.
In case of larger particles the transport resistances RS within the particles, i.e. the “shell
resistances” growing during burn-up of completely reacted ash between the particle surface and the shrinking Cfix core, are to be
considered further, i.e. in case of the burn-up
of a cross-flow bulk bed on grates or an over
flow bulk bed in rotary kilns. These transport
resistences RS increase as the size of the particles increases and can therefore be reduced
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Figure 7. Cfix burn-up in a rotary kiln.
Evaluation of experimental data from a public rotary kiln HWIP.
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by means of preliminary crushing – as performed at two of BAYER’s rotary kiln-hazardous waste incinerators and for highly dewatered sewage sludge filter cake, crushed
prior to input into BAYER’s multiple hearth
furnace.
Finally, during the burn-up on/in an over-air
moving bed, the transport resistances (RU) of
the bulk matter also play a part, i.e. the resistances between the surface of the bulk matter
and the particle surface somewhere in the
bed. These “bulk resistances” depend on the
distribution of particle sizes, the height of the
bed and the agitation frequency U (see [19]),
or the average distance of the particles from
the bed surface. In the borderline case U ➝ ∞
a particle is located every time at the surface
of the bulk matter (RU = 0), but never in the
borderline case U ➝ 0, as long as the particle
was not located there from the beginning.
The case of the pre-crushed sewage sludge
filter cake in the multiple hearth furnace (described in greater detail below) actually concerns an easily pourable bulk material; the
movement of bulk matter multiple hearth furnace is known in principle (see [20] on the
related processes in plate-type dryers). But is
it possible to speak of pourable bulk matter
and corresponding agitation in the case of
solid waste in a rotary kiln? Actually, this is
hardly the case. For this reason every mathematical model of the Cfix burn-up in rotary
kilns is extremely problematical. Operational
experiments and their evaluation therefore
appear that much more important than calculations, as well as their evaluation is supported by these kinds of theoretical considerations: Experiments on the incineration of
solid waste were carried out in a public rotary
kiln HWIP. Following one of the authors’
recommendations, the Cfix and ash contents
of the incinerated waste was determined subsequently on retained samples (Figure 5b).
This made it possible to determine the balance of the carbon input and output in F i g u r e 7 . The x-axis is the Cfix input (included
with the solid waste feed) and the y-axis is
the Cfix output (residual carbon, included
with the discharged incineration residues).
The Cfix burn-up rate can be read directly as
the given difference to the diagonal: in the
case of small throughputs the residual carbon
content is almost zero, since the Cfix input remains below the maximum Cfix burn-up rate.
Due to the increasing Cfix input the Cfix burnup rate increases towards average throughputs, too, and finally gets to a maximum Cfix
burn-up rate of around 250 kg Cfix/h. With an
additionally increased throughput, however,
the Cfix burn-up rate will fall (thicker bulk
bed). The effect of insufficient pre-crushing
is also seen in Figure 7, see “Coarse Wood
Particles”.
In order to obtain a better view of the Cfix
burn-up in over-air moving bed incinerators,
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Cfix-content of the bulk matter bed
after pyrolysis, at beginning of
coke burn-up; see Figure 4
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Figure 8a. Cfix burn-up of various grain fractions of pre-crushed
sewage sludge filter cake.
BAYER-experiments on a pilot multiple hearth furnace in
the LURGI technical laboratory (1995).

earlier technical and laboratory experiments
on the incineration of a mechanically dewatered, pre-crushed sewage sludge filter
cake in a multiple hearth furnace will be discussed [17]. Samples of the bulk material
were taken from the middle and lower
hearths of a continuously fed pilot plant incinerator, carefully divided according to
grain size fractions and investigated with regard to their residual carbon content ( F i g u r e 8 a ). The balancing evaluation of this
experiment – in consideration of the input
and output of Cfix – resulted in an average,
surface-related burn-up rate of around 2.5 kg
Cfix/(m2 h) at gas temperatures of approximately 850 – 700 °C in the overflowing gas
above the hearths. This figure is therefore
based on the real hearth surface area. The resistance model of Figure 6 leads to the related illustration in F i g u r e 8 b , where the
y-axis shows the cubed root of the carbon
content rather than the residual carbon content itself. The shown third root of the carbon
content would correspond to the diameter of
the shrinking Cfix-rich core of spherical particles, while the hearth number (shown as the
y-axis) corresponds to the residence time.
This illustration leads to straight curves
whose slopes can be interpreted as the (average) burn-up rate of the given grain fraction3.
As shown in Figure 8b, larger sized particles
burn more slowly and smaller particles burn
more rapidly (caused by the bigger / smaller
“shell resistances”).
However, the burn-up rate – due to the other
transport resistances – does not increase pro––––––
3 Average speed of the reaction front, divided
by the particle size. In addition, it is possible
to see from Figure 8a that the burn-up of a
larger grain fraction begins at a later point, e.g.
that the largest grain fraction > 10 mm just
started to be pyrolized on Hearth 3, since it still
has the original content of Cfix/(Cfix + ash); cf.
circle marking of the mixed sewage sludge
MS+LEV in Figure 4.
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Figure 8b. Diameter of the Cfix-rich core over time.
BAYER-experiments on a pilot multiple hearth furnace in
the LURGI technical laboratory (1995).

gressively in relation to the smaller particle
size. This means that the burn-up rate cannot
be increased as desired simply by crushing!
A supplementary experiment was carried out
in this regard by the company NESA (Belgium) on a batch-wise fed laboratory
multiple hearth furnace with only one “back
and forth” conveying hearth. Highly dewatered sewage sludge filter cake MS+LEV was
finely crushed and incinerated at gas temperatures of approximately 800 to 900 °C
(maintained with auxiliary firing), reaching
a Cfix burn-up rate of only around 2.8 kg
Cfix/(m2 h). Large-scale experiments on
BAYER’s multiple hearth furnace with the
coarsely crushed filter cake resulted in the
burn-up rate of around 2.5 to 2.8 kg Cfix/(m2
h) at gas temperatures of approximately 1050
to 600 °C.
The Cfix burn-up rate of rotary kiln incinerators can be roughly estimated based on the
burn-up rate in multi-stage grates. The estimation of a typical burn-up rate in
standard-sized rotary kiln incinerators described below serves here only as a theoretical link to the operationally determined
surface-related burn-up rates obtained in
the multiple hearth furnace (kg Cfix/(m2 h):
The agitation frequency of the bulk matter
in the slowly turning rotary kiln is very
low, despite the low filling level of 5 %
[see 19]. On the other hand, rotary kiln incinerators function at a considerably higher
temperature level than multiple hearth furnaces. In contrast, the solid waste, if it has
not been pre-crushed, is comparably large.
Under consideration of the diverging influences it would be possible to assume a
surface-related burn-up rate of 3.5 kg
C fix/(m 2 h) in rotary kilns. The low filling
level corresponds to a small “bed surface
area” in the middle and towards the end of
the rotary kiln, resulting in a (normal) C fix
burn-up rate of only 250 kg C fix/h, assuming sufficient pre-crushing.
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