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Abstract: In this study, a small-scale (4.7 kWfuel) biomass burner based on “top-lit updraft” (TLUD)
technology with automatic process control was developed for process heat generation. The com-
bustion experiments were performed using wood pellets to gain more insights on the process, its
repeatability and the behaviors of the emitted gaseous and particulate emissions under different
combustion phases. The emission values were compared with similar small-scale combustion tech-
nologies as well as the emission limits defined in official regulations. The results showed that the
average emissions (based on standardized 13 vol. % O2 content in the dry flue gas (STP)) over
the entire process from start-up to switch-off were 29.4 mg/m3 for CO, 80 mg/m3 for NOx, and
3.6 mg/m3 for total particle matter (TPM) measured within the hot gas. These results were below the
official limits for wood-fueled small-scale systems. The developed process control approach resulted
in very low residual O2 content in the flue gas (approx. 2 vol. %), high flue gas temperatures and
repetition accuracy. Thus, the process offers potential for further development in terms of process
control, scale-up, and application in different areas.

Keywords: biomass; combustion; pellet burner; TLUD; automatic process control; emissions; particu-
late matter

1. Introduction

Thermo-chemical conversion is the most common and developed technology in which
biomass can be utilized as fuel to produce useful energy (i.e., heat or electricity) or energy
carriers (i.e., charcoal, bio-oil, gas) from small-medium to large scale industrial activities
as well as space heating or cooking [1]. However, traditional combustion systems are
known as the source of particulate matter (PM) and gaseous emissions including CO,
NOx, SOx polycyclic aromatic hydrocarbons (PAH), and volatile organic compounds
(VOC). PM emitted from biomass combustion systems account for 20% of global urban PM
emissions [2]. They can be relatively higher compared to liquid and gaseous fueled systems
and depend on the type of selected fuel, the design, and the capacity of the combustion
unit [3,4]. Due to their chemical/physical properties, PM suspensions can accumulate
in the air [5]. Exposure to these resulting emissions has a negative impact on human
health in the long-term [6]. Moreover, in small-scale appliances which are mostly based
on natural draft and operated as batch or semi-continuous, the emissions as a result of
incomplete combustion of biomass is one of the disadvantages compared to fossil fuel-
based combustion [7]. Thus, the development of biomass combustion systems with lower
emissions to meet social and economic development and improve human welfare and
health become even more critical in addition to the environmental issues [6,8,9].

In the selection and design of any biomass combustion system, many aspects have
to be considered such as characteristics of the selected fuel, the required capacity, eco-
nomic aspects in addition to environmental regulations [7]. Over time, due to continuous
progress in the biomass heating technology market, small and medium-scale combustion
technologies have started competing with existing oil/gas heating systems, especially
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after the introduction of modern appliances in countries like Germany, Sweden, Austria,
Switzerland, and Italy [10]. Still, the countries have to take serious actions to limit the emis-
sions resulting from biomass combustion by bringing standards to ensure more reliable
and healthier operations. To lower the emitted emissions under the steady-state full-load
operational mode, not only operational parameters but also the combustion technique play
an important role [11]. Therefore, it is important to test the effects of start-up and burn-out
phases, partial or lower loads of combustion to get an insight into the real-life emissions
which are higher than the test emissions under laboratory conditions [12]. There are several
studies in which different operational loads (i.e., nominal, partial, low, half, etc.) or modes
(i.e., continuous, intermittent, batch, etc.) were also considered. For instance, behaviors
and characteristics of emitted PM and gaseous emissions from automatically and manually
fed combustion appliances at start-up, full load, partial load conditions [11], small-scale
staged batch biomass combustor [13], continuous and intermittent operational modes of
residential pellet stoves [12], nominal and partial loaded pellet burner [14], residential
wood combustion devices under optimum, excess and lack of O2 as well as a partial load,
first load (cold start, flaming, burn-out) re-loads (warm start, flaming, burn-out) [15], a mod-
ern small-scale pellet boiler under different air-staging settings and load operations [16],
small-scale pellet and wood chip furnaces as well as a logwood furnace under full and
partial loads [17] within the capacity range of 6–150 kW were discussed in the literature.

This paper demonstrates the combustion process in a newly developed automatic
mode pyrolytic biomass burner. This burner can be classified as “top-lit updraft (TLUD)”
based on the combustion type [18–20]. Further details of TLUD gasifiers can be found
somewhere else [21–23]. Briefly, in this technology, the fuel is ignited from the top using a
fire starter and begins to burn by releasing gases. Primary air flows upwards within the
combustion chamber, while black char starts to accumulate at the top and hot pyrolytic front
moves downward through the solid mass of raw biomass by converting it into char. Once
the combustion of the pyrolytic gases is completed, the yellow flame turns to blue indicating
that the so-called “char burn” phase starts. At the end of the process, remaining char with
higher calorific value can be utilized in different applications such as fuel in cookstoves to
reduce indoor air pollution and deforestation or as soil enhancers in soil applications to
improve soil pH, nutrient availability, moisture, and organic matter [24]. TLUD gasifier is
mostly used for cooking purposes in many parts of the world and is known for its ability
to release lower emissions and PMs as well as being fuel-flexible [8]. The TLUD process is
usually ending after the pyrolysis of the fuel for char production. In contrast to this, in this
work the char produced within the process is gasified and burned directly for additional
heat generation. The motivation of this study underlies the demonstration of automatic
mode biomass burner with improved combustion characteristics by lowering the emissions
not only for the steady-state phase but also for start-up, pyrolysis, transition, and char-burn
phases in comparison to similar existing technologies and environmental regulations. The
results are important not only to show the repeatability of such technology but also to gain
more insights about the process and its further application areas.

2. Objectives

In this study, the combustion process was carried out using a TLUD-based pyrolytic
biomass burner. The focus was given to the demonstration of stable system behavior,
repeatability of the combustion process along with the characterization of the emitted
pollutants under different combustion phases including start-up, pyrolysis phase, and char-
burn phase by adjusting an implemented auto-switch-off function. The auto-switch-off
function ends the process automatically based on sensor data. The results were compared
with similar existing technologies as well as official emission regulations.
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3. Materials and Methods
3.1. Fuel

In the combustion tests, 6 mm wood pellets with a quality of ENplus A1 based on
ISO 17225-2:2014 [25] were used as fuel while ethanol gel was used to start the ignition.
Considering that ethanol gel does not soot-like lighters with wax, it did not interfere with
the measurements, especially during PM measurements. For each run, approximately 900 g
(±0.1 g) of fuel was used together with 9.2–11.8 g of igniter gel. The properties of the wood
pellets were summarized in Table 1. The same fuel which was homogenously mixed was
used in all experiments and analysis.

Table 1. Properties of wood pellets used as fuel in combustion experiments.

Parameter Value

Moisture (as received, wt.%) 6.2
Ash (550 ◦C) (dry, wt.%) 0.31

Proximate analysis (dry, wt.%) -
C 51.0
H 6.18
N 0.05
S 0.06

O (by difference) 42.4
Lower heating value (MJ/kg) 19.0

3.2. Experimental Set-Up

The experimental set-up, displayed schematically in Figure 1, consists of five separable
components; the ash container with primary air supply, the grate with ash slide, the reaction
chamber with secondary air supply, the burner nozzle, and the flue gas system with outlet
nozzle. All parts of the testbed are uninsulated. The reaction chamber has an inside
diameter of 11 cm. The height between the grate and the secondary air openings is 18 cm,
which corresponds to the maximum fill height.
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Figure 1. Schematic model of the burner (a) 3-D scheme without flanges and flue gas measuring
section (b) 2-D scheme of the experimental set-up.

The biomass fuel is placed on a fixed-bed grate with an ash slide in the reaction
chamber in which the primary air flows causing pyrolysis and partially gasification of
the fuel. The produced pyrolysis gas leaves the bed from the top. The secondary air is
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preheated by the flow around the reaction chamber and enters the reaction chamber above
the fixed-bed. The combustion of the pyrolysis gases begins directly once the secondary air
is introduced and forms a flame above the burner nozzle. The flue gas produced during the
combustion passes through a flue gas measuring section containing a wideband lambda
probe for controlling the combustion process. The outlet nozzle enables to prevent air from
entering the flue gas line caused by backflows since both the flue gas composition and the
particle measurement are carried out directly by probes via the upper outlet opening. Both
the primary and the secondary air flows are controlled by a 40 mm fan with a calibrated
downstream air mass sensor to regulate the air mass flows. The flue gas is extracted after
exiting the flue gas measuring section.

Within the experimental set-up, sensors for the acquisition as well as actuators, listed
in Table 2, are used to manipulate the system status along with the measuring devices to
record the emissions. The temperature measurement is carried out with five thermocouples.
The first one is located at the level of the burner nozzle whereas the other thermocouples
are located every 10 cm upwards within the measurement section of the set-up. CO and
NOx emissions, as well as the O2 content in the flue gas, are measured according to EN
15267-1:2009 [26], EN 15267-2:2009 [27], and EN 15267-4:2017 [28].

Table 2. Sensors, actuators and measuring devices used in the experiments.

Designation Type Model

Primary Air Fan Actuator Sanyo Denki 9GAX0412P3S001
Secondary Air Fan Actuator Sanyo Denki 9GAX0412P3S001

Primary Air—Air Mass Sensor Sensor Honeywell AWM720P1
Secondary Air—Air Mass Sensor Sensor Honeywell AWM720P1

Wideband Lambda Sensor Sensor Bosch LSU 4.2
Gas analyzer Measuring Device Horiba PG-350E *

Particle Measurement Measuring Device Paul Gothe GmbH particle
measuring system ITES

* Measuring principles: Paramagnetic for O2, NDIR (Nondispersive Infrared Sensor) for CO and Chemilumines-
cence for NOx.

In addition to the calibration of the gas analyzer with calibration gas, due to the very
low levels of CO and O2 in the flue gas, the calibration is also carried out with N2 5.0 with
a purity of min. 99.999 according to ISO 14175:2008 [29] as zero-point gas. The particle
measurement in the flue gas is performed based on EN 13284-1:2017 [30]. Due to the
design of the experimental set-up, the particle measurement is carried out with a fixed
volume flow instead of an isokinetic sampling method. For the start-up (Ph. 1), pyrolysis
(Ph. 2), and char-burn (Ph. 4), the sampling duration is less than 30 min due to the filter
change and the short duration of the phase. For the particle measurement, micro quartz
fiber filters of the MK 360 type from Munktell Ahlstrom (Helsinki, Finland) are used in
connection with the ITES from Paul Gothe GmbH (Bochum, Germany) with a separation
rate of 99.998% at a particle size of 0.3 µm [31]. In addition to the particle mass on the filter,
the particle measuring probe is also rinsed with distilled water and acetone according to
EN 13284-1:2017 [30], and the particle mass dissolved in the solvent is weighed. The total
particulate matter (TPM) value given in this paper relates to the sum of two proportions;
the particle mass collected on the filter and the mass of residual particles obtained from
the rinsing of the dust measuring probe for the overall process (Ph. 7). For the particle
measurements of Ph. 1, Ph. 2, and Ph. 4, the measurement probe is rinsed once at the end
of each experiment. The particle mass obtained from the rinsing is divided according to
the proportion of the particle mass on the respective filters.

3.3. Combustion Test Procedure

After deashing using the ash slide, the fuel was filled into the reaction chamber by
removing the burner nozzle and the measurement section of flue gas. The system was
controlled automatically during the overall process via the measurement and control
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technology of the system. To start the process, the ethanol gel was added as a lighter,
and the batch-operated burner was ignited manually. The burner nozzle and the flue gas
measuring section were then attached, and the probes for flue gas and particle measurement
were inserted into the outlet nozzle. The measurements started with a delay of ~10 s due to
the manually controlled burner design. The combustion was controlled depending on the
O2 content in the moist flue gas which was measured by the lambda probe, as well as the
ratio of secondary to primary air. The O2 value was kept constant during the process with
the regulation of the secondary air. At the beginning of the combustion process, the ratio of
secondary to primary air was 0.9 and the air mass flow related to the cross-sectional area of
the reactor chamber was 2.5 kg/(m2 min). In case the O2 content in the moist flue gas fell
down below 15 vol. %, it was reduced linearly to the target content of 2 vol. % within 780 s.
Since the O2 content in the flue gas would drop significantly faster, only the secondary air
had to be increased carefully to set the desired O2 concentration. Once the target O2 content
of 2 vol. % was achieved, it was kept constant by regulating the secondary air until the end
of the process. At the end of pyrolysis, the need for secondary air dropped significantly.
In case the ratio of secondary to primary air fell down below 2.7, the primary air mass
flow was increased linearly to double within 60 s to enable a transition from pyrolysis to
char-burn phase. At the beginning of the char-burn phase, the secondary air requirement
increased above the value of the primary air requirement under the set parameters. The
auto-switch-off criterion at the test-bed was achieved when the ratio of secondary air to
primary air exceeded the value 1 for at least 120 s and then fell below this value again.
Following that the fans for the primary and secondary air were switched off and the air
inlet openings and flue gas outlet were closed manually after removing the measurement
probes of flue gas and particle measurement.

The overall combustion process consists of five phases; start-up (Ph. 1), pyrolysis
(Ph. 2), a transition from pyrolysis to char-burn (Ph. 3), char-burn (Ph. 4), and burn-out
(Ph. 5). Ph. 6 was defined for the measurement values during the overall process without
the start-up. The measurement values for the overall process from ignition to auto-switch-
off were defined as Ph. 7. A total of six experiments were carried out to demonstrate
the combustion behaviors of the developed system in terms of emitted emissions and
the repeatability of the experimental tests. These were carried out one after the other. In
the first two experiments, the system’s auto-switch-off function was deactivated. In case
the reaction came to an end, it was manually switched off based on the CO values in the
flue gas. During these tests, the particulate matter measurement was carried out over the
start-up (Ph. 1), the pyrolysis phase (Ph. 2) and the char-burn phase (Ph. 4). In the last
four experiments, the auto-switch-off function was activated and the particle measurement
was carried out over the entire process. For the first two experiments with deactivated
auto-switch-off function, the switch-off point could be identified in the sensor data, so that
emission values could be calculated also for these experiments that are marked with (*) in
the results. All specified emissions in the paper are given in mg/m3 (STP) standardized on
13 vol. % O2 content in the dry flue gas.

4. Results
4.1. The Characteristics of the Overall Combustion Process

Figure 2 displays a complete cycle of a combustion process depending on the important
process parameters including emitted flue gases (O2, CO2, CO, and NOx), the air ratio, and
the gas temperatures above the burner nozzle. In order to illustrate the system behavior
in case of a breakdown of the reaction in the char bed, data from the second experiment
(Exp. 2) with a deactivated auto-switch-off function was presented. Accordingly, Figure 2
shows the measurement results from the beginning of Ph. 1 to the end of Ph. 4 which
approximately corresponds to Ph. 7. Ph. 5 is not shown here due to its short duration. On
the other hand, the measurement results from the beginning of Ph. 2 to the end of Ph. 4
approximately corresponds to Ph. 6.
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Figure 2. O2, CO2, CO and NOx content into standardized 13 vol. % O2 content in dry flue gas
(STP), air ratio (secondary air to primary air) and temperatures (height over burner nozzle) for a
complete combustion cycle without auto-switch-off at the end of combustion (Exp. 2); details of the
CO emissions during the transition phase was given in the box (time after the start of the phase).

As displayed in Figure 2, during the start-up phase, the O2 content in the flue gas
was decreased in a controlled manner to the target value of 2 vol. %. This value was kept
constant over the entire experiment with minor deviations. In contrast to the O2 content,
the CO2 content in the flue gas increased linearly until it remained nearly constant between
18 and 19 vol. % over the entire process. There are no limit values for CO2 within the official
regulations. For this reason, the CO2 values are not examined in more detail. The CO
emissions increased significantly at the beginning of the process and then fell down steadily
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to a very low value as can be seen in Figure 2. On the other hand, the NOx emissions
increased continuously during the start-up phase until reaching a constant level. Both
emission values reached their stationary ranges before the start-up phase ended. Similar
behavior can be observed for the air ratio as well. The combustion temperatures were
stabilized in parallel to the O2 content in the flue gas once the start-up phase was complete.

In the pyrolysis phase, the emission parameters, as well as the air ratio and combustion
temperatures were stabilized. The end of this phase was observed not only by the change
in the air ratio but also in the NOx emissions continually. During the transition phase, a
CO peak (see Figure 2, displayed in the box) smaller than the start-up peak was formed
within a limited time. The NOx emissions as well as the air ratio decreased significantly
continually during the transition from pyrolysis to char-burn. Moreover, the temperature
10 cm above the burner nozzle also dropped significantly. During the char-burn phase,
both the NOx emissions and the air ratio formed a symmetrical, hill-like course as can be
seen in Figure 2. The temperatures were stable, except for the temperature 10 cm above the
burner nozzle, which showed strong fluctuations.

The burn-out phase was not specially marked in the diagram, because the auto-
switch-off function was deactivated during the experiment and due to the short time span
for a display when this phase was subsequently determined using the sensor data (see
Table 3). However, it can be seen that despite the constant O2 content in the flue gas, the
CO emissions suddenly increased drastically, while the NOx emissions and the air ratio
steadily decreased when the reaction in the char bed collapsed.

Table 3 shows the average values of the individual parameters of each combustion
phase for all experiments carried out while Figure 3 displays the average CO and NOx
emissions including calculated values for auto switch-off. The values of O2, NOx, and TPM
were relatively constant within the phases. In terms of CO emissions, there were major
fluctuations in the transient phases (Ph. 1, Ph. 3, and Ph. 5), which also had a minor effect
on the overall process. The major deviations in duration time were observed in char-burn
phase. Since the char produced during pyrolysis was not always burned in the same
amount, the time for this phase varies the most. As can be seen in Table 3 and Figure 3a, the
highest CO emission values with a large fluctuation range between 94.6–195.8 mg/m3 were
formed in the start-up phase. During the pyrolysis and the char-burn phases, there were
significantly lower amounts of CO emissions varying between 0.9–1.9 and 2.2–2.7 mg/m3

in the given order, compared to the overall process. The emissions of the transition and
burn-out phases were slightly higher but mainly less than the emissions of the overall
process. The comparison between the overall process without start-up (Ph. 6) and the
overall process (Ph. 7) showed that the start-up phase had a big impact on the CO emissions
for the overall process.

As can be seen in Table 3 and Figure 3b, the highest NOx emissions were formed
during the pyrolysis phase (Ph. 2), which was followed by the start-up (Ph. 1) and transition
phase (Ph. 3), with average values of 105.7, 77.4 and 61.5 mg/m3, respectively, while the
emissions during char-burn and burn-out phase were relatively low. The comparison
between the overall process without start-up (Ph. 6) and the overall process (Ph. 7) showed
that the start-up phase was not influential on the NOx emissions for the overall process.

Figure 4a displays the measured TPM, while Figure 4b displays the filter images of
these measurements. It can be seen that the particle emissions during the pyrolysis phase
(Ph. 2) were lower than the start-up or char-burn phases. The emissions of the overall
process (Ph. 7) were between these two phases. The fluctuation range was higher in the
start-up phase than the other measured three phases. The filter images in Figure 4b indicate
fine soot formation, especially in the start-up phase. During pyrolysis and char-burn
phases, both fine ash and char particles fled into the flue gas. A superposition of the phases
in the overall process resulted in a filter with a bluish or violet color. The composition of
the particles was not analyzed in this study.
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Table 3. O2 content, emission values (normalized to 13 vol. % O2 in the dry flue gas (STP)) in the
flue gas and duration time for the different phases of the experiments.

Ph. 1 Ph. 2 Ph. 3 Ph. 4 Ph. 5 Ph. 6 Ph. 7

O2 (vol. %)

Exp. 1 10.2 2.1 2.0 1.9 1.9 * 2.0 * 4.0 *
Exp. 2 9.7 2.1 2.0 1.9 1.9 * 2.1 * 3.8 *
Exp. 3 10.3 2.1 2.0 1.9 1.9 2.0 4.0
Exp. 4 9.7 2.2 2.0 1.9 2.0 2.1 3.8
Exp. 5 9.8 2.2 2.1 2.0 2.0 2.1 3.7
Exp. 6 9.7 2.2 2.1 2.0 2.0 2.1 3.9

CO (mg/m3)

Exp. 1 94.6 1.4 3.5 2.5 3.0 * 2.0 * 24.9 *
Exp. 2 99.0 1.2 3.3 2.4 3.6 * 1.8 * 24.4 *
Exp. 3 117.1 1.9 3.4 2.7 23.4 2.7 22.5
Exp. 4 156.3 1.3 3.9 2.2 4.3 2.0 26.6
Exp. 5 195.8 1.1 10.4 2.3 5.1 2.8 42.3
Exp. 6 143.5 0.9 8.7 2.2 38.1 3.4 35.8

NOx (mg/m3)

Exp. 1 77.4 107.2 65.5 31.7 32.6 * 83.9 * 82.3 *
Exp. 2 69.7 107.6 62.1 34.2 32.6 * 85.8 * 82.1 *
Exp. 3 75.5 105.7 74.6 37.3 35.5 82.9 81.2
Exp. 4 78.5 103.9 58.4 33.9 31.8 78.6 78.6
Exp. 5 79.5 104.4 52.5 34.0 33.3 75.7 76.5
Exp. 6 83.9 105.3 56.1 32.7 31.5 78.2 79.5

TPM (mg/m3)

Exp. 1 5.0 1.7 n.d. 7.2 n.d. n.d. n.d.
Exp. 2 6.6 2.0 n.d. 6.7 n.d. n.d. n.d.
Exp. 3 n.d. n.d. n.d. n.d. n.d. n.d. 3.6
Exp. 4 n.d. n.d. n.d. n.d. n.d. n.d. 3.4
Exp. 5 n.d. n.d. n.d. n.d. n.d. n.d. 3.9
Exp. 6 n.d. n.d. n.d. n.d. n.d. n.d. 3.3

Time (s)

Exp. 1 839 1614 372 534 33 * 2553 * 3392 *
Exp. 2 799 1722 333 556 14 * 2625 * 3424 *
Exp. 3 837 1677 260 734 53 2724 3561
Exp. 4 789 1628 463 668 43 2802 3591
Exp. 5 803 1729 447 937 6 3119 3922
Exp. 6 793 1524 394 645 71 2634 3427

Ph. 1: start-up; Ph. 2: pyrolysis; Ph. 3: transition; Ph. 4: char-burn; Ph. 5: burn-out; Ph. 6: overall process excl.
start-up; Ph. 7: overall process; * calculated by identifying the auto-switch-off point in sensor data, n.d. refers to
not determined.
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Figure 3. Average gaseous emissions for the different process phases (error bar: min./max. values; * incl. values for
calculated auto-switch-off (Exp. 1 and Exp. 2)); (a) CO (b) NOx for standardized 13 vol. % O2 content in dry flue gas (STP).
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Figure 4. Particle emissions for the different process phases; (a) average TPM emissions (error bar: min./max. values); Ph. 1,
Ph. 2 and Ph. 4 within experiment 1–2; Ph. 7 within experiment 3–6; (b) filter from particle measurement for start-up (Ph. 1),
pyrolysis (Ph. 2), char-burn (Ph. 4) and overall process (Ph. 7).

In Figure 5, the average durations for the respective combustion phases and their
share in the total process are shown. Under the boundary conditions (geometry, air flows,
etc.), the steady phases of pyrolysis and char-burn together required 65.5% of the total
burn-up time. From the transient phases of the process, the start-up (Ph. 1) had the largest
share with 22.8% of the total duration which was followed by the transition phase (Ph. 3)
with 10.6%. The burn-out phase (Ph. 5), on the other hand, was very short 1.2% of the
overall duration due to the sensor-based auto-switch-off of the process.
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Figure 5. Average durations of different combustion phases within the overall process.

4.2. The Characteristics of the Transient Combustion Phases
4.2.1. Start-Up

In the start-up phase (Ph. 1), the combustion was controlled carefully using the O2
content in the flue gas as a reference value until the steady-state pyrolysis phase began.
Figure 6 displays the O2 content in the flue gas for all experiments. After showing a linear
trend, the target O2 value was achieved approximately 840 s later.
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Figure 6. O2 content in the flue gas for the start-up phase.

Figure 7a,b display the emitted CO and NOx emissions during the start-up phase
(Ph. 1). The respective courses of the CO emissions differed from each other strongly in
some cases, while the NOx emissions showed similar trends. A clear peak was formed
right after the start for the CO emissions due to the normalization of the value to the high
O2 content in the flue gas at the beginning. Then, significant fluctuations were observed
until the values fell finally to a very low level. Both emission values reached the values
of the pyrolysis phase after approximately 500 s. Thus, significantly earlier than the time
until the start-up phase was technically completed and the O2 target value in the flue gas
was ensured.
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Figure 7. Gaseous emissions content in the flue gas for the start-up phase; (a) CO and (b) NOx for standardized 13 vol. %
O2 content in dry flue gas (STP).

4.2.2. Transition Phase

Figure 8a,b display the emitted CO and NOx emissions during the transition phase
(Ph. 3). As in the start-up phase (Ph. 1), the CO emissions showed inconsistency with large
differences. The time to shift from pyrolysis to the char-burn phase also differed signifi-
cantly (see Table 3). As can be seen in Figure 8b, the NOx emissions showed fluctuations
up to 270 s. Afterward, the course of NOx emissions showed a linear trend. In general, CO
emission levels were significantly lower than the start-up phase, however, significantly
higher than the pyrolysis (Ph. 2) or the char-burn phase (Ph. 4).
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Figure 8. Gaseous emissions content in the flue gas for the transition phase; (a) CO and (b) NOx (time after the start of the
phase) for standardized 13 vol. % O2 content in dry flue gas (STP).

5. Discussion

Considering increasing environmental concerns, biomass plays a critical role in the en-
ergy production towards a more sustainable future with a shift from fossil fuels to biomass
fuels, especially in small and medium scale heat production [32]. However, biomass com-
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bustion can be also challenging due to the emitted particulate matter and emissions (CO,
NOx, PAH, VOC), thus it has been an active research area for many years [11,16,32,33].
There are many aspects such as the type of the selected fuel, the design of the combustion
equipment (boiler, stove, burner, etc.), the nature of the technology (batch or automated),
the variations in reporting the results based on different units (mg/sm3, mg/MJ, EF) or
O2 content in the flue gas which make the comparison of the emission results challenging.
Still, it is possible to find comparable studies. Table 4 shows the relevant standardized
average and maximum values of CO, NOx, and TPM emissions for the two steady-state
phases of the process; the pyrolysis (Ph. 2) and the char-burn (Ph. 4) as well as the overall
process without start-up (Ph. 6) and with start-up (Ph. 7) which are used for comparison
with other studies.

Table 4. Mean emission values (mg/m3) for different process phases and all experiments for stan-
dardized 13 vol. % O2 content in dry flue gas (STP) (Ph. 2: Pyrolysis phase; Ph. 4: Char-burn phase;
Ph. 6: Overall burn-up without start-up phase; Ph. 7: Overall burn-up).

Ph. 2 Ph. 4 Ph. 6 Ph. 7

CO Mean 1.3 2.4 2.5 * 29.4 *
Max. 1.9 2.7 3.4 42.3

NOx Mean 105.7 34.0 80.9 * 80.0 *
Max. 107.6 37.3 85.8 * 82.3 *

TPM Mean 1.9 7.0 n.d. 3.6
Max. 2.0 7.2 n.d. 3.9

* calculated by identifying the auto-switch-off point in sensor data.

Motly et al. [34] reported the emissions from 10 kW boiler fired with wood pellets.
The authors introduced the circular flow of the flue gases around the combustion to lower
the emissions values as an innovative aspect to ensure the requirements of ECODESIGN
Directive in the European Union countries. From 2-h boiler operation, reported CO emis-
sions were 91 mg/m3, while the average NOx emissions were 197 mg/m3 for a normalized
oxygen content of 10 vol. % within the flue gas which correspond to 66.2 mg/m3 CO and
143.3 mg/m3 NOx emissions when normalized to an oxygen content of 13 vol. %. These
values are higher compared to reported emissions in this study even in case of including
start-up phase (Ph. 7). On the other hand, Baumgarten et al. [35] investigated the effects of
novel metal mesh filter in small-scale commercial biomass boiler with 50 kW heat output.
In the experiments, they used wood pellets and wood chips at 50% load. Their emission
results from the combustion of wood pellets were 53 mg/m3 for CO, 68 mg/m3 for NOx
and 7 mg/m3 for TPM emissions for the corrected 13 vol. % O2 in the flue gas. The CO and
TPM emissions (except for TPM emissions for Ph. 4) are higher than the reported values in
this study although in comparison to emissions from overall process including start-up
(Ph. 7). The NOx emissions during the pyrolysis phase (Ph. 2) and the overall process
including start-up (Ph. 7) reported in this study are higher than the NOx emissions reported
by Baumgarten. Within the char-burn phase (Ph. 4), they were found to be lower in this
study. Obernberger et al. [36] proposed a similar approach used in our study based on a
pre-gasification of the fuel in an updraft gasifier boiler with 31.6 kWth for forest residues
as fuel. The results showed that the mean emissions from the combustion were 6.9 and
2.9 mg/m3 (13 vol. % O2 in the flue gas) for CO and PM emissions. The CO emissions
during the steady-state phases pyrolysis (Ph. 2) and char-burn (Ph. 4) are lower in the
present study. However, considering the overall process (Ph. 7), the CO emissions are
higher in this study. The particle emissions of pyrolysis phase (Ph. 2) found in this study
are lower than the reported values of Obernberger et al. [36] whereas these are higher
within the char-burn phase (Ph. 4) and for the overall process including start-up (Ph. 7).

In summary, CO and TPM emissions over the overall process reported in this work are
lower than the emissions obtained from steady-state combustion systems as Motly et al. [34]
and Baumgarten et al. [35] showed. The NOx emissions are comparable. A comparison
with a similar pre-gasification technology did not result in a uniform direction. The reason
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for this situation is that in the technology presented by Obernberger et al. [36] pyrolysis
and gasification take place in parallel in the updraft gasifier. In the TLUD technology, these
processes take place one after the other, which results in two different steady-state process
phases with regard to emissions.

One of the aims of this study is to compare the obtained emission results with 1.
BlmSchV [37] which defines the permissible emissions to operate a combustion appliance
for small-medium scale plants. In addition, the combustion systems can be also voluntarily
certified according to the Blue Angel standard [38,39]. The emissions limits of these
regulations were summarized in Table 5. In comparison with these limits, the emissions
from the steady-state phases; pyrolysis (Ph. 2) and char-burn (Ph. 4) were below the
permissible limits in terms of CO, NOx, and TPM as given in Table 4. The emissions for
existing combustion systems are usually higher in start-up, partial load, and burn-out
phases [11,15]. The measurements are carried out in steady-state mode during periodic
emission tests. Therefore, the real-world emissions are higher than the measured emissions
due to the lack of phases with higher emissions. Hence, it is important to show the
emissions for the entire process including the start-up phase for a better estimation in terms
of real-life emissions of the combustion. As can be seen from Table 4, the emissions of Ph. 7
were also below the limits even for the overall process. The comparison between Ph. 6 and
Ph. 7 clearly showed that the start-up phase has the greatest influence on the CO emissions,
while the NOx emissions showed almost no change.

Table 5. Overview of the emission limits in the official regulations [37–39].

Appliance
Type Fuel Nominal Heat

Output
PM

(mg/m3)
CO

(mg/m3)
NOx

(mg/m3)
Ref. O2 Content

(vol. %)

Blue Angel
Boiler

Wood pellets <500 kWth 15 150 150 13
Wood chips <500 kWth 15 165 150 13

Blue Angel
Stoves Wood pellet <15 kWth 15 160 a/250 b 150 a/200 b 13

1. BlmSchV
small-medium

sized plants

Wood including bark (logs,
wood chips), sawdust as
well as pressings made of
natural wood (briquettes,

pellets)

>4 kWth 20 400 - 13

a nominal load, b partial load.

The obtained results showed that the demonstration of batch process with a serial
of combustion tests as well as automatic control of the combustion process was carried
out successfully. Although the emitted CO emissions were relatively high at the start-up
phase, it was possible to keep these emissions at lower levels during further phases of
combustion and the overall process. With this design, the power output of the burner and
the amount of energy per batch can be optimized independently by adjusting the diameter
and the height of the reaction chamber. However, since the time required for the start-up
is always the same with a constant reactor diameter, the use of a taller reaction chamber
could decrease the effect for the overall emissions, in particular decreasing the average
CO and TPM emissions. This also means that more fuel is required for each batch with
increased burn-up duration.

The results presented here are specific to the proposed experimental design with
fixed geometry, optimized air staging and the selected fuel type. The process has a potential
for further improvements. For instance the manual work that has to be carried out at the
start and end of the process could be done via further automation of the system in terms of
deashing, filling and ignition at the start of the process and closing of the reaction chamber
at the end of the process. Using a heat exchanger can also be useful for further application
areas. Additionally, the literature shows that both VOC and PAH emissions can be relevant,
especially under unfavorable operating conditions such as start-up or partial load [12,15].
Thus, VOC and PAH measurements are planned as one of the future steps.
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6. Conclusions

In this study, combustion experiments in a small-scale biomass burner based on “top-
lit updraft (TLUD)” with automatic process control were carried out to gain inside into the
process and emission behaviors. The results showed that the batch combustion experiments
were repeatable with low emissions over the entire process. Mainly, it was possible to
separate the process into two phases; pyrolysis and char gasification which enabled to
optimize the respective parameters for low-emission and effective operation for these sub-
processes. The burner could operate with very low oxygen levels in the flue gas, which led
to high flue gas temperatures and potentially high efficiencies for future applications. Due
to the batch process, which is always kept in the optimum range, the emissions over the
entire burn-up could be determined close to real-world operation. In comparison with the
selected official standards, the developed set-up, which can be classified in the performance
class of small-scale, could fulfill the permitted limits of small and medium-scale systems.
Contrary to the commonly used emission values in steady-state mode, even the emission
results with the averaged values over the entire process including the start-up phase were
also below the limits. In addition to its main use as a pyrolytic cooker today, the TLUD
process can offer a promising solution for a wide range of biomass-based combustion
applications, in case high process temperatures (>1000 ◦C) and low emissions are the main
focus. The setup can be also used to produce high-quality bio-char.
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