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Abstract: The heterogeneity of biogenic fuels, and especially biogenic residues with regard to water
and ash content, particle size and particle size distribution is challenging for biomass combustion,
and limits fuel flexibility. Online fuel characterization as a part of process control could help to
optimize combustion processes, increase fuel flexibility and reduce emissions. In this research article,
a concept for a new sensor module is presented and first tests are displayed to show its feasibility.
The concept is based on the principle of hot air convective drying. The idea is to pass warm air with
90 ◦C through a bulk of fuel like wood chips and measure different characteristics such as moisture,
temperatures and pressure drop over the bulk material as a function over time. These functions are
the basis to draw conclusions and estimate relevant fuel properties. To achieve this goal, a test rig
with a volume of 0.038 m3 was set up in the laboratory and a series of tests was performed with
different fuels (wood chips, saw dust, wood pellets, residues from forestry, corn cobs and biochar).
Further tests were carried out with conditioned fuels with defined water and fines contents. The
experiments show that characteristic functions arise over time. The central task for the future will be
to assign these functions to specific fuel characteristics. Based on the data, the concept for a software
for an automated, data-based fuel detection system was designed.

Keywords: online fuel detection; online fuel characterization; biomass combustion; biomass furnace;
fuel flexibility; biogenic residues

1. Introduction

The use of biomass as solid fuel is of great importance worldwide. Automated biomass
furnaces in a range of 10 kW to 10 MW predominantly generate heat and electricity. For
a steady and clean combustion process, a consistent quality of fuel characteristics is very
important. Biogenic solid fuels and especially residues have a large heterogeneity in terms
of fuel characteristics, causing higher emissions and even technical failures [1,2]. That
is why plant operators invest a lot in fuel quality management, supported by research
activities aiming to standardize fuel quality [3,4] and optimize densification technology [5,6].
Manufacturers of biomass boilers and plants as well as gasification units are trying to
increase the fuel flexibility of their plants in order to maximize both profitability and
safety [7,8]. Key to a more fuel flexible operation is the ability of the plant to react to
changing fuel qualities. The ability to gain knowledge of the fuel properties utilized in that
moment would be of central importance to this step. Researchers as well as industry try
to achieve this goal, following different approaches for small-scale biomass boilers up to
large municipal solid-waste incineration plants.

Currently, fuel characteristics are determined offline by laboratory analyses. Labora-
tory analyses allow for high measurement accuracy [9], but it is hardly possible to use the
information gained from the analysis in the process. This is mainly due to the time delay
caused by the extensive steps, ranging from sampling to the final results of the analysis.
The results are usually only available a few hours, or even a few days later, which has a
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direct influence on the combustion process impossible. Furthermore, a number of errors
can occur along the process chain, from sampling to sample transport and preparation.
In addition, the effort and challenges of representative sampling from large piles of bulk
goods is huge.

To enable a direct influence on the process control during the combustion, an online
measurement and real-time analysis of relevant fuel properties is necessary. In the literature,
as well as in industry, different approaches can be found:

One possibility is to make an estimation of the composition or moisture content of
the fuel based on the measured flue gas composition. There are a number of research
activities in the field of waste incineration [10], but also for biomass combustion [11].
For example, Striugas et al. [12] developed an algorithm to estimate the fuel moisture
from the flue gas. The algorithm is based on the process parameters of the plant and
especially on the emission values. In a test on a 6 MW plant, the fuel moisture could
be calculated with an accuracy of 2.4%. Lange [13] investigated different residual and
waste materials using the example of a circulating fluidized bed, where the CO2 value or
the theoretical maximum of CO2 are the main components used for the back calculation.
Approaches with model-based control, for example, that described in [12,14], are able to
achieve a considerable improvement in flexibility. However, the implementation of such a
system requires extensive knowledge of the plant and the fuel, and involves considerable
efforts in research and development. For decentralized combustion plants, this effort is not
economically feasible to date. Warnecke et al. [15] discuss the challenges associated with
back calculation from flue gas values and identify the water content in particular as a weak
point, due to the large number of possible sources in municipal solid waste incineration.
The authors point out that a reliable conclusion can only be drawn about the fuel moisture
content if the hydrogen content in the fuel is approximately constant. There are also a
series of patents with different approaches to forming the estimation and implementing
this information into the process control [16–19].

Other approaches aim to directly measure relevant properties of the fuel prior to the
feed input. Additionally, in this research area, most of the concepts originate from waste
incineration. Technical solutions for this rely on different technologies and methods. Such
systems for online fuel characterization use infrared-, microwave- [20,21] and radiation- [22]
based technologies. None of the solutions have found widespread application in industry.

In [20], a concept based on microwave detectors aiming to determine the water content
of a fuel is described. In this case, waste in a waste-to-energy plant is measured. In [21], a
control concept for biomass combustion plants is described, which continuously detects
the fuel moisture and adjusts the plant parameters (feed-in, speed of grate motion, air
volume and distribution, etc.) according to the moisture content. Microwave measurement
has weaknesses regarding highly inhomogeneous bulk materials. For this purpose, the
measurement is mainly suitable for the determination of the water content. Other relevant
parameters cannot be determined.

Other solutions, as in [22], rely on radiation-based measuring devices to record the
density. In combination with a moisture sensor, more precise information about the fuel
(residual waste) can be obtained. For small- and medium-scale biomass plants and boilers,
radiation-based sensors are not applicable due to economic reasons.

Near-infrared sensors (NIR) are used in recycling applications and have received more
attention in recent years for integration into combustion process control. NIR technology
is able to distinguish between different groups of substances in a material by means of
the interaction between matter and electromagnetic radiation. In this process, the fuel
molecules are vibrated with electromagnetic radiation, causing a certain amount of the
radiation energy to be absorbed. The absorption intensity over the wavelength is referred
to as a spectrum and is compared with reference spectra from the database in the system to
identify the fuel. In addition, material-specific data can be used to calculate fuel-relevant
parameters such as water and ash content. This technology is notably used in the field of
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waste management for sorting various types of waste. The use of a continuous real-time
analysis of refuse-derived fuels (RDF) is part of various development projects, such as [23].

NIR technology is also used in the field of biomass utilization, for example, to measure
the moisture content of fuels [24,25]. Examples of available products include the NIR 6000
moisture meter from Sensortech Systems Inc. [26] and the ProcessOPT BO system from
APOS GmbH [27]. With the ProcessOPT BC system, APOS GmbH has developed a control
system that determines the calorific value, water and ash content of the fuel before it enters
the combustion chamber. When combined with the CO concentration in the flue gas, the
process control of the plant is optimized [28]. A project aiming for online characterization
of wood chips is additionally linked to the concept of NIR technology. The developed
system is able to measure water content, weigh the fuel online, and then calculate the
energy content. In the system, the fuel moves along a conveyor belt integrated with a scale.
An infrared sensor and a microwave sensor determine the water content. Initial tests in the
laboratory and in the field have been successful. However, the aim of the project is not to
optimize control of the combustion process, but to provide a tool for an optimized billing
of fuels [29]. However, providing the information to the process control is conceivable in
perspective.

For defined fuels, NIR technology delivers good results with appropriate calibration.
However, the need for intensive calibration becomes a disadvantage with altering and
challenging feedstocks. Furthermore, it should be noted that the technology is not able
to detect dark materials and the detection of fine materials is also very difficult. The
cost of measuring devices with NIR technology is relatively high, which means that
the implementation of these systems in plants in the low power range usually proves
uneconomical, and, therefore, applications are only known from the power plant scale. To
date, no such system is available for small- and medium-sized biomass plants or has a
significant relevance in terms of practical applications.

The basic motivation of this work is to search for an easy and robust low-cost solution
enabling online measurement of fuel properties during operation before the fuel is fed into
the furnace. The idea investigated in this research is based on the following hypothesis: If
warm air passes through a bulk of solid fuel, the air interacts with the solid bed during
the flow. As a result of physical processes like heat transfer, drying and changing pressure,
the air properties are measurably changed. Based on these changes, it is possible to draw
conclusions about relevant fuel properties.

For this purpose, the central objective of this scientific research is to show the technical
feasibility of the idea and to identify correlations between fuel characteristics and the
behavior of the feedstock in the test rig described below. These correlations should make it
possible to identify fuels and specific fuel characteristics. For this purpose, a number of test
fuels were selected for various test series, and these were analyzed systematically. For this
purpose, a test rig was set up and series of measurements were carried out with different
feedstocks in order to provide evidence of the general feasibility of the idea. The main goal
of these tests is to answer the following questions: Do the data series of the different input
materials show significant differences? Are the results reproducible? Can these differences
be related to relevant fuel properties? How can the data profiles be used for an evaluation?

Subsequently, a detailed series of measurements was performed to evaluate specific
properties and correlations, and optimization was carried out on the test rig. In principle,
this work first investigated whether corresponding correlations can be detected using
simple measurement methods and whether usable correlations between fuel properties
and measured values can be identified. The next step was to investigate whether, how
and under what conditions a corresponding concept can be transferred to practical plants.
Software integration and, in particular, different approaches for data evaluation and signals
also played a major role.

If a robust, easy-to-operate and cost-effective system can be developed, this could
be an important contribution to making processes such as combustion, gasification or
pyrolysis more stable and, above all, more fuel-flexible. In addition to the development of
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the sensor system, this opens up further research fields and activities, especially in the area
of process integration.

2. Materials and Methods
2.1. Lab Scale Test Rig

The test rig is an airtight metal cylinder, which can be filled with bulk material. The
drying container consists of a tube with an inner diameter of 314 mm and a height of
490 mm. At the top and bottom of the container, there is a lid with a centered circular
opening to which a tube is welded. The inner diameter of the openings and the welded
pipes is 111 mm. The bottom and the lid are each fixed with a clamping ring and sealed
by a silicone ring. The connection of the vessel to the blower as well as to the test rig is
also made with clamping rings and sealed by means of silicone rings. The pipes have a
wall thickness of 1 mm and are made of galvanized chrome-nickel steel (material: 1.4301;
X5CrNi18-10) with a thermal conductivity of 15 W·(mK)−1. To insulate the pipe, its outer
surface is covered with a 50 mm thick layer of rock wool, which is fixed by aluminum
adhesive tape. The schematic setup and the dimensions of the test facility can be seen in
Figure 1a,b.

Figure 1. Test rig (schematic setup (a), dimensions (b), picture (c)).

A hot air blower—Vulcan System model (11 kW power; 950 L·min−1 max. air volume
at 20 ◦C)—from the Leister company can be mounted on the metal pipes (see Figure 1c).
According to the manufacturer, the hot air blower has a power of 11 kW and is capable
of applying a maximum air flow of 950 L·min−1 at a temperature of 20 ◦C and a static
pressure of 3100 Pa. The heating power of the blower can be adjusted by means of a
potentiometer in the range between 50 ◦C and 650 ◦C in 5 ◦C steps. A built-in display
shows the set temperature and the current temperature reached. In order to avoid thermal
decomposition processes of the woody fuels and safety risks, the test series are carried out
with a blower temperature of 90 ◦C.

Temperature sensors are attached before (TIR1, TIR2) and after the bulk material
(TIR6), as well as three sensors in the bulk material (TIR3, TIR4 and TIR5). Two pressure
sensors—one before (PIR1) and one after the bulk material (PIR2)—are also attached to
the side of the container. All sensors are connected with an Almemo 2890-9 data logger
from Ahlborn. Data were logged with 10 datapoints per second. Temperatures were
measured with thermocouples (NiCr-Ni Typ K with a range from −200 ◦C . . . +1370 ◦C),
pressure with Almemo (0 Pa . . . 6800 Pa) and gas velocities in a range from 0 m·s−1 to
2 m·s−1. Ambient temperature (−50 ◦C +200 ◦C) and relative humidity (0–100%) were
also measured via Almemo. Ambient pressure was measured with a digital manometer
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(Keller Leo 2). Water content in the air was measured with an MCA 04 der Dr. Födisch
Umweltmesstechnik (0–40 Vol.-%).

2.2. Test Procedure

Before each test, the fuel sample was filled into the container up to the mark of the
first pressure measurement. In order to avoid irregularities and possible bridging, a rubber
mallet was tapped lightly against the container wall after filling. The container was then
filled back up to the mark, and the lid was placed on top and sealed airtight. Finally, the
sensors were connected. The air volume flow was kept constant for all tests and amounted
to 950 L·min−1. To start the test, the hot air blower was switched on and set to the required
temperature. The measured values were automatically recorded at intervals of 10 s. The
ambient pressure could not be logged, so the values were noted manually. As soon as the
feedstock was completely dried and the temperature in the container was constant, or no
changes in the measured water content in the exhaust air were apparent, the system was
shut down. The test duration, therefore, varied from fuel to fuel, since the feedstock had
different water contents and different particle size distributions. The dried feedstock was
then analyzed in the laboratory for residual water content.

2.3. Feedstock

In a first series of test runs, a wide range of different biogenic fuels (wood chips,
residues forestry residues, corn cobs, wood pellets, biochar and saw dust) was tested. In
addition, alumina oxide spheres were also tested as a reference bulk good with defined
characteristics. In Figure 2 shows pictures of all used feedstocks. In Table 1 water content,
ash content and lower heating value (LHV) are shown, as well as the results of the chemical
composition. Medium particle size, fines content (<3.15 mm) and large particles (>45 mm),
as well as the bulk density, are shown in Table 2.

Figure 2. Deployed feedstocks (a) alumina oxide spheres, (b) wood chips, (c) residues from forestry,
(d) corn cobs, (e) wood pellets, (f) saw dust and (g) biochar.

Table 1. Results of fuel characterization in the laboratory.

Sample w [%] 1 a [%] 2 LHV [MJ·kg−1] 3 C [%] 4 H [%] 4 N [%] 4 S [%] 4 O [%] 4

Wood pellets 7.2 0.27 16.951 47.27 6.62 0.05 0.06 45.73
Saw dust 7.43 0.39 16.212 46.29 6.48 0.7 0.06 46.08

Wood chips 10.54 0.62 15.894 45.18 6.12 0.18 0.03 47.87
Forestry residues 44.4 2.08 10.989 42.01 5.69 0.35 0.06 49.81

Corn cobs 6.87 2.25 15.181 45.02 6.37 0.64 0.11 45.61
Biochar 0.93 41.44 17.542 48.46 1.86 1.78 0.29 6.17

1 DIN EN ISO 18134-2 2 DIN EN ISO 18122 3 DIN 51900-1; 4 DIN 51732.
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Table 2. Results of fuel characterization in the laboratory.

Particle Size 1 and
Bulk Density 2

Ø
[mm]

Particles
<3.15 mm [%]

Particles >45 mm
[%]

Bulk Density 2

[kg·m−3]

Wood pellets 6.26 0.2 0 648.07
Saw dust 1.84 81.74 0 150.15

Wood chips 9.84 11.13 0 173.5
Forestry residues 17.94 10.98 10.58 210.96

Corn cobs 19.74 8.48 3.37 122.34
Biochar 4.67 17 0 631.48

Alumina oxide spheres 9.7 0 0 2032.26
1 DIN EN ISO 17827-1 2 DIN EN 15103.

3. Results

The following section presents results from the laboratory test rig.

3.1. Screening of Biogenic Residues
3.1.1. Pressure Drop

In a first step, a wide range of different feedstocks was tested by screening. Figure 3
shows the pressure drop (y-axis) against time (x-axis) for bulks of saw dust (a) and biochar
(b), Figure 4 shows the same for alumina oxide spheres (a), wood pellets (b), wood chips (c),
corn cobs (d) and residues from forestry (e). The measurements show a wide range, from
13 Pa (corn cobs) up to almost 600 Pa (saw dust). All tests show similar behavior, which
indicates a high level of reproducibility. The different colors represent different test runs.
Pressure drop remains more or less constant over the whole test run. Fuels with very small
particles (saw dust and biochar) show a slight increase over time. The authors suspect
that the porosity decreased over time in part due to the compression of the air, resulting
in increased pressure losses. Another exception can be found in the curve of the residues
from forestry (f). Here, the pressure drop decreases over time. The authors assume that
this effect is related to drying. At the beginning, a comparatively large mass flow of water
is evaporated from the fuel, which increases pressure drop. This effect weakens over time.

In Figure 5, the average pressure drop (x-axis) was plotted against the average particle
size (y-axis). The figure shows, in a highly simplified view, that smaller particles tend
to cause a higher pressure drop. Bulk solids with a broad particle size distribution and
undefined shapes lead to higher pressure drop, such as residues from forestry or corn cobs,
while more defined particle shapes and distributions tend to produce lower pressure drops,
i.e., pellets or alumina oxide spheres.

Figure 3. Pressure drop over time for saw dust (a) and biochar (b).
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Figure 4. Pressure drop over time for alumina oxide spheres (a), wood pellets (b), wood chips (c),
corn cobs (d) and residues from forestry (e).

Figure 5. First evaluation of pressure drop and average particle size.

3.1.2. Temperature

In the test, the temperatures (TIR 1-6) are also measured continuously. Obviously,
the corresponding temperature profiles are dependent on time and location. For example,
Figure 6 shows the difference between the temperature before and after the bulk good. For
the different materials, alumina oxide (a), biochar (b), wood pellets (c), corn cobs (d), saw
dust (e) and residues from forestry (f) specific distributions can be seen. Very wet materials,
such as residues from forestry, show an offset time until a rise in the curve can be observed.
The incline of the curve is very steep for very dry feedstock (alumina oxide spheres, wood
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pellets, corn cobs and saw dust), while a less steep increase in the slope can already be
seen with slightly higher water contents (wood chips). These functions can be utilized later,
either for data-based matching functions, of for analytical approaches to fuel recognition.

Figure 6. Temperature difference between the top and the end of the bulk for alumina oxide (a),
biochar (b), wood pellets (c), corn cobs (d), saw dust (e) and residues from forestry (f).
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3.2. Specific Variation of Fuel Parameters

In a further series of tests, specific properties of individual bulk goods were manipu-
lated in a targeted manner. For example, the water content or the fine fraction of a bed of
wood chips was varied and measured on the test stand. Figure 7 shows the results from a
test run with the water content of wood chips varying from 10%, over 40% and up to 60%,
clearly influencing the drying process. Most significantly, this enhances the duration of the
drying process.

Figure 7. Water content in the exhaust air over time for wood chips with different water contents
varying from 10% to 60%.

The following graphic (Figure 8) shows the pressure drop that occurs over a bulk of
wood pellets with different proportions of fine particles. Three test points were chosen, and
complete test runs with two or three repetitions each were carried out. At each test point,
fines (particle size smaller 3.15 mm) were added once to the sieved, standardized pellets,
with a guaranteed fines content of less than 1%. One test point was a mixture with 10% of
fines, one with 5% of fines and another test point was the standardized pellets, to which no
further fine particles were added. As expected, the pressure drop increased with a higher
fines content (Table 3). The pressure drop set in quickly after the start of the experiment
and remained largely constant in all experiments.

Figure 8. Pressure drop for test runs with different fines contents.

Table 3. Results of fuel characterization in the laboratory.

Sample ∆pmax
[Pa]

Wood pellets 36.6
Wood pellets 5% fines 116.3

Wood pellets 10% fines 226.2
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3.3. Energy and Mass Balance as a Basis for Data Evaluation

The energy and mass balance are the basis for an analytical evaluation of the data in
terms of fuel detection. A corresponding evaluation is shown here, using the example of
the calculation of the drying rate. The mass and energy balance are described with the
following formulas and Figure 9.

.
HA, in + ∆

.
Es −

.
HA, out = O (1)

The following applies to the balance of the incoming and outgoing mass flows

.
mA,in =

.
mdA,in +

.
mV,In (2)

.
mA,out =

.
mdA,out +

.
mV,out =

.
mdA,out +

.
mV,In +

.
mV,Drying (3)

The following applies to the mass balance

∑
.

mA,out − ∑
.

mA,in = ∆
.

mV,Drying (4)

The following simplifications or assumptions are applied:

.
mdA,in =

.
mdA,out =

.
mdA.

mV,in
mdM

 const.

Figure 9. Scheme of mass and energy balance.

It follows that
.

mV,Drying(t) =
..

mV,out(t)− mV,in(t) (5)

With a known volume flow and a known volume fraction of the water vapor in the
output flow, the mass flow of the water from the fuel is calculated according to the equation

.
mV,Drying =

.
md,A ∗ (Xout − Xin) (6)

Based on this, it is possible to calculate the drying rate, i.e., the proportion of water
evaporated from the fuel as a function of time. The results for an experiment with wood
pellets, wood chips and sawdust are shown below (Figure 10).
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Figure 10. Calculated drying velocity for different fuels.

4. Discussion

The experiments presented in the article are the basis for the development of a sensor
module, with the aim of achieving the online detection of fuels or fuel properties. For this
purpose, a defined test program was performed and the first datasets were generated. The
data are the basis for the evaluation of the feasibility and the conceptual design of a later
prototype and its software.

In a screening, different fuels were examined and compared with common fuel anal-
yses from the laboratory. The results show that it is possible to generate reproducible
datasets from the test rig in the laboratory and to relate the variations or specific result
functions to fuel properties. It is shown that the pressure drop is quickly available as a
comparative variable and that particle sizes and particle size distribution have a significant
influence. The measurement of the water content in the exhaust air is a further important
element for this, which enables an analytical evaluation of the water content, in particular
by back calculation to the original water content. The temperature profiles are key to any
analytical approach. Energy and mass balances enable indirect conclusions about different
parameters, such as water content, as well as the mass or bulk density of the fuel.

Based on these findings, concepts for the integration of the sensor module into the
biomass furnace were developed. Figure 11 shows the schematic flow of a program that
primarily relies on data-comparative methods. The data are collected via the sensor module
and are compared with values from a database. The result is the assignment of the fuel
to an existing dataset. This result is communicated to the control system. Furthermore,
in another function, changes in quality over time are analyzed and communicated to the
control system or the operator. The recorded data can also be transferred to the database
with a further routine, and thus the database can be expanded and optimized step by step.

Figure 11. Conceptual schematic process flow chart diagram.
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Based on the test results, reasonable methods were then sought to enable an evaluation
from the test data. Figure 12 shows a possible approach in which the datasets in the
database are compared with the measured values in a multi-step approach. In addition to
just comparing individual parameters, methods for comparing time-based data functions
such as the Root Mean Square (RMS) or Dynamic Time Warping (DTW) will be tested. This
step-by-step matching would be a simple approach to enable the mapping of measurement
data to an existing dataset. The next steps are the development of a software for automated
evaluation, and the development and testing of a prototype and its integration to the
firing system.

Figure 12. Proposal for a method for data-based fuel detection.

Of course, the new technology is also limited with regard to the boundary conditions.
The duration of the drying process inhibits the speed of the measurement. The results
obtained from the system must be available before the fuel is fed into the combustion zone.
A sufficient time between measurement and entry of the fuel into the furnace is crucial.
Thus, there is a trade-off with respect to the size of the sample. A larger sample allows for
more accurate measurements of a polydisperse bulk, but drying takes even longer with
larger samples. Against this background, approaches to optimize the measurement speed,
for example, by increasing the temperatures, reducing the sample volume or limiting the
measurement duration, are central aspects of future development.

5. Conclusions

The work presented in this paper demonstrates the basic feasibility of the idea of
identifying fuel properties by means of convective drying. A test rig was set up on a
laboratory scale and datasets of different feedstocks were recorded and evaluated. This
new type of sensor system would allow biomass furnaces and power plants to proactively
intervene in the process to avoid critical situations in the future. For example, it would
enable plants to adjust the speed of fuel input, the amount of combustion air or the speed
of grate motion in such a way that optimized operation is possible. This would enable a
more fuel flexible operation in existing plants. This will contribute to the better utilization
of the existing potentials in the field of biogenic solid fuels. The concept is also interesting
for other processes, like gasification or pyrolysis, or could be part of the fuel quality
management process. With regard to further advances, the next steps are the development
and testing of an automated evaluation software. Furthermore, a prototype is currently
being built and tested on a pilot plant.

6. Patents

Patent pending. German patent application: 10 2020 124 544.0.
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Nomenclature

Abbreviations
a Ash content (%)
DTW Dynamic Time Warping
LHV Lower Heating Value (MJ·kg−1)
NIR Near infrared (spectroscopy)
p Pressure (Pa)
PIR Pressure Indicator and Recorder
QIR Quantity Indicator and Recorder
RDF Refuse Derived Fuel
RMS Root Mean Square
TIR Temperature Indicator and Recorder
w Water content (%)
Subscripts
A Air
d dry
dA dry Air
dm dry matter
in Input
out Output
V Vapour
w Water
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