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Abstract: The aim of this study was to investigate the influence of biomass micronization on energy
production using a converted aircraft turbine AI-20. The test system was constructed in such a
way to ensure continuous operation for a given period of time and was equipped in a chopper,
a flail mill, and a micronizer. The turbine had the ability to produce energy from solid biomass
and as well conventional fuels. The most energy was obtained from absolutely dry sunflower
husk (17.27 MJ/kg) and the least from Poplar (7.82 MJ/kg). Miscanthus, wheat straw, and hay
(approximately 17 MJ/kg) showed high values of energy production. In addition, the thermal
decomposition of wheat straw at 350 and 450 ◦C was studied using the Py-GC/MS technique in a
helium atmosphere to determine the gaseous compounds formed during biomass gasification under
anaerobic conditions. The results obtained indicate the formation of compounds classified as phenols
(vanillin, hydroxymethylfurfural).

Keywords: production; biomass; energy; Py-GC/MS; moisture; ash content

1. Introduction

Increasing environmental requirements to reduce greenhouse gas emissions by various
industries point to lignocellulosic biomass (wood, straw, cereal grains, etc.) as an ideal
feedstock for energy production [1,2]. Additionally, the use of lignocellulosic biomass for
energy production allows the utilization of small-scale cogeneration plants for energy
production, providing reduction costs associated with transportation of feedstock and
making the energy system more resilient to failures [3,4]. The equipment used in such
energy production should allow the use of different fuel types to ensure continuous energy
production and to accommodate a variable biomass mix [2].

The production activities within the existing production structure provide the organi-
zation and coordination of material streams, information, and energy during implementa-
tion, calling them a production process. From the production process, we can distinguish
the manufacturing process, which is the activity that occurs during the production of the
final product, which in energy companies can be heat or electricity. The essence of the
entire structure of the production process is a technological process that makes up the main
part of the manufacturing process. In order to generate energy during ongoing production,
certain structured activities are necessary. The organization of production makes it possible
to improve these activities within the framework of the processes, for example, according
to the time. Additionally, it helps to reduce the consumption and waste of materials.

The idea of the production process involves the use of various types of materials,
technical means and services to produce new products or services [5]. According to Bril-
man [6] the process is a set of consecutive operations to achieve a predetermined result.
Streamlining the activities carried out within the production structure consists of ana-
lyzing and adapting the processes taking place within a given flow in the enterprise.
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During energy production, pipeline production is specified, which requires continuity
of production. However, any break can have great financial consequences. In the case of
pipeline production, the production organization strives for failure-free production while
increasing productivity.

The Polish power industry is in energy transformation process [7]. The coal industry
dominates the power sector in Poland, where it is the largest source of greenhouse gas
emissions and a major employer. While the country has experienced strong growth in
the field of renewable energy over the past decade, its future role in the energy supply
mix needs to be clarified [8,9]. The Polish power industry is in an energy transformation
process [10]. In Poland, the proportion of energy from renewable sources to the total
primary energy generated increased from 11.73% to 14.46% in 2012–2018 [11].

The Polish government has agreed with unions on final coal mines closure [12]. The
last coal mine is going to be closed in 2049. The agreement means gradual coal mines
closure and shift from coal to renewable energy sources (RES) as energy sources in Poland.
It is a major challenge for Poland. In 2019 the structure of electrical energy production was
as follows: 49.25% from coal, 17.95% from lignite, 15.93% from RES, 5.88% from gas, 5.71%
from unknown energy carriers in industrial plants and 5.11% from water plants [13].

There are agricultural biomass waste resources available in Poland [14,15]. A new
phenomenon, which has been highly significant for the development of this sector, is the
use of innovative, small-scale technologies of energy generation from renewable sources,
which created the foundations for the growth of a citizens’ energy sector, based on the
initiative of the citizens and their communities. Local energy production using biomass as
fuel is an element of environmental protection [16]. Biomass can be produced on marginal
land which is not suitable for food or forage production [17,18].

There is a need for new technologies which can produce electricity in small-scale
installations based on rural areas [19,20]. The BioCHP project investigated an electricity
and heat generation plant using biomass waste as fuel. The article explored the possibilities
of using micronized biomass (sunflower husk, oat husk, wheat straw, miscanthus, hay,
wood chips, willow, and poplar) in the line for electricity and heat production. Accordingly,
several types of biomass were analyzed for physical and chemical characteristics. The
methodology assumed conducting several comprehensive analyses; therefore, all research
and processing procedures are described below, broken down into paragraphs such as
micronization, measurements of Py-GC/MS, moisture measurement, and measurement of
ash amount of analyzed materials.

2. Materials and Methods
2.1. Micronizing of the Materials

Research on the determination of particle decay was carried out by Flizikowski et al. [21],
assuming the hypothesis that a rotating particle in the channel space of a micronizer is
subject to defragmentation as a result of friction, impact strength, and tension leveling.
According to the authors, the disintegration of particles in relation to the walls of the
micronizer head is random. During micronization, stresses arise on the particle plane as a
result of loads. The technical drawing of the micronizer nozzle is presented in Figure 1.

Following biomass materials were tested as potential fuel: sunflower husk, oat husk,
wheat straw, miscanthus, hay, wood chips, willow, and poplar. The line includes machinery
for biomass preparation (chaff cutter, flail mill, and micronizer) which can process biomass
in different shapes as for example bales (rectangular or round) or wood chips. Biomass
supplied to the line should be as dry as possible, because biomass heating value depends
on moisture content. The drier biomass is there, the higher the heating value of the material.
Chaff cutter cuts long pieces of biomass into smaller parts which are geometrically suitable
as input to the flail mill. Flail mill grinds the biomass received from chaff cutter and supplies
it to the micronizer. Micronizer micronizes biomass down to particles with maximal size of
500 micrometers.
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Micronized biomass is temporarily stored in a micronized biomass magazine and
further transported to a diffusion combustion chamber with special construction linked
with the turbine engine AI 20. This chamber replaces the original combustion chamber of
the engine AI 20. It is the only serious engine modification. The structure of the chamber
is designed to fully burn all micronized biomass particles delivered to the chamber as
well as other fuels such as natural gas or fuel oil. The main advantages of this design lie
in flexibility regarding fuel types, providing the opportunity to choose the cheapest fuel,
independent of seasonal changes in biomass yields and short response times to sudden
and unexpected interruptions in fuel supply.
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2.2. Moisture Measurement

The measurement of biomass moisture content can be determined in several ways. In
this study, moisture content was measured using the weight-difference drying method. The
drying time for sawdust and wood chip samples was 6 +/– 2 h (standard)(to determine the
constant lowest weight of the sample). The drying process was carried out in laboratory
conditions at 104 +/– 1 ◦C [22].

Moisture characteristics (M) relates to the definition of the quotient of numbers, in
dividend, the difference between the values of moist mass from dry mass (dm) and the
divisor of moist mass (mm), obtained value should be increased by 100%. The moisture
characteristics have been written in the form of an equation:

M =
mm − dm

mm
·100%, (1)

2.3. Heating Values Measurements

The lower heating value and higher heating value were measured according to the
standard ISO 1928:2009 in an IKA C 200 calorimeter. For each type of biomass, both heating
values were measured six times. An average of the measurements was given as the final
result. Each time an analytical sample of 1 g of raw material incinerated completely in an
oxygen atmosphere at a pressure of 3 MPa was taken to the probes. Lower heating value
was calculated by subtracting the heat of vaporization of the water vapor released from the
fuel during its combustion from the higher heating value.
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2.4. Measurement of Ash Content

The study also included an analysis of the mineral content of the individual materials.
Ash is a substance of fine consistency, formed as a result of thermal conversion of biomass
for heating purposes. The total ash content has a significant impact on the energy values
of solid carriers [23]. The ash content determines the mineral saturation of the biomass.
The plant material includes, among others: silicon, iron, aluminum, calcium, magnesium,
sodium, potassium [24].

Ash content was measured in accordance with the slow ash method [25,26]. The com-
minuted and weighed straw sample was placed in an incineration crucible of known mass.
Samples of 5 g were used in the study and weighed on a balance with an accuracy of
0.0001 g. The test sample was ashed at a temperature of 805 ◦C during a two-hour process.
The resulting content was placed in an extractor for cooling. Next step, the mass of the
crucible and its ash content were determined. Determination of the ash content (Zp) con-
sists in determining the quotient of numbers, in dividend the difference of the mass of the
crucible with the resulting ash (m3) and the weight of the empty crucible (m1) in grams, by
the difference in the weight of the crucible filled with the wood biomass sample (m2) and
the mass of the empty crucible (m1), where the obtained value was multiplied by 100%.
Percentage of ash in the sample (Zp) was written in the form of an Equation [6]:

Zp =
m3 − m1

m2 − m1
100%, (2)

2.5. Measurements of Py-GC/MS

The analysis of components was performed using a Shimadzu (Kyoto, Japan) gas
chromatograph GC-2010 connected to the pyrolizer Frontier linked to GC/MS-QP2010
mass spectrometer. An ultra-alloy capillary column with a length of 30 m, a diameter of
0.25 mm, and a deposit of 0.25 µm was used. Samples were introduced to the column
with the pyrolizer in different temperatures. The samples were analyzed by a dedicated
program—GC/MS solution Version 2.72. The peaks were identified with NIST11 and
NIST11b libraries.

The gas chromatograph-mass spectrometry (GC/MS) analysis program was set as
follows: temperature, 85 ◦C maintained for 0.5 min, increased to 145 ◦C at 15 ◦C/min rate,
maintained for 15 min. Then increased to 200 ◦C at 10 ◦C/min rate and maintained for
15 min, increased to 300 ◦C at 10 ◦C/min rate, maintained for 25 min. The gas flow rate
was 0.97 mL/min, and the detector voltage of 0.9 kV. The carrier gas was helium (PGNiG,
Warsaw, Poland). During the measurements of Py-GC/MS the burning wood temperature
and time process have been taken into account in order to determine the pyrolysis of the
analyzed material. In the process of burning renewable fuel, four stages can be noticed
in which relevant chemical processes take place. It should be noted that the boundaries
between them interpenetrate, overlap and move during the pyrolysis process itself. The
burning fuel temperature stages were presented in Table 1.

Table 1. The burning fuel temperature stages were presented in Table 1.

Stage Temperature ◦C

Drying 100 1

Gasification about 200 1

Burning about 400 1,2

Burning charcoal >500 1

1 Reference [27], 2 Reference [28].

2.6. Electrical Energy and Heat Measurements

Electrical energy power was measured at the output of the electricity generator. Heat
amount was measured for the hot air which was leaving the turbine. It was done together
with a temperature measurement. The volume of electricity produced generated with the
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AI-20 turbine was measured at the output of the electric generator (model) using. The
amount of heat generated was measured at the hot air output from the turbine using a
J-type thermocouple (Fe-CuNi) [PN-EN 60584-1] was used to measure the temperature.
The controller made it possible to set the desired temperature and its digital readout with
an accuracy equal to 1% of the measuring range. The temperature was measured with a
frequency of 0.33 Hz. Temperature and gas flow were measured to determine the heating
capacity of the turbine.

3. Results
3.1. Measurement of Selected Substances

Laboratory tests were carried out to determine the physical parameters of the analyzed
materials. The table lists the values of the measured substances in terms of lower and
higher heating value, ash, moisture and ash amount for 80% work during the year. In the
last case, it was assumed that 80% of the time during the year will be equivalent to 6400 h.
The biomass fuels and their properties were presented in Table 2.

Table 2. Biofuels and their properties including the amount of ash produced during a specific operating time (6400 h).

Material (Name) Lower Heating Value
(MJ/kg)

Ash
(%)

Moisture
(%)

Higher Heating Value
(MJ/kg)

Ash Amount for 80%
Work during Year

(6400 h)(t)

Sunflower husk 17.27 4.09 9.41 18.52 448
Oat husk 15.16 1.89 11.76 16.58 230

Wheat straw 16.74 1.70 12.08 18.05 186
Miscanthus 16.72 1.20 11.83 18.91 134

Hay 17.10 5.70 20.00 18.20 557
Wood chips 10.40 0.80 40.00 19.40 96

Willow 15.30 1.45 19.02 19.47 160
Poplar 7.82 4.70 48.80 9.37 640

Table 3 presented the biomass consumption by the line together with ash production
amount according to different biomass fuels implementation. Results were presented
for fuel consumption by the line per one hour (dry fuel amount consumption and ash
production from biomass) and per one year with the assumption of working 6400 h per
year (80% of the year). The rest time of the year is predicted for the line services.

Table 3. Fuels consumption and ash production for different types of biofuels.

Material Fuel
Amount

Dry Fuel
Amount Ash Amount

Fuel
Amount per

Year

Ash Amount
Created per

Year

(Name) (t h−1) (t h−1 d.m.) (kg h−1) (t year−1) (kg year−1)
Sunflower

husk 1.9 1.7 70 12 160 448,000

Oat husk 2.2 1.9 36 14 080 230,400
Wheat straw 1.9 1.7 29 12 160 185,600
Miscanthus 1.9 1.7 21 12 160 134,400

Hay 1.9 1.5 87 12 160 556,800
Wood chips 3.1 1.9 15 19 840 96,000

Willow 2.1 1.7 25 13 440 160,000
Poplar 4.2 2.1 100 26 880 640,000

The above tables show the test results of various substances that can be considered as
biomass. Biomass is an organic waste material generated by the processes of the agricultural
or forestry industry. It can also be obtained directly from agricultural crops, forest waste or
as a by-product of agri-food processing (e.g., straw or waste from horticultural production).
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In a solid state of aggregation, biomass is a substance used as an energy carrier and can be
used for heating purposes and, consequently, also for energy purposes [29].

The general problem during industrial co-combustion is the ash content [21,30]. The
situation is a result of the fraction size in the combustion of coal and biomass. Therefore,
micronization is a way to adapt the form of biomass to the smallest solid fractions [21]. The
conducted research shows that the analyzed substances had a low ash content, ranging from
1.2% to 4.7%. The ash from biomass can be used as a fertilizer for agricultural crop production.

3.2. Characteristics of the Block Diagram

During the article studies, all of the materials were analyzed in the context of possibil-
ity of energetic use. After compiling the results, it turns out that the calorific value was
on a similar level. Due to the previous results (ash content, etc.) its universality for wheat
straw was selected for the next stage of the research as a material of interest. Otherwise,
according to the research results, the selection of wheat straw was determined by its surplus
in agriculture and its use for fodder and bedding for animals. The block diagram of the
line for electricity and heat production from micronized biomass is presented in Figure 2.
Presented are the measured electrical energy power (2.5 MW) and heat power (10 MW) in
the shape of air temperature of 400 ◦C.
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3.3. Measurements of Py-GC/MS

The pyrolysis of wheat straw was performed in two temperatures 350 and 450 ◦C,
to determine the release of substances by simulating the environment of electricity and
heat production in prepared block. The analysis of the composition of the obtained ex-
tracts was carried out using a Shimadzu gas chromatograph with a GC/MS QP 2010



Processes 2021, 9, 364 7 of 15

Ultra mass spectrometer. In analysis conditions can be specified by ZB-5MS column
30 m × 0.25 mm ID × 0.25 µm df, in which helium (5.0) was the carrier gas. The number
of marked extractives in wheat straw was dependent on the altitude of temperatures. The
results of the isolated substances after pyrolysis in 350 and 450 ◦C is presented on the
Figures 3 and 4 as well in the Tables 4 and 5.

Table 4. Juxtaposition of emissions of isolated substances, 350 ◦C.

Substance Name Retention
Time

Beginning
of Retention

Time

End of
Retention

Time
Area Area % Height Height % Height Ratio of

Area to Height

5-
Hydroxymethylfurfural 6.302 5.970 6.653 58,223,805 13.95 3,103,757 13.56 18.76

4-Hydroxy-3-
methylacetophenone 6.747 6.593 7.158 33,636,429 8.06 2,712,507 11.85 12.40

3-Allyl-6-
methoxyphenol 7.478 7.292 7.605 7,841,898 1.88 1,299,014 5.67 6.04

trans-Isoeugenol 9.369 9.268 9.730 50,166,012 12.02 5,457,473 23.84 9.19
Phenol,

2-methoxy-4-propyl- 10.206 10.027 10.383 8,757,989 2.10 1,327,823 5.80 6.60

Propan-2-one,
1-(4-isopropoxy-3-
methoxyphenyl)-

13.130 12.850 13.430 10,909,220 2.61 912,706 3.99 11.95

2-Propenal,
3-(4-hydroxy-3-

methoxyphenyl)-
23.108 22.743 23.322 19,921,380 4.77 1,563,993 6.83 12.74

.beta.-D-
Glucopyranose,

1,6-anhydro-
26.885 25.863 27.453 2,21×108 52.89 6,079,678 26.54 36.30

3-(3-Hydroxy-4-
methoxyphenyl)-l-

alanine
41.648 41.338 41.902 7,171,324 1.72 438,929 1.92 16.34

Table 5. Juxtaposition of emissions of isolated substances, 450 ◦C.

Substance Name Retention
Time

Beginning
of Retention

Time

End of
Retention

Time
Area Area % Height Height % Height Ratio of

Area to Height

1-Nonanol 3.338 3.072 3.578 29,843,409 4.45 4,760,529 5.58 6.27
1,2-

Cyclopentanedione,
3-methyl-

4.106 3.955 4.237 27,646,010 4.12 4,011,657 4.70 6.89

Phenol, 2-methoxy- 4.330 4.225 4.330 8,159,169 1.22 4,719,840 5.53 1.73
Creosol 5.312 5.095 5.553 142,920,667 21.30 13,877,478 16.25 10.30

Resorcinol 5.918 5.635 5.943 105,583,215 15.74 10,047,241 11.78 10.51
2-Methoxy-4-
vinylphenol 6.802 6.683 6.950 70,451,490 10.50 10,534,477 12.35 6.69

Phenol, 2-methoxy-4-
(2-propenyl)-,

acetate
7.504 7.390 7.662 30,076,157 4.48 6,236,743 7.31 4.82

Phenol, 2-methoxy-4-
(1-propenyl)- 8.500 8.423 8.687 17,917,074 2.67 3,273,683 3.84 5.47

Vanillin 8.949 8.687 9.080 53,563,972 7.98 6,441,123 7.55 8.32
Phenol, 2-methoxy-4-

(1-propenyl)-,
(Z)-

9.453 9.280 9.688 106,849,808 15.93 10,662,932 12.50 10.02

Phenol,
2-methoxy-4-propyl- 10.376 10.202 10.497 15,976,600 2.38 2,157,416 2.53 7.41

Apocynin 11.440 11.242 11.610 25,925,624 3.86 2,682,291 3.14 9.67
2-Propanone,

1-(4-hydroxy-3-
methoxyphenyl)-

13.258 13.075 13.258 5,674,677 0.85 1,557,616 1.83 3.64

4-((1E)-3-Hydroxy-1-
propenyl)-2-

methoxyphenol
14.947 14.733 15.100 10,811,308 1.61 1,204,065 1.41 8.98

.beta.-D-
Glucopyranose,

1,6-anhydro-
26.018 25.928 26.273 19,509,501 2.91 3,159,530 3.70 6.17
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When providing analysis of the above figures and tables, it can be noticed that combus-
tion of wheat straw, in temperatures in the range between 350 and 450 ◦C, gives different
results. In the case of using higher burning temperature (450 ◦C), there are 15 released
substances. In the case of combustion at lower temperature (350 ◦C), there were only nine.

3.4. Design and Construction Production Line

Figure 5 presents the line visualization after the end of design works.
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Figure 6 presents picture of the biomass power plant during construction. Figure 7
presents picture of the biomass power plant after construction with additional equipment
that was needed to link the line with the energetical infrastructure of the Thermal Power
Engineering Company in Karczew (Poland).
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4. Discussion

In the widespread trend of using biomass in the energy sector, various expenses apply
to production in terms of costs and electricity. High economic and ecological efficiency are
the main factors determining the power dedicated to biomass in energy capacity [31–33].
Reducing the consumption of fossil fuels allows to stimulate the development of the
biofuels and biocomponents as possibility to exchange fossil fuels and reduce emissions of
harmful substances into the atmosphere.

Reducing the consumption of fossil fuels allows to stimulate the development of
the biofuels and biocomponents as a possibility to exchange fossil fuels and reduce emis-
sions of harmful substances into the atmosphere [34]. Compared with data in the litera-
ture [35], all biomass except poplar (7.21 MJ/kg) had higher calorific value than brown
coal (8.12 MJ/kg) and municipal waste (about 10.5 MJ/kg). In contrast, hard coal has a
market potential [36,37]. Industrial co-combustion of biomass with coal may be another
alternative higher calorific value than biomass of approximately 22.78 MJ/kg [35].

The compounds formed during biomass gasification depend on the process temper-
ature, and the chemical composition of the biomass used in the process [27]. The most
favorable calorific value from the investigated biomass was characterized by the highest
number of substances during anaerobic combustion at temperature 450 ◦C. Although most
substances can be extracted at a higher temperature, some of them were visible for both
temperature ranges. For example, in both temperatures 1,6-anhydro-beta-D-glucopyranose
can be observed. It should be remembered that not only the content of substances in a given
species is important, but also their toxicity, which affects activity the enzyme inhibitory.
Vanillin isolated due to the decomposition of lignin was observed during pyrolysis at
a temperature of 350 ◦C. All the substances listed can be biorefined for the purpose of
preparing a properly selected fuel, but this is a topic for further scientific discussion. The
compounds formed during biomass pyrolysis depend on the process temperature and the
type and chemical composition of the biomass. Higher process temperatures degrade the
high molecular weight compounds contained in the lignocellulosic biomass, resulting in
the formation of low molecular weight derivatives of these compounds [38]. Pyrolysis of
biomass is now considered as one of the methods to produce high energy fuels [39,40]. The
use of a system without liquefaction of the gasified compounds increases the efficiency and
cost-effectiveness of the process (no costs are incurred for cooling the gas obtained).

Market analysis based on 2010 data and their modelling indicates that with CO2
emission costs assumed at $99 in 2050, biomass energy production will be around 150 EJ. In
2010, energy production based on fossil fuels was approximately 138 EJ for coal, 171 EJ for
oil, and 106 EJ for natural gas [41]. An additional influence on limiting energy production
from fossil fuels in the EU is the introduction of the RED II directive [42], which tightens
the emission policy in relation to the Kyoto arrangements.

The cost of a biomass-based energy production installation (heat and electricity) varies
and depends among other things on the technology used and the country in which it is to
be located [43]. The core of technology elaborated in BioCHP project was implementation
of AI-20 engine accommodated to use micronized biomass as fuel. The power biomass line
could produce 2.5 MW electrical energy and 10 MW heat. It is quite a new approach to
electrical energy and heat production which has no direct references in literature. It can
be presented together with known technology such as traditional electricity production
using solid fuel turbine. Traditional electricity production is usually provided by the steam
turbine in big electropower stations fueled by solid fuels as coal or lignite. These power
plants are produced by General Electric or Runh Power Corp., Ltd. The price of completed
BioCHP line was $2.27 million USD. Presented in comparison with other solutions, it
was approximately two times cheaper compare to traditional electricity production line.
The BioCHP line is not equipped with a steam boiler and system of steam supply to the
steam turbine. However, this line has very high ability for accommodation, to other fuels
than micronized biomass such as for example biogas, natural gas, vegetable oil, processed
vegetable oil, and different types of mineral oils. Such flexibility of fuel supply is important
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for the line operator in periods, when biomass supply suddenly stops. Then, the power
line can work with the use of other fuels different than micronized biomass. The main
position in BioCHP power line exploitation costs are fuel costs. According to information
from 2020 National Statistic Office straw biomass price was equal 33.33–44.44 USD/t at
the gate of power line (average price 38.89 USD/t, exchange course 4.5 PLN/USD). Prices
were calculated for big rectangle straw ballots with the dimension of 120 × 130 × 90 cm
and mass about 600 kg/ballot. Straw costs should provide $0.54 million USD/year, with
consumption of 14 thousand t/year of straw for the one installation. The BioCHP installa-
tion which runs on straw has an advantage over other traditional installations running on
coal, that there are no additional costs for emission of CO2.

5. Conclusions

The process of micronization and production of electricity and heat from biomass
wastes based on a converted aircraft turbine AI-20 was analyzed in this research. Apart
from the technical approach, a chemical analysis was also provided. Improving the activities
performed within the production structure consists in analyzing and adjusting the processes
taking place within a given flow in the enterprise. The method of linking individual machine
modules in the field of electricity and heat production creates a certain concept of the flow
of fuel between the segments during the production cycle. The organization of production
and the type of individual phases of the production process have a great influence on the
form of flow. Depending on the material burned, it can increase or decrease production
efficiency, in particular when the machines are working in cogeneration. This type of device,
depending on the raw material used, allows to reduce the emission of greenhouse gases
into the atmosphere and does not pay emission costs.
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