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1. Purpose of the system
In Germany two million tonnes (dry material) of sewage sludge is produced by waste
water treatment plants. In 2010, more than 52 % of the sludge was thermally treated
[7]. The phosphor content of sewage sludge is about 7 to 8 % of dry matter (as P2O5)
and remains mostly in the ash after combustion. Consequently, the ash is a secondary
phosphor source. Approximately 12% of the annually consumed mineral phosphate
fertilizer could be covered by this [6]. For this reason, the co-combustion is not suitable
because of the loss of phosphor and should be replaced by mono-combustion systems
in order to save the phosphor. This is considered in the change within the regulation
of sewage sludge treatment and the market will react accordingly.
For this reason, Energieversorgung Offenbach AG (EVO) is planning the construction
and operation of facilities for the treatment of sewage sludge to optimize the recovery
of phosphor. The following solution describes a rotary kiln mono-combustion system
which will be integrated in the waste to energy plant. The purpose of the project is
on the one hand, the thermal utilization of sewage sludge by using the energy bound
in the sewage sludge and on the other hand to enable the recovery of phosphor from
sewage sludge.
The goal is to burn approximately 80,000 t/a of sewage sludge. Two rotary kilns will be
installed and connected to the combustion chamber and the first pass of two units. A
rotary kiln reference plant with similar technology exists at erzo Oftringen, Switzerland
since many years already. But the request of low Total Carbon Content (TOC) in ash
is lower for the Offenbach project.
For this reason, additional post combustion systems are described (Chapter 6). These
are concept ideas to extend the sludge combustion system for further reduction of TOC.

2. Description of the existing waste to energy plant
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The waste to energy plant was built in 1995/97. It was designed for low and medium
municipal waste heating values. Therefore a co-current combustion system equipped
with a roller grate was installed.
From the waste bunker, the feeding hopper is loaded with waste by special grippers,
which is then directed via a water-cooled waste collection chute to the hydraulically
operated waste feeder which regulates the waste to the combustion chamber. The waste
is burned on a roller grate. The roller grate is equipped with six grate rollers, whose
speed can be controlled individually.
The walls are designed as tube walls with tailed brickwork. For the operation of the plant
with sewage sludge incineration a minimum waste heating value has to be considered.
The combustion air to the furnace is divided into primary and secondary air. The
primary air is fed below the roller grate over the six air zones and fed according to the
requirements of the demanded air distribution. The secondary air is injected into the
flue gas at the end of the combustion chamber at the beginning of the first flue gas pass
by using rows of nozzles on the boiler front and rear wall.
518

Sewage Sludge Mono Combustion with an Integrated Rotary Kiln in an Existing WtE Plant

The boiler is a two-pass boiler with an empty vertical first flue pass and a horizontal
second pass with evaporator and super heater heat exchangers. The economizer downstream of the super heaters is also designed as horizontal pass.
For start up and shut down of the boiler as well as to support the minimum operating
combustion conditions two gas burners in the first pass and an additional one in the
ignition zone are installed. The furnace has a nominal capacity of 28.1 MWth, producing
31.6 t/h of live steam.

first path
ignition burner
waste chute

Figure 1:
support burner

feeder

Schematic diagram of firing
system MHKW Offenbach
roller grate

Source: Euler, T.: Ressourcenschutz
in der Abfallwirtschaft – MVA-Aschen
als Sekundärrohstoffquelle für Metalle.
Bachelorarbeit zur Erlangung des Grades
Bachelor of Engineering.

So far, the sewage sludge was co-incinerated in the roller grate combustion. Usually,
the proportion of co-incineration was from 5 % to a maximum of 10 %, whereby the
influence on the firing was noticeable.

In this process, hot flue gas is extracted from the afterburning zone in the first boiler
pass of a waste incineration plant to use it as a heating medium for a rotary kiln combustion. The hot flue gas is used to dry and incinerate the sewage sludge in the rotary
kiln. The flue gas is cooled down by the drying of the sewage sludge and returned to
the waste incineration furnace. An ID-fan is used for this.

3.1. Sewage sludge characterization
For the design of a sewage sludge incineration, a quality range and a medium sewage
sludge composition has been defined to provide a basis and defined ranges for the
design of the aggregates and components. The following values are used for the design:
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ash/inert material
water
dry material
ignition loss
lower heat value
at 80% dry material
ash/inert material

Unit
%
%
%
% DS

Design
11.25
75.00
25.00

Design range
10-15
70-80
20-30
55-70

MJ/kg

10-12.5

% DS

45.00
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Figure 2:

Sewage sludge, ash and water content range

3.2. Rotary kiln
The rotary kiln will be operated in parallel to the already existing grate firing and uses
the boiler, as well as the flue gas cleaning of the existing plant. The sewage sludge was
already co-incinerated in the grate combustion, so boiler and flue gas cleaning are
already designed for the increased flue gas mass flow.
The incineration of the sewage sludge takes place in counter-current to the flue gas
taken from the grate combustion. The amount of burnt sludge is in the range of
3,75 to 6,25 t/h.
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The 850 to 1,050 ° C hot flue gas from the grate combustion is fed as heating medium to
the rotary kiln and is used for the following process steps in flow direction (Figure 3).

flue gas, cold
flue gas, hot
sludge

ash

flue gas, cold

Counter-current combustion process

drying zone

ignition

flue gas, hot

combustion / post combustion

sludge

Figure 3:

ash

Rotary kiln drying, combustion and burn out principle process

3.2.1. Drying of the wet sewage sludge
At the flue gas outlet the sewage sludge is fed into the rotary kiln. The sludge is dried
in the dryer section by means of the hot flue gas. The flue gas cools down because of
the evaporating water from the sewage sludge.

3.2.2. Expulsion of gas volatile fuel constituents from the sewage sludge
The sewage sludge is heated up by the hot, low-oxygen flue gas and during heating
gas-volatile constituents are released. Since there is no oxygen expected in the flue gas,
there is no reaction of the gas-volatile constituents from the sewage sludge. It is desired
to achieve maximum pyrolytic decomposition of the dried sewage sludge.

The excess air of the overall process is sub-stoichiometric. The combustion refers to
the conversion of the available residual oxygen with which just a part of the volatile
gas constituents is already converted in the rotary kiln.

3.2.4. Reduction of the residual carbon in the ash
The carbon content in the ash has to be reduced as much as possible in order to meet
the various requirements (approval, exploitation contracts, etc.). Measurements on an
existing plant [3], which is not optimized in terms of burnout quality, have shown that
the TOC is usually in the range of 5 to 10 %, sometimes even beyond at kiln outlet.
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This is the starting point to optimize the process by increasing the residence time and
oxygen availability of the ash particles. The potential improvement due to installation
of internal lifters and resident time are to be determined by trial operation on a rotary
kiln in a pilot plant. If the target reductions cannot be achieved, additional processes
have to be applied.
The method steps described here are shown separately to simplify the process. In
practice, the individual process steps seamlessly overlap or overlap.

4. Connection of WtE plant with rotary kiln
For the above mentioned processes it is necessary to pass hot flue gas from the furnace
through the rotary kiln and if necessary through the post combustion chamber. The best
point of flue gas recirculation outlet from the furnace to the rotary kiln is determined
by utilizing CFD simulations taking into account layout constraints. These simulations
were performed by InPro-Consult as this company performed former simulations of
the waste to energy furnace considered here.

4.1. Hot flue gas extraction point

Temperature
°C
> 1,300

600
1

2

0

Figure 4:

To start CFD simulations a first extraction
point (1) was defined near to the rear wall
where currently the hot streaks are located. In consideration of the returning gas
flow it turns out that the hot streaks will
move to the front wall and the temperature at the first defined point was too low.
Moving the recirculation down to point
(2) improves the situation, as can be seen
in Figure 4.

Outlet temperatures at different
recirculation points
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4.2. Other results
from CFD simulation

process gas
secondary air

Figure 5:
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Nozzles for process gas and secondary air

CFD simulations also resulted in the optimized arrangement of product gas nozzles
as double nozzles with air inside the nozzle
and surrounding process gas (Figure 5).
This ensures the best mixture between
secondary air, process gas and the other
flue gas from the waste to energy furnace.
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5. Measures to reduce TOC
Firstly it is important to understand what influences the TOC content of ash at kiln
outlet. The real process is complex and has been simplified to get a manageable approach
for model calculations in the burn out area. The drying and combustion zone inside
the kiln is not considered in this approach.
To reduce TOC in ash, intensive contact of ash particle surface with hot oxygen rich
atmosphere (extracted hot gases from incinerator) is needed in order to burn C to
CO or CO2. In the following approach the key figures of the carbon conversion rate
are the ash active layer surface to hot gases (AB) and the mean residence time τ of ash
inside kiln burn out zone. The influence of ash particle size distribution is neglected
and deemed to be constant. The key question is: Can the rotary kiln burn out zone be
optimized in design and operation to meet the requirements of the TOC limitation?

5.1. Optimized rotary kiln design and operation
In literature [5] the transport process at slumping and rolling mode is described as
follows. The ash volume flow is a function of geometric figures mainly diameter D,
length L, thickness of solid bed hS and slope of kiln. The property of the solid material
is considered with the angle of repose and bulk density.
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By using the equation (1) a parameter variation was executed. The results are the correlation between ash surface AB, ash volume VB and residence time τ of ash in the kiln
burn out area. In order to find a simplified
link between these operating parameters
and TOCω at kiln outlet the following
L
reaction number K is introduced:
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Figure 6:

Section drawing of rotary kiln

Source: Ginsberg, T.: Dynamische Modellierung von
Drehrohröfen. Dissertation RWTH Aachen, Fakultät für
Maschinenwesen, 26.11.2010.

AB
		
K=
• τ
VB

(2)

The knowledge of kiln dimensions and
specific operation parameters like TOCαRef
at inlet and TOCωRef at outlet of burnout
area (TOCα - TOCω= ΔTOCRef ) and rotational speed of an existing plant [3] allows
to calculate a specific reaction number
KRef. at this reference conditions. Using
KRef allows estimating a TOCω if parameters are changed as follows:
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TOCω = TOCα, Ref – ΔTOCRef

		

•

KRef
K

(3)

Using equation 1 and 2 by varying the rotational speed leads to an approximate correlation between TOCω vs. Residence time τ. The results are given with the following
diagram.
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It is in agreement with the operator’s experience that with increasing sludge mass flow
(equivalent to ash flow) the TOC is increasing as well. Additionally, the curve shows
that the potential to reduce TOC by reducing the rotational speed is also limited.
It is important to realize that the variation of parameters in order to increase the mean
residence time results in a worse specific surface ratio AB/VB which is a contradictory
behaviour with regard to reaction number K.
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524

Qualitative influence of geometric parameters and rotational speed variation to reaction
number K at constant ash mass flow
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The parameter which influences K the most is the length L of the kiln. However the
length is mostly limited by arrangement boundary conditions. Consequently, further
measures have to be investigated in order to reduce the TOC content.

5.2. Insertion of lifters in burn out area
It is well known that moving of solid particles through a kiln could cause segregation.
Smaller particles could be concentrated in the core area of the solid bed.

Figure 9:

Segregation

Figure 10:

Example for lifter arrangement

Kiln ash taken from erzo Oftringen plant were analysed at MHPS laboratory and the
results show a clear particle size distribution and no mono fraction (15 % < 0,5 mm
and 40 % > 2 mm). The consequence is that segregation has to be taken into account.
Particles which stay in the core do not get into or have less contact with hot oxygen gas
phase and the TOC cannot be reduced sufficiently. One measure to destroy this small
particle accumulation effect or better to improve solid bed mixing is the installation of
lifter devices. It is expected that lifters will increase the mean residence time [2]. This
should have an additional positive effect on TOC reduction. The most promising way
to find a proper lifter design is the execution of tests at a scaled down kiln test facility.

5.3. Post combustion
Another or additional measure for further reduction of TOC is the post combustion
of the kiln ash. In principle this can be done by a separate process. It is beneficial to
integrate this post combustion into the sludge combustion system as described above.
Two different possibilities are presented as follows. Both have the idea to grind the ash
first and lead it to an entrained-flow combustion. Downstream of the kiln outlet the ash
is cooled down to necessary mill operation temperature range by means of water-cooled
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Source: Boateng, A. A.: Rotary Kiln, Transport Phenomena
and Transport Processes. BH 2008.
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screw conveyors. The mill grinds the ash to the necessary fineness range; fine enough
for combustion and coarse enough for cyclone separation. The combustion takes place
in a combustion chamber which is part of the hot recirculated gas ducts or directly
inside the gas phase of the kiln.

5.3.1. Ash feeding to post combustion chamber
Inside the combustion chamber the carbon of ash particles oxidises. The downstream
arranged cyclone separates the ash particles from the gas phase. The separated ash
represents the phosphor rich product and the gas phase enters the rotary kiln. Drop
tube tests showed that the phosphor content of the ash is not reduced by the post
combustion process.

WtE furnace
tempering air
rotary kiln

cyclone

sludge

post
combustion

ash
mill

Figure 11:

Post combustion chamber

The challenge of this system is to ensure that temperature of recirculated flue gas on
the one hand are sufficiently hot for post combustion but on the other do not exceed
melting temperature of ash at the outlet of the combustion chamber. Otherwise clogging of the cyclone could occur. For that reason, tempering air will be used to control
suitable temperatures. This air is added upstream of the combustion chamber.

Sewage Sludge

To reduce fouling of the duct system an ash-trap is foreseen which is arranged close to
the extraction point of hot flue gases.

5.3.2. Ash recirculation to kiln
Alternatively, the ground ash could be injected (only a certain portion or completely)
into the rotary kiln. The behaviour of carbon burnout should be similar to the combustion chamber mentioned above. However, before entering a cyclone the ash must
pass the drying zone inside the kiln. It is expected that a certain amount of this ash
is deposited from gaseous phase inside kiln and flows through the kiln again. This
leads possibly to a too high filling rate and consequently, to unfavourable operation
behaviour of the kiln.
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WtE furnace

cyclone
rotary kiln
ash

sludge

mill

Figure 12:
Ash recirculation to kiln

It was decided to investigate the post combustion chamber more in detail.

6. Post combustion system
In order to confirm if the concept described in Chapter 5.3.1. is realistic under burnout aspects, a CFD simulations were performed. Furthermore, the injection system
was simulated as highly simplified system. A drop tube test was performed to check,
if the chosen char burnout model was sufficient to ensure the decrease of TOC in the
entrained flow reactor. After all these checks the real entrained flow reactor including
the constructed injection system was designed.

Whilst designing the entrained flow reactor several constraints have to be taken into
account. At first the temperature of the flue gas has to be that high that char reaction
occurs. On the other hand it has to be ensured that the temperature of the particles
inside the flow do not reach melting temperature so that the cyclone will not be blocked
by slag depositions. At position (1) in Figure 13 hot recirculated flue gas flows into
the post combustion chamber and at position (2) the char particles are injected. This
results in cooling down the flue gas downstream of the ash injector. Downstream of
that position an increase of temperature
is observed. Accordingly, the oxygen
high
2
3 temperature
content decreases. Further downstream
1
at position (3) the horizontal surface
5
perpendicular to the axis of the duct the
4
very low oxygen concentration vanishes,
mass fraction of O
so that the atmosphere at the walls is
oxidizing. At position (4) recirculated
low
flue gas is injected to decrease flue gas
temperature and reduce high temperature
Figure 13: Temperature and Oxygen distribupeaks efficiently.
tion inside entrained flow reactor
2
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6.1. CFD simulation of post combustion chamber
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6.2. Drop tube test
Drop Tube test were performed at Ruhr-University Bochum and the same flow situation
was simulated by CFD.
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Figure 14:
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The drop tube furnace has one inlet for the carrier gas at (1). At position 2 the ash with
TOC of 11 % is injected. The gas is heated up by electric heating. The temperatures of
the heated surface are shown left of the drop tube reactor in Figure 14. The measured
gas temperatures without induced ash particles can be seen right of the drop tube.
During the reaction tests samples of ash are sucked out through ports 1, 2 and 3. The
resulting TOC values are plotted in the diagram on the right side of Figure 14. The
resulting values from the CFD simulation are plotted as red curve. It can be observed,
that the reaction starts earlier in the experiment than in the simulation. On the other
hand the final TOC value stays at a higher level than in the CFD model. Nevertheless
this measured value is lower than the requested 5 %.

7. Summary
The technical paper reveals that there are more opportunities for plant operators to
treat sewage sludge. One of the possibilities to treat sewage sludge is to build a mono-incineration plant by using CFB technology. This includes a long permit procedure
as well as high investment costs.
To avoid such complex effort unconventional solutions are ready and proven in practice. One of those solutions is to combine a given WtE plant with a rotary kiln system
by using the flue-gas of the WtE plant. This is practiced in Switzerland (plant erzo
Oftringen) and has been in successful operation for 20 years.
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However, regulation of sewage sludge treatment and the requirement regarding limit
value of TOC has to be fulfilled. Currently, the limit value cannot be proven by only
implementing a rotary kiln system.
In order to meet this regulatory requirement MHPSE presented in this technical paper
an advanced upgrade to the known technology by means of post-combustion. CFD
calculation and drop tube tests of ash burnout show very promising results with a high
technical potential and advantages comparing to CFB combustion systems.
Although it is expected that the reduction of TOC could be improved by adding modified blades in the burn out area to avoid phenomenas like segregation.
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