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Abstract: The emission from industries and the mobility sector is under strong legal regulations in
many countries worldwide. In Germany, the amendment to the 17th BlmSchV (Federal pollution
control ordinance), which has been in force for waste incineration plants since 2013, has given rise to
a new limit for nitrogen oxides of 150 mg/m3 as the daily mean level from 2019 on. A similar focus
is on biomass-fired plants. According to the MCP (medium combustion plant) guideline of the EU,
as a consequence, existing plants are required to either increase their consumption of ammonia water
for nitrogen oxide reduction (SNCR process) or back fit SCR catalysts as secondary measures, which
is a costly procedure. This paper presents a novel two-stage process in which an oscillating supply of
secondary air allows nitrogen oxides to be reduced by approx. 50% at a good burnout level, which
may obviate the need for secondary measures. Besides experimental investigations in a fixed bed
reactor, CFD simulations confirm a high potential for reduction of nitrogen oxides. Together with the
company POLZENITH, this process is under development for scale-up in a biomass incineration
plant as a next step.

Keywords: reduction of NOx; oscillation; CFD-simulation; combustion; grate furnace

1. Introduction

Nitrogen oxides, dust, and sulfur oxides are significant contributors to smog and acid
rain and thereby directly or indirectly jeopardize the living conditions for humans and
animals. Hence on the part of the legislature under consideration of the Best Available
Technology (BAT), the emission requirements for stationary and mobile incinerators are
continuously tightened. At present this is applied for motors (EU-standard 6, update in
September 2019 [1]), as well as for waste incineration plants [2] or the medium combustion
plant guideline [3]. To meet the guidelines and to improve the overall efficiencies the
thermal processes are continuously optimized.

This overview contribution targets to summarize the Best Available Technology for
nitrogen oxides reduction by the means of primary and secondary measures including
our research on the subject of oscillating combustion as an innovative approach [4,5]. Our
approach combines well-known measures for nitrogen oxides reduction through the air-
and fuel-staging [6] with pathways investigated in the oscillating mode of operation of
natural gas firing [7] as well as in pulverized fuel boilers [4].
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Nitrogen oxides (NOx) are a sum of NO and NO2. In municipal waste and biomass
incinerators, NO is mainly produced (ca. 95%), while NO2 is generated after combustion
during cooling of the flue gases or in the atmosphere [6].

During combustion, NOx is formed along different pathways (Figure 1):
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Figure 1. Different formation paths of NOx as a function of temperature [8].

One pathway is the chemical reaction of the fuel nitrogen (organic or inorganic) with
oxygen at a minimum temperature of about 800 ◦C (see Figure 1 “Fuel-NOx”). The so-called
“Prompt-NOx” is formed under gasification conditions between fuel nitrogen and radicals
of hydrocarbons, a formation that starts at higher temperatures. There is less temperature
influence compared to the last pathway—the formation of “Thermal-NOx”. This kind of
NOx is mainly formed at temperatures above 1300 ◦C with oxygen and nitrogen of the air
reacting with each other. In combustion processes, these three mechanisms are coupled
with each other depending on the flame temperature, stoichiometry, and residence time.
The NOx formation increases with increasing air ratio and residence time. In combustors
with grate and fluidized bed technologies the temperature does not exceed 1200 ◦C, so
the formation of thermal-NOx and prompt-NOx could be neglected. The kinetics and
pathways of NO formation and degradation are deepened in the MDPI paper [4], Section 2.

With the help of oscillating air addition at appropriate basic conditions, the NOx
formed from the fuel nitrogen can be reduced to 50% [9] as is shown later.

2. Oscillating Combustion

The positive influence of oscillation on nitrogen oxide reduction is well known, repre-
sented e.g., in [10–13] on the primary reduction of NOx emissions from furnaces.
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The basic idea of oscillating combustion is that the oxidant or the fuel flow is inter-
rupted in time. The amplitude of the injected oxidant may also differ and influences the
NOx reduction, as discussed in the numerical approach. The prerequisite for this is, that
the NOx reducing agent ammonia is formed in this sub-stoichiometrically operated zone,
which can reduce nitrogen oxides already formed in the fuel conversion. The oscillation
frequency is the result of optimization for CO remaining in the exhaust gas and the goal of
reducing NOx. More detailed information about this principle can be found in Section 2
in [4].

In previous work [11–13] the NOx reduction potential is investigated by an oscillating
addition of a gaseous energy carrier such as natural gas. The results presented show that
an oscillating addition of secondary air during the combustion of chipboard cubes in a
fixed-bed reactor also leads to a significant reduction in NOx emissions. This effect was to
be proven by the current work, employing a technical fuel like waste wood from furniture
industries instead of the “model fuel” chipboard cubes.

3. Materials and Methods

The experimental work was executed in a fixed bed reactor for validation of the
numerical simulations with CFD and LES.

3.1. Experimental Approach

The basic research was done in the lab facility, named “KLEAA” which is a German
acronym for “Karlsruhe lab facility for the combustion behavior of waste”.

The experimental studies to characterize the combustion behavior and the influence
of oscillation on nitrogen oxide reduction were carried out with waste wood from furniture
industries. The waste wood contains a high level of nitrogen of approx. 4 wt.% in the as-
delivered state, which makes it most suitable for these experiments. The test facility is made
up mainly of the combustion chamber with the bed of material and the heated furnace
(d = 220 mm, l = 990 mm), the post-combustion chamber (pcc, d = 220 mm, l = 2000 mm),
and the flue gas cleaning system (heat exchanger, filter chamber, carbon adsorber, Figure 2).
The volume of the fuel bed to be studied is approximately 10 L. The furnace and the pcc
were heated electrically to 900 ◦C. Primary air is supplied from below through a sintered
metal plate.

For the combustion experiments, the mobile lower part of the combustion chamber
filled with the fuel at ambient temperature is connected airtight with the combustion
chamber, and the feed of primary air is started. The fuel sample is ignited by the heat
emitted via radiation from atop and burns up in an almost plane front moving downward
opposite to the primary airflow.

This non-steady combustion process corresponds to the incineration of fuel on a
continuously operated grate. Experimental and numerical results obtained at KLEAA, are
the basis for the transfer to the technical-scale incinerator at POLZENITH. This method
was already proofed for the combustion of municipal waste in KLEAA and a municipal
waste incinerator [14].

For complete burnout of unburnt components, the flue gas is directed from the
combustion chamber into the pcc via a connecting channel (d = 110 mm, l = 1040 mm)
discharging from the combustion chamber. At the top of the post-combustion chamber,
secondary air is introduced radially through two nozzles (d = 8 mm) which are arranged
slightly shifted against one another. A pinch valve interrupts the airflow to obtain an
oscillating combustion mode.

The concentration of flue gas species is determined at two measuring positions, one
right above the fuel bed and one at the outlet of the post-combustion chamber. The
temperatures are measured both in the fuel bed over the entire height of the bed and along
the flue gas path.
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Figure 2. Schematic design of the KLEAA fixed-bed reactor at ITC.

The H2, CH4, CO2, CO, and O2 gas concentrations are extracted through a water-
cooled probe above the fuel bed. HCN and NH3 concentrations are analyzed from the
water condensed in the gas sampling system and the gas volume extracted. In addition,
O2, H2O, CO, NOx, N2O, and CO2 are determined downstream of the post-combustion
chamber at measurement position 2. Prior to the release of the flue gas into the environment,
a boiler cools the flow down to 140 ◦C, a baghouse filter retains fly ash while an activated
carbon filter adsorbs halogens, among other species.

For optical evaluation of the combustion process of the solid matter, a camera is
installed approximately 2 m above the fuel bed.

The main parameters are outlined in Table 1, while Table 2 presents the elemental composition.

Table 1. Tests outline.

Test Fuel Primary Air Secondary Air
Frequency

Secondary Air
[Hz]

test ww1 Waste wood
(ww)

10 m3/h 25 m3/h

0

test ww2 1

pellet 1 Pellets from waste
wood (length 10 mm;

Ø 6 mm)

0

pellet 2 1
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Table 2. Fuel specifications.

wt.-% Waste Wood
(ww) Pellets from Waste Wood

water 5.20 3.10

ash 1.10 1.12

volatiles 76.40 78.09

char 18.30 18.71

fixed carbon Cfix 17.20 17.58

C 46.90 47.94

H 5.78 5.91

N 4.00 4.09

oxygen by diffrence Odiff 36.83 37.65

total—S 0.03 0.03

total—Cl 0.16 0.17

sum 100.00 100.00

bulk density [kg/m3] 250 130

lower heating value [Mj/kg] 17.2 17.8

All volume flows and concentrations are given in m3/h and mg/m3 refer to standard
conditions in temperature and pressure.

The waste wood and the pellets are gasified in the combustion chamber with the
supply of 10 m3/h, which means, that the flue gas contains unburnt components, such as
CO and CH4, which must be post combusted by the means of the secondary air injection.

All experiments were performed at constant primary and variable secondary air
volume flows and comparable fuel charges (approx. 2.5 kg per test for the waste wood).
After the first investigations with the waste wood, the profiles of the gas species above the
fuel bed indicate a transient combustion behavior, and effects of oscillating on NOx were
not detected. The main reason for this is the fine particles below 2 mm in the waste wood,
which have a major effect on the air distribution in the fuel and on the specific surface
(kinetics, heat transfer), see Figure 3.

The particle size distribution was measured three times, using a sieve tower and the
averaged values are plotted in Figure 3. Below 2 mm there are 47 wt.% of the particles, so
the influence of these fine particles on the flow and heat transfer properties is large.

To homogenize the combustion behavior and avoid fluctuations in stoichiometry in
the fuel bed, the waste wood was pelletized.

The waste wood contains about 4 wt.% of nitrogen, which is a high value compared
to unprocessed natural wood with values below 1 wt.% and the main challenge for the
NOx emissions [15]. Critical species like S and Cl are in low concentrations, so the risk of
corrosion in the boiler should be small. After the pelletization, the lower heating value
increased slightly to 17.8 MJ/kg compared to the waste wood with 17.2 MJ/kg. The bulk
density is reduced from 250 kg/m3 to 130 kg/m3.

3.2. Numerical Approach
3.2.1. Numerical Mesh and Modeling Approach

The main subject of interest of the CFD simulation is the NOx reduction due to
the oscillating secondary air in the pcc. Preemptive simulations of the whole pcc have
shown that the combustion of the flue gas leaving the combustion chamber through the
connecting channel occurs mainly in the middle to the upper part of the pcc. Thus, for
better computational efficiency, the numerical investigation solely focuses on this part
of the KLEAA (Figure 4). The mesh contains around 70,000 hexaeder cells, with refined
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cells at the position of the secondary air inlets, where air and flue gas mix and secondary
combustion occur.
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The flue gas combustion and the NOx-forming are modeled with a detailed reaction
mechanism. As this modeling approach is computationally very expensive, only a time
section of the quasi-steady-state combustion of the fuel bed is simulated. This quasi-steady-
state phase is characterized by an ignition front moving through the fuel bed at a constant
speed where drying, pyrolysis as well as char combustion occur parallel and at a constant
rate. Consequently, the temperature, momentum and species composition of the flue gas
entering the pcc is constant over time. This is true for both modes of secondary air supply,
with and without oscillation, as the combustion process in both chambers is separated
spatially and the mode of secondary air supply does not influence the fuel-bed combustion.
In the case of the experiments without oscillating air, the combustion in the pcc during
the chosen timeframe can be considered as a steady-state. The corresponding simulation
is therefore obtained as a steady-state solution. The simulation of the experiment with
oscillating secondary air is transient.
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The initial condition of the transient simulation is taken from the converged steady-
state solution. With this approach, the influence of oscillating air on the NOx formation can
directly be identified.

3.2.2. Turbulent Flow Modeling and Solver Parameter

The simulations are performed with the commercial pressure-based CFD solver of
ANSYS Fluent (Version 17.2). The Detached Eddy Simulation (DES) model is used to
model the transient turbulent flow, with the realizable k-epsilon model as the underlying
RANS model [16]. The Pressure-Velocity coupling uses the SIMPLEC algorithm. Radiation,
turbulent kinetic energy, and dissipation rate are discretized using first-order schemes.
Energy, Species, Momentum, Pressure, and the transient term are discretized by second-
order schemes. The residuals of the equations were set to 10−9 and reached the order 10−4

(energy equation) and 10−1 (the continuity equation), respectively.
For the steady-state solutions, the realizable k-epsilon model with enhanced wall

treatment is used instead of the DES model. The remaining solver settings were the same
as for the transient case. The residuals of the energy equation and the continuity equation
for the steady-state solutions reached the order of 10−6.

3.2.3. Radiation Model

The radiative heat transfer between surface-surface and surface-flue gas is modeled
with the Discrete Ordinate model (DO). The DO model discretizes the angular space in
discrete solid angles, each associated with a spatial direction, and solves the radiative
transfer equation (RTE) for each direction. A discretization of 3 × 3 solid angles per octant
is applied to the angular space and a radiative solver frequency of 10 is chosen. The
absorption coefficient of the flue gas is calculated via the standard WSGGM Model of
Fluent [16].

3.2.4. Combustion and NOx Model

The post-combustion of the primary flue with air in the pcc is controlled by the
turbulent mixing of these two flows. A common approach to model turbulent, non-
premixed combustion is by using the flamelet concept from Peters [17–19]. For steady-state
simulations, the “Steady Diffusion Flamelet” (SDF) is generally used. One of the great
advantages of the SDF is its computational efficiency. Chemical reaction source terms are
calculated and tabulated in advance of the actual simulation and only transport equations
for energy, mean mixture fraction, and mean mixture fraction variance are solved for. A
disadvantage of the SDF approach is, that it is not suitable for slow chemistry such as
NOx formation.

An alternative for modeling the combustion process is the Eddy Dissipation Concept
(EDC) from Magnussen [20]. The EDC is able to model turbulence-chemistry interaction
and allows the inclusion of detailed chemistry. It is assumed that the combustion occurs
within the small turbulent structures of the turbulent flow which can be considered as
a constant pressure reactor. Within these structures, the species react at the given cell
temperature and pressure over a defined time scale. The numerical integration of the
reaction rates is carried out with the ISAT algorithm (In-Situ Adaptive Tabulation). Details
of this algorithm are described by Pope [21]. Utilizing EDC-ISAT, slow chemistry can
be modeled. The downside of EDC-ISAT is, that the system becomes numerically stiff
if many species react at disparate time scales, thus the computational costs can become
very expensive.

Nonetheless, with regard to the experimental conditions, EDC-ISAT seems to be the
best solution to model the post-combustion and NOx formation. In many situations, NOx
formation is modeled in a post-processing fashion (e.g., [22]), which is prohibitive in this
case because of the transient behavior. Also, it is expected that due to the oscillating air, a
broad range of intermediate thermo-chemical compositions will occur, where global NOx
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reaction mechanisms like De Soete [23], Brink + Kilpinen [24], Mitchel + Tarbell [25] will
probably lose a lot of their validity.

Several the skeletal and detailed reaction mechanism for NOx formation in biomass
combustion system exists. The most accurate is the detailed reaction mechanism from
Glarborg et al. [26]. Other notable detailed mechanisms are the ones from Kilpinen [27]
or the GRI 3.0 [28]. A large number of species and elemental reactions often renders the
detailed mechanisms incompatible for the simulation of larger technical systems due to
the high computational demands. In this work, a skeletal mechanism, derived from the
Glarborg mechanism and proposed by Li et al. (LI32) [29], is used as a compromise between
accuracy and computational effort.

3.2.5. Boundary Conditions

Temperature and Momentum:
Wall temperatures and temperatures of the inlet streams are set to the values from

the experiment. That is, 900 ◦C for the walls and the flue gas and 25 ◦C for the secondary
air. The mass flow of the flue gas equals the mass flow of the primary air (at 10 m3/h)
plus the mass per second released from the fuel bed through drying/pyrolysis/char
combustion plus the mass flow of N2 used for cooling the camera above the fuel bed.
The mass per second released from the fuel bed during quasi-stationary combustion for
test: pellet 1 (without oscillation) is 1.5 × 10−3 kg/s resulting in a flue gas mass flow
of 5.784 × 10−3 kg/s. This constant flow rate is used for the steady-state as well as for
the transient simulation. The mass flow rate for the secondary air in the steady-state
solution (no oscillation) is 12.5 m3/h at each of the two secondary air inlets, thus 25 m3/h
in total. For the transient simulation (oscillation) the secondary air’s oscillation is idealized
and assumed sinusoidal (Figure 5). This approximation is chosen because of the smooth
progress of the curve over time, preventing numerical instabilities and divergence in the
chemical solver that could occur, for example, in the case of rectangular curve progress.
The oscillation frequency of f = 1 Hz was investigated and compared to the non-oscillating
case. The sinuses phase is shifted by half the respective frequency to start at 25 m3/h,
allowing to use of the converged steady-state solution. Originating from there, the flow rate
decreases down to 10 m3/h, which is equivalent to an average flow rate of 17.5 m3/h with
an amplitude of 7.5 m3/h. Afterward, the flow rate increases back to 25 m3/h. The reason
for staying below 25 m3/h is because it is expected that a reduction of NOx (compared to the
non-oscillating operating mode) can only be achieved if local O2 concentrations drop below
a certain level since it is well known that the NOx formation corresponds proportionally to
the O2 concentration. The blue line marks the (total) flow rate of secondary air needed for
stoichiometric combustion of the flue gas (air-fuel ratio = 1). It can be seen that even in the
oscillating mode the overall combustion process is always over-stoichiometric. Nonetheless,
a NOx reduction is possible because air is diffusively and convectively mixed into the flue
gas over time, resulting in spatial gradients of the O2 concentration.

Species:
The flue gas at the inlet of the pcc consists of several main combustion species (CO,

CO2, CH4, H2, H2O, O2), N-species from the Fuel (NO, HCN, NH3), and N2. As H2O is not
being measured in the inlet, this value is iteratively adapted to hit the outlet concentration
of H2O after the post-combustion for the non-oscillating mode according to Table 4. The
composition of the flue gas is derived using experimental data from the KLEAA, an
empirical NO-model, and the open-source library Cantera [30]. The surface of the solid
fuel bed is the starting point of the derivation. The NO concentration immediately above
the fuel bed was calculated with the empirical model from Stubenberger et al. [31] using
the fuel-N content (~4 wt.%). They determined empirical conversion rates of NO, HCN,
and NH3 for several types of woody biomass with different N-content and under changing
stoichiometric air ratios in the fuel bed. The concentrations of NH3 and HCN above the bed
were calculated using the average value of the two experiments, resulting in 5080 mg/m3

and 157 mg/m3, respectively. However, the main combustion species make up the largest
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fraction of the flue gas above the solid bed with >99 vol.%. Using a python tool and the
Cantera library, the major species (measured in the KLEAA during quasi-steady-state
combustion of the pelletized waste wood) and the released N-species are mixed and a
representative flue gas composition above the solid fuel bed is determined (Table 3). Next,
the flue gas passes through the combustion chamber and into the pcc via the connecting
channel. Due to the elevated temperatures (900 ◦C) and O2 being in excess in the flue gas,
the composition changes before reaching the pcc inlet. To account for this, a 1D plug-flow
reactor simulation is performed, using the distance between the inlet and the solid fuel bed
as well as the flow rate to determine an average residence time. The Glarborg [26] reaction
mechanism is used for this kinetic calculation. As expected, oxidizable components like
CO, H2, CH4 are further decreased. Also, the composition is diluted by the N2 from the
camera cooling. The final composition of the flue gas at the inlet is shown in Table 3 and
used as input for the steady-state and the transient simulation.
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Table 3. Measured and derived flue gas composition above the fuel bed and at the pcc inlet.

Species * Pellet1 (0 Hz) Pellet2
(1 Hz)

Simulation (above
Fuel Bed)

Simulation
(Pcc Inlet)

CO 14.07 16.87 14.07 12.20

H2 7.90 6.73 7.89 6.85

CH4 1.52 2.24 1.52 1.31

CO2 14.82 13.31 14.8 12.84

O2 0.01 0.16 0.01 8.67 × 10−3

NO Not measured 640 220.84

NH3 6021 4139 5080 4255.06

HCN 66 247 157 145.14

mFuel [kg/s] 0.0015 0.0019 0.0015 0.0015

* CO, H2, CH4, CO2, and O2 units are vol.%-dry. NO, NH3 and HCN units are mg/m3-dry.
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Concerning the depicted experimental values, all of these are averaged values for a
defined time frame in the steady-state phase after the ignition of the fuel. An indicator for
the relevant time frame is the concentration of Corg, calculated as CH4 above the fuel bed
—if this concentration is lower than 0.1 vol.% the degassing and the release of HCN and
ammonia is assumed to be finished (see Figure 9).

Due to the about 26% higher mass flow in “pellet2” selected species concentrations
increase, too (CO, CH4, NH3, and HCN).

3.2.6. Simulation Procedure

Steady-state solution:
A two-step procedure is used to calculate the steady-state solution. First, a simulation

with the non-adiabatic SDF model is performed with a hydrocarbon mechanism from
Bui-Pham et al. [32]. Because the SDF solves the transport equation for a conserved
scalar (mean mixture fraction) closure of mass is guaranteed. This preliminary calculation
of a combustion solution is essential before using the EDC-ISAT algorithm because the
simulation would take too long otherwise. The final steady-state solution is calculated
with the resulting flow field, temperature field, and species distribution whereby the flow
field is frozen and only species and energy are solved for.

The quality of the final steady-state solution also depends on the solver settings of
the ISAT algorithm. The absolute and relative error tolerance of the ODE solver for all
simulations are set to 10−8 and 10−9, respectively. The maximum storage (maximum
RAM) used by the ISAT table is set to 2000 MB. according to the recommendations of
Pang et al. [33] to increase calculation performance. The most important parameter to
control accuracy and computation speed is the ISAT error tolerance. Its default value is 10−3

and offers a good compromise between accuracy and speed. A lower value offers higher
accuracy at the cost of additional computational effort. Values of 10−2 and 5 × 10−4 were
tested in advance to evaluate the influence of the error tolerance on these two parameters.
The species concentrations of the converged solution for 10−3 and 5× 10−4 are very similar,
while for 10−2, slightly higher H2O, CO2, and NOx concentrations were calculated. It was
deduced that an error tolerance of 10−3 is sufficient for the steady-state solution.

Transient solution:
Upon achieving a converged steady-state solution the transient simulations are per-

formed with the steady-state solution as an initial condition. The secondary air immediately
begins oscillating after starting the simulation (see Figure 5). The time step size is 2 × 10−5 s
and it is ensured that the CFL condition is always met. The solver settings for the ISAT
were the same as for the steady-state solution.

The transient calculations were run in parallel (10 processes) on a system with two
Intel Xeons (E5-2630 v3 @ 2.4 GHz, 8 cores). The average clock time per time iteration
was ~40 s and a timeframe of 2 s is simulated. Because of the periodic behavior of the
sinusoidal oscillation with otherwise constant boundary conditions, data collected from
this timeframe is sufficient to analyze the influence of the secondary air oscillation on the
NOx formation.

To summarize, two simulations are performed. One steady-state simulation represents
the case with pelletized waste wood without oscillating secondary air and one transient
simulation with oscillating secondary air (f = 1 Hz).

4. Results

This Section is divided into experimental and numerical results.

4.1. Experiments

After the material is entered into the combustion chamber and the primary air is
supplied, the test run starts. Two minutes later the first fuel layer ignites due to thermal
radiation from the surrounding walls and the combustion is initiated. Figure 6 shows the
gas concentrations measured above the fuel bed (left), the constant volume flow of the
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primary air (dashed line) at 10 m3/h on the left axis as well as the signal of the balance in
kg, plotted on the right axis.
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The balance is sensitive regarding frictional connections, e.g., of fuel, which lies on
the thermocouples. The fluctuation in the balanced signal therefore could be linearized
for evaluation. In Figure 6, on the right, the clean gas concentration after the secondary
air injection is plotted, the amount of secondary air (dashed line), as well as the O2
concentration (red line), are ordered on the right axis. The “target value”, the NOx (blue
line), is plotted on the left axis.

During the degassing of the fuel (layer per layer, see Figure 6, left, CO and CH4
are stable until the 13th minute. CO is increasing up to a maximum of about 8 vol.%,
decreasing to zero at the end of the test. CO is formed during the pyrolysis and the char
gasification and combustion. First, the fuel must be heated up, dried, and devolatilized,
then the char conversion starts. After the O2− concentration reaches values close to zero
(11th minute) the char, which is formed until this time, is converted to CO; when the
ignition front reaches the bottom of the fixed bed, the final char burnout starts after the
21st minute, O2 is increasing, CH4 is decreasing. The peak of CO2 correlates with the start
of the char burnout.

At the small H2 peak at the 18th minute, the degassing process has reached a local
maximum. Due to the heterogeneity of the waste wood, only a few time slots exist for
gasification. When the O2 is near zero the first time, the NOx (Figure 6 right) drops down
from ca. 130 mg/m3 to ca. 50 mg/m3; this corresponds to the air staging as a primary
measure to reduce NOx. When the O2 slightly increases to a value of 2 vol.% at the 13th
minute, the NOx increases, the same for the 14th minute: here again O2 is at a minimum
close to zero, NOx decreases, the same issue at the 18th minute. The strong increase of NOx
during the char burnout refers to the formation of NOx from the nitrogen in the char. CO
after the secondary air injection is more or less stable.

The peak of N2O at the beginning of the combustion refers to the release of HCN
from pyrolysis, together with O2, N2O is formed at lower temperatures (below 900 ◦C),
this is well known from the operation of fluidized bed incinerators, e.g., with sewage
sludge. The maximum peak of N2O correlates with a small peak of CO; this is based on the
mechanism [8]:

NCO + NO→ N2O + CO

When H2 is available, see e.g., at the 18th minute, N2O is reduced [8].
In the second test, the oscillation with 1 Hz was started at the 5th minute, which could

be seen in Figure 7 on the right, the secondary airflow is fluctuating (dashed line).
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If we compare the gas concentrations above the fuel bed with waste wood in Figures 6 and 7,
left we recognize the uneven combustion behavior of this fuel: The combustion seems to
be separated into two sections (Figure 7), one until the 10th minute, the second until the
20th minute. From the balanced signal, we recognize a stable mass release, the fluctuations
of gaseous species do not affect the mass conversion, it is a linear function until the char
burnout starts at the 20th minute. The uneven combustion is led back to the fine particles in
the waste wood. These particles are distributed statistically when entering the fuel into the
bin, filling holes surrounded by bigger particles. The primary air flows around these local
areas with fines due to the higher pressure drop, so the oxygen is not equally distributed
across the fixed bed. Similar findings were made with waste wood in a project together
with AREVA [15].

What we see again: Before starting the oscillation until the 5th minute, O2 is decreasing,
NOx, too. When starting the oscillation from the 5th minute the first gasification period
until the 10th minute is generated, NOx is not decreasing further, so in this case, it is
difficult to distinguish between the effect of air staging and oscillating combustion on the
NOx reduction. In the following short period of O2 excess above the fuel bed (10th to 15th
minute), NOx is increasing to a maximum, reaching a minimum at the 18th minute, when
the O2 is stable at zero between the 15th and 20th minute. The second peak of NOx after the
20th minute is again justified by the conversion of fuel nitrogen during the char burnout.

To reduce the effects of the physical properties of the waste wood (particle sizes) the
waste wood was pelletized.

Figure 8 shows the combustion characteristics of the pelletized waste wood. The com-
bustion parameters raw and clean gas concentrations are stable in contrast to Figures 6 and 7
with the waste wood.
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Due to the pelletizing the material is solidified and releases higher amounts of the
gaseous species per time unit. This is especially visible for the NOx emission; the values are
much higher compared to the waste wood combustion at comparable O2 concentrations in
the clean gas.

The CO and H2 concentrations above the fuel bed on the left in Figure 8 are increasing
during the main combustion zone due to partial gasification of already formed char with
water vapor. The water vapor is generated from drying and the pyrolysis processes which
take place parallel to the combustion.

When starting the oscillation (Figure 9) from the 4th minute, the NOx drops down
1 min later from 1780 mg/m3 to 870 mg/m3.
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Figure 9. Flue gas concentrations before and after secondary air addition during combustion of the pelletized waste wood
with oscillation.

Here the effect of oscillation is detectable. With 1 Hz the frequency is high enough
to avoid CO increase but reduces NOx significantly. To reduce the influence of excess
oxygen in the flue gas on NOx formation after secondary air injection (9.35 vol.% with no
oscillation and 4.5 vol.% with oscillation), in future experiments the oxygen concentration
should be adapted in the oscillation mode by increasing the secondary air supply. The
thermal efficiency is increasing for the case of oscillating combustion because of the lower
stoichiometry (expressed by λ). Comparing the oxygen concentration in the flue gas after
the secondary air injection in Figures 8 and 9 (right), the oxygen content is reduced due to
the interrupted airflow from the oscillation.

4.2. Simulations

Steady-state solution:
For the steady-state solution, the species concentration at the outlet of the pcc is com-

pared with the pellet 1 experiment in Table 4. The values for the simulation are averaged
over the surface. Also, it should be noted that the values captured in the simulation are
at half the height of the pcc, while in the experiment the values were measured further
downstream. However, most of the reaction occurs in the top half of the pcc. Previous sim-
ulations of the whole pcc confirmed that the simulated concentrations further downstream
barely change.

The simulated values of NOx are overestimated by ~47%. A possible explanation
for this is that the combustion conditions in the pcc somewhat differ between simulation
and experiment, as can be recognized from the different concentrations of CO2 and O2,
respectively. The CO2 concentration in the simulation is larger by approximately 0.7%,
while the O2 concentration is smaller by approximately the same amount. This implies
that more heat is released during combustion in the simulation, resulting in a higher NOx
concentration due to an increase in reaction rate. Also, the amount of NOx above the fuel
bed calculated by the empirical model (see Section 3.2.5) could be too high which also
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would probably explain the higher NOx concentration in the clean flue gas. The calculated
number for NOx above the fuel bed could not be verified by experimental data. In future
experiments, an additional analyzer based on the chemiluminescence technique should
be implemented.

Table 4. Clean gas concentration for pellet 1 experiment and the steady-state simulation.

Species Unit Simulation:
Steady-State

Experimental Pellet1
(2021)

NOx mg/m3-dry (11%-O2) 1479.06 1006.23

N2O mg/m3-dry (11%-O2) 4.33 9.87

CO mg/m3-dry (11%-O2) 1.00 4.71

O2 vol-%-dry 8.60 9.35

H2O vol-%-wet 9.48 9.46

CO2 vol-%-dry 10.67 9.97

As a result of the fitting procedure, the H2O concentrations match well. The N2O and
CO concentrations are smaller in the simulation. Since the absolute amounts are extremely
small it is very difficult to match the experimental values unless the experimental conditions
are not exactly reproduced in the simulation. Nonetheless, the good agreement in the order
of magnitude shows that the simulation approach can calculate these values. The overall
good agreement with the experimental values shows that the chosen modeling approach is
well suited to simulate the combustion and NOx formation in the pcc.

Transient-solution:
At first, the description of the transient simulation focuses on the time development

of NOx as the species of interest. The development of the NOx concentration overtime
at the outlet of the pcc for f = 1 Hz as well as its time average in the interval 0.5–2.5 s is
depicted in Figure 10. It can be recognized that the development of the NOx concentrations
grossly follows the flow rate of the secondary air, showing deviations from the secondary
air’s sinusoidal course because air and flue gas must spatially mix first and consecutively
react. The initial concentration of ~1480 mg/m3 (dry, 11 vol.%-O2) equals the outlet
concentration of the converge steady-state solution. Shortly after starting the oscillation,
the NOx concentration decreases. It drops down to a value of 417 mg/m3 at 0.75 s where it
only stays for a short moment before increasing again. This time, the NOx concentration
reaches a value of 1242 mg/m3, which is a bit lower than the initial value. It remains at this
level for roughly 0.45 s before decreasing again. The time-averaged NOx concentration is
1035 mg/m3. This equals a reduction of the NOx concentration of 30.0% compared to the
simulation case without oscillating secondary air.

So, how does the frequency influence the NOx formation? This is explained in
Figure 11. Here, the profiles of the mass fraction of the unburned, oxidable main com-
bustion species (H2, CO, CH4) are depicted in a cross-section of the pcc. The top, left profile
corresponds to the steady-state solution (t = 0 s) The three other profiles correspond to
the time frames 0.5, 0.75, and 1 s. At t = 0 s a still unburned flue gas (red) flows through
the connecting channel into the pcc. At the entrance into the pcc, the flue gas is quickly
burned with the air and a flame front (green) develops. Below the flame front, the mixture
is completely burned (blue) because of the high air-fuel ratio. Oscillating the secondary air
causes instabilities in the flame front which can be recognized at t = 0.5 s. More important,
due to the lower mass flow of air, local substoichiometric conditions occur, as can be
recognized from the light blue and green coloring, especially at t = 0.5 and 0.75 s. Inside
these zones of lower stoichiometry, the NOx which was previously formed inside the flame
front is reduced. The total reduction of NOx depends on the size of these substoichiometric
zones and the residence time of the NOx inside these zones. From t = 0 s up to t = 0.5 s
these zones grow in size while from 0.5 s to 1.0 s their size decreases again. At t = 1 s,
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smaller zones with substoichiometric conditions are still present which is why the NOx
concentration does not increase back to its initial value. From Figure 10 it can be recognized
that the curve starts to behave periodically meaning that the profiles depicted below will
repeatedly occur.
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Figure 10. NOx concentration at the outlet of the post—combustion chamber for the transient simulation.

Comparison of the NOx for the transient simulation and the experiment
At first, it should be noted that a one-to-one quantitative comparison between the

concentrations in the simulation and the experiment “pellet2” is not possible. The inlet
conditions of the transient simulation were derived from the experimental data of “pellet1”
(non-oscillating SA) while in practice, the inlet conditions at the pcc for experiment “pellet
2” slightly different, as it is presented in the raw gas concentration above the fuel bed
(comparison of concentrations in Figures 8 and 9, left). For the oscillating case (“pellet2”),
a higher mass flow of volatiles leaves the fuel bed (the balanced signal shows a higher
slope), resulting also in a different gas composition at the pcc inlet. However, the NOx
concentration in the clean gas for both experiments is very similar with 1121.34 mg/m3-
dry-11%-O2 (“pellet2”, an average of 3–5 min, before oscillation starts; attention: the values
are calculated to 11% of oxygen) and 1006.23 mg/m3-dry-11%-O2. For the simulation, the
NOx concentration under non-oscillating conditions is about 1479 mg/m3- dry-11%-O2.

The NOx concentration with oscillating SA is 564 mg/m3-dry-11%-O2, i.e., it is 50%
and 44% lower than under non-oscillating conditions. In the simulation, the time-averaged
NOx concentration with oscillating SA is 1035 mg/m3-dry-11%-O2. Because of a higher
concentration under non-oscillating conditions, the concentration under oscillating con-
ditions is higher as well. Nonetheless, the amount of which NOx is reduced due to the
oscillation airflow can still be compared. The NOx reduction in the simulation is 30.0% and
agrees reasonably well with the experimental data. The order of magnitude to reduce NO
is determined significantly by

(a) the size of the reduction zone,
(b) the residence time in the reduction zone and
(c) the stoichiometry inside the reduction zone.
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Figure 11. Profiles of the mass fraction of the unburned species (CO, CH4, H2) in the simulation with oscillating SA.

Due to the idealized sinusoidal progression of the SA flow rate, these conditions
probably differ between experiment and simulation. Nonetheless, the fundamental impact
of the oscillating SA on the formation and reduction of NOx in the pcc is reflected in the
simulation, and the experimental trends are confirmed. Further improvements could also
be achieved by using a more detailed reaction mechanism to cover a broader range of
thermos-chemical compositions, which occur in the pcc due to the SL oscillation. This
would then in turn result in longer simulation times.

It is expected that with further fine-tuning of the flue gas inlet conditions and the pro-
gression of the SA flow rate, the calculated NOx concentrations will be in better agreement
with the experimental values.

5. Conclusions

Waste wood combustion is characterized by an uneven ignition and combustion
behavior. The heterogeneity results from fine particles in the fuel, locally reducing the
permeability of the combusting bulk. The low reduction in nitrogen oxides is presumably
due to uneven combustion: There are combustion phases in which the oxygen content



Processes 2021, 9, 2210 17 of 20

above the solid material is zero; during these times, low NOx concentrations are measured
in the clean gas. If, on the other hand, the oxygen content in the raw gas increases, the NOx
concentration increases, too.

To minimize these effects, pellets were produced from the fuel. The pellets show a
much more even, but significantly faster combustion due to the lower moisture content
and a lower bulk density.

A comparison of CO and NOx concentrations as a function of the oscillation frequency
of secondary air is shown in Figure 12. For comparison, all values were normalized to a
standard O2 content of 11 vol.%.
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of secondary air for the experimental data.

The positive influence of oscillation on the reduction of NOx concentrations can be
seen for both materials, but in the case of waste wood, the results must be considered
separately for the effect of air staging and oscillation. With a frequency of 1 Hz for the
pelletized material, the CO increased slightly. Here an optimization of CO and NOx has to
be considered to get the best frequency for both species.

The simulation model utilizes a detailed kinetic mechanism to calculate NOx forma-
tion. The good agreement with the experimental case without oscillating SA shows that
the modeling approach is generally well suited to describe the combustion of the flue gas
and the formation of NOx in the pcc. Also, for the experimental case with oscillating SA,
the trend of the NOx reduction is successfully reflected by the simulation.

Considering both, the results from the experiment and the simulation, oscillating SA
as a means to reduce NOx seems to be a promising method and an alternative to other
technologies like SNCR or SCR.

6. Discussion/Outlook

In the amendments to the 13th Federal Environmental Impact Protection Ordinance
and the 17th Federal Environmental Impact Protection Ordinance and the present Clean
Air Regulations, the NOx limits have been adapted to the state of technical development in
furnace technology and flue gas cleaning and are reduced accordingly. Nitrogen oxides
can be reduced by primary and secondary measures. Where primary measures reduce
NOx already in the raw gas after the addition of secondary air in two-stage processes to a
level below the limit, this saves expenses for secondary measures, such as SNCR or SCR
technologies. A process has been developed and filed for a patent at KIT where, in a two-
stage process, oscillating addition of secondary air allowed nitrogen oxide concentrations
to be reduced, at simultaneously low CO contents in the flue gas, by some 50% compared
to conventional air staging.
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In principle, this process can be employed in all multi-stage combustion processes
using lumpy, liquid, and gaseous fuels. Currently, a project has started to investigate the
NOx reduction with oscillation for NH3 combustion as a carbon-free fuel together with the
“Gas-Wärme-Institut” in Essen [34].

At present, our cooperation partner is studying the transferability of the concept to an
industrial scale within a research project [35]. Because of the larger volumes of the flow
ducts and the volume flows to be switched, imposing a specific oscillation is technically
ambitious. Application of the oscillation must not cause any undesirable effects in the
plant, such as increased noise level or vibrations of components.

The actual facility generating the oscillation also must have high availability and
reliability. Because of the oscillation frequency, the large volume flows, and the anticipated
operating life of the oscillator, such systems as valves or dampers are out of consideration.

7. Patents

PCT announcement https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2
017067540.
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