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Abstract: Heat is usually transported by hydraulic circuits where the working medium is circulated
by an electric pump. Heat can also be transferred by natural convection in passive systems. Passive
systems where heat is transported downward have also been described and studied in the literature.
These types of devices are referred to as reverse thermosiphons. However, systems of the type are not
widely applied in practice due to the problems associated with the selection of the optimal working
medium. In water-based thermosiphons, negative pressure is produced when water temperature falls
below 100 ◦C, and non-condensable gas can enter the system. These problems are not encountered in
systems where the working medium has a low boiling point. However, liquids with a low boiling
point can be explosive, expensive, and harmful to the environment. The solution proposed in this
paper combines the advantages of water and a liquid with a low boiling point. The described system
relies on water as the heat transfer medium and small amounts of a substance with a low boiling
point. The developed model was tested under laboratory conditions to validate the effectiveness of a
passive system where heat is transported downward with the involvement of two working media.
The system’s operating parameters are also described.

Keywords: thermosiphon; anti-gravity; bubble pump; solar collector; passive heat transport

1. Introduction

Rapid technological development spurs the search for new solutions to improve the performance
and reliability of equipment. The demand for energy is directly linked with economic growth, and
most of the energy consumed world-wide is derived from fossil fuels [1].

Thermal energy plays a considerable role in the economy, which is why heat transfer processes
deserve special attention in a critical approach. Novel solutions should be characterized by the lowest
possible energy consumption, sound, and reliable design, low cost, and low environmental impact.

Conventional heat exchange systems rely on hydraulic circuits with natural (thermosiphon) and
forced circulation (electrical pump). From the point of view of energy conservation, passive systems
(thermosiphons) are preferred because they do not require an external power source (electricity).
They are also characterized by simple design and high reliability. Despite many advantages, passive
heat exchange systems have a major drawback: heat is transferred in one direction only—from the
bottom to the top of the tank.

Passive circulation systems that transport heat downward from the hot water tank have been
described in the literature [2–6]. Two-phase thermosiphons are one of such solutions. In two-phase
thermosiphons, the temperature of the working medium reaches boiling point, and heat energy is
transmitted by vapor. The main drawback of this solution is that the condensate has to be returned to
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the heating zone against the force of gravity. Condensate is lifted by the difference in vapor pressure
between heat supply and heat extraction zones. Some systems feature porous materials to lift the
condensate by capillary force. However, in such solutions, heat can be transferred only across small
distances (several meters) [7].

A two-phase thermosiphon with a liquid heat exchanger supports passive downward transport of
heat across greater distances [8,9]. In this solution, condensate does not have to be lifted. These types
of thermosiphons have been widely studied [10–14]. Most of them rely on a single working medium,
usually water or coolant. In water-based thermosiphons, negative pressure is produced when the
temperature of the heat source falls below 100 ◦C, which creates practical problems. Vast amounts of
coolant are needed to fill the entire system, which increases cost and exerts a negative impact on the
environment. These types of systems are not widely used due to the problems associated with the
selection of the optimal working medium.

This article presents the results of an experiment where two working media were applied to
induce passive downward transfer of heat in a system with a low-temperature heat source. Unlike
thermosiphons that operate cyclically [15–17], the proposed system is characterized by continuous
operation. The liquid medium is water, and the second medium is a substance with a low boiling
point [18,19].

Reverse thermosiphons can be applied to transfer heat from solar collectors. Renewable energy
plays an increasingly important role in the development of many countries, and the results of this
study were used to assess the applicability of reverse thermosiphons in the context of renewable
energy generation.

2. A Review of Passive Heat Transport Systems

2.1. Reverse Thermosiphons

Passive heat exchange systems generally rely on three physical phenomena: phase change,
capillary flow, and gravity. Depending on the structure of a passive heat exchange system, these
phenomena can occur simultaneously, separately, or in different combinations (Figure 1) [20].

 
Figure 1. General diagram of a passive heat exchanger.

A reverse thermosiphon (RT) enables passive heat transfer in a direction opposite to natural
convection (downward). One of the first devices of the type was developed by Tamburini in 1977.
The proposed solution was used to cool electronic systems [21]. In reversed thermosiphons, the
condensate has to be returned to the evaporation zone, which poses certain problems. Two methods
for lifting the condensate have been proposed in the literature:
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• anti-gravity thermosiphon with a vapor lift pump,
• anti-gravity thermosiphon with a passive pumping module [22].

Depending on the applied solution, heat is transferred by:

• a gaseous medium (vapor),
• a liquid medium.

2.2. Reverse Thermosiphons with a Vapor Lift Pump and One Working Medium

Systems where heat is transported downward rely on a vaport lift pump, which is also known as
a bubble pump. These systems use only one working medium. The main advantage of systems with a
vapor lift pump is their relatively simple structure and the absence of moving elements.

A heat transfer device with a vapor lift pump is presented in Figure 2. The solution proposed by
Movick (Figure 2a) has a significant drawback because the lifting pipe and the return pipe remain in
direct contact, which decreases the system’s efficiency. The remaining devices in Figure 2 have separate
lifting and return pipes. Devices developed specifically for use with solar collectors are presented
in Figure 2b–d,g. General-purpose heat transfer devices without additional pumps are presented in
Figure 2a,e,f.

Figure 2. Diagrams of devices with a bubble pump for transporting heat downward (The figure is
based on patents): (a) US Patent 1976 [23]; (b) US Patent 1981 [24]; (c) US Patent 1985 [25]; (d) US Patent
1994 [26]; (e) US Patent 2007 [27]; (f) US Patent 2008 [28]; (g) US Patent 2010 [29].

Reverse thermosiphons rely on a vapor lift pump, also known as a bubble pump, to transfer heat
downward from the tank. These devices are filled with one working medium. Their main advantage is
a relatively simple structure and the absence of moving elements. A diagram of a solar heater with a
vapor lift pump is presented in Figure 3 [30].

3
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Figure 3. Diagram of a solar heater with a vapor lift pump (The figure is based [30]).

In this system, heat is transferred by a liquid medium. The heated medium is lifted by gas bubbles
to the separator, and it returns to the hot water tank and the flat panel by force of gravity. The two-phase
(liquid-vapor) reservoir is referred to as the bubble pump.

A system with a vapor lift pump and a solar collector was analyzed by Han-shik et al. [31].
This system was filled with water as the working medium for transporting heat from vacuum tube
collectors. The tested installation had the height of 1 m and 5 m. The device was activated when
temperature inside the collector reached 90–100 ◦C. The experiment was conducted in a real-world
setting, and the operation of the tested device was considerably influenced by variations in solar
radiation. According to the authors, the developed device can replace an electric circulator pump. The
discussed system is presented in Figure 4.

Figure 4. Diagram of a heat exchanger with a vapor lift pump (The figure is based [31]).
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Similar systems that are filled with one working medium and use a vapor lift pump to transfer
heat downward have been analyzed by Ito et al. [32], Yandri et al. [33], and Klugmann et al. [34].

3. The Operating Principle of a Reverse Thermosiphon with a Vapor Lift Pump

3.1. Heat Transfer System with One Working Medium

Two-phase flow takes place in reverse thermosiphons where heat is transported by force of gravity.
Two-phase flow involves a continuous carrier phase, such as liquid or gas, and a dispersed carrier
phase in the form of a solid, liquid, or gas.

Vapor bubbles present in liquid intensify heat transfer in systems where heat is transported by
natural convection as well as in systems where heat is transported downward. The operating principle
of a reverse thermosiphon with a vapor lift pump and one working medium is presented in Figure 5.

 
Figure 5. The operating principle of a reverse thermosiphon with one working medium: (a) difference
in the height of the liquid column in heat pipes resulting from differences in temperature; (b) boiling
liquid increases the difference in the height of the liquid column in heat pipes; (c) circulation in a reverse
thermosiphon with one working medium; h1a, h2a, h1b, h2b, h1c, h2c—height of the liquid column in heat
pipes; t1a, t2a, t1b, t2b, t1c, t2c—liquid temperature; ρ1a, ρ2a, ρ1b, ρ2b, ρ1c, ρ2c—liquid density.

In the system presented in Figure 5a, if the working medium that partly fills heat pipes has a
different temperature (t1a > t2a), the liquid inside pipes with a higher temperature has lower density
(ρ1a < ρ2a). To equalize hydrostatic pressure in the system, the liquid column with a higher temperature
has to be taller than the liquid column with a lower temperature (h1a > h2a) (Figure 5a). When the
liquid reaches boiling point, the produced vapor bubbles increase the difference in the height of liquid
columns in heat pipes (h1b > h2b) (Figure 5b). The difference in the height of liquid columns induced by
vapor bubbles is greater than the difference observed in a system where the working medium does not
reach boiling point (Figure 5a).

Reverse thermosiphons with one working medium rely on the flow of boiling liquid (Figure 5c).
In a closed system that is partly filled with liquid, heat is transported to one heat pipe in the heating
zone. Vapor bubbles lift the liquid, which leads to two-phase single-component flow. Boiling liquid
is transported to a vessel positioned above the heating zone (separator), and it is driven downward
by force of gravity. Vapor is condensed in the upper part of the heat pipe containing cold liquid.
The resulting condensate is mixed with cold liquid and is recirculated to the heating zone. Hydrostatic
pressure is higher in the heat pipe containing hot liquid than in the pipe containing cold liquid. As a
result, the height of the hot liquid column significantly exceeds the height of the cold liquid column
(h1c > h2c). The difference in the height of liquid columns is sufficient to compensate for the loss of
hydrostatic pressure resulting from the lower density of the liquid with a higher temperature (ρ1c < ρ2c).
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The resulting difference in hydrostatic pressure is the driving force for liquid circulation inside the
system. The heat transfer medium flows from the heat supply zone to the heat extraction zone below.
The described system is a reverse thermosiphon where heat is transferred downward (unlike in systems
where heat is transferred by natural convection). The system’s efficiency is determined by the efficiency
of the vapor lift pump. The efficiency of lifting the liquid with the vapor lift pump is not very high,
compared with other methods, but this solution has a simple structure, and it is devoid of moving
components. The efficiency of a vapor lift pump is affected by the structure of two-phase flow. There
are five main flow structures: bubble flow, slug flow, froth flow, annular flow, and mist flow. The basic
types of two-phase flow in a vertical pipe are presented in Figure 6. The type of flow is determined
mainly by the proportions of vapor and liquid. Slug flow is the optimal type of flow in the analyzed
system [35–37].

Figure 6. Two-phase flow structures: (a) bubble flow; (b) slug flow; (c) froth flow; (d) annular flow;
(e) mist flow.

3.2. Heat Transfer System with Two Working Media

The reviewed reverse thermosiphons with a vapor lift pump rely on one working medium.
Such systems are burdened by the following technical problems:

• In water-based thermosiphons, negative pressure is produced when water temperature falls
below 100 ◦C. The above compromises the system’s tightness, and the application of systems that
maintain negative pressure is not cost-effective.

• Coolants can be used to maintain negative pressure in a system when water temperature falls
below 100 ◦C, but large amounts of coolant are needed to fill the entire system (such as solar
collectors), which increases cost and exerts a negative impact on the environment.

A circuit diagram of a reverse thermosiphon with two working media is presented in Figure 7.
Working media in a reverse thermosiphon should have the following characteristics:

• they should not be mutually soluble in the liquid phase,
• the pumping medium should have a lower boiling point than the liquid heat transfer medium, and
• the pumping medium should have lower density than the liquid heat transfer medium.

The proposed thermosiphon with two working media is filled with a liquid working medium and
a small amount of a pumping medium (with a low boiling point) that does not exceed 0.3 kg.

A reverse thermosiphon with two working media has five basic components: a vapor lift pump,
an evaporator, a separator, a condenser, and a thermal receiver with a heat exchanger. All components
are connected to form a closed liquid system. The operating principle of a reverse thermosiphon with
two working media is presented in Figure 7. The heat flux reaches the evaporator which is partly filled
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with the liquid heat transfer medium. A thin layer of the pumping medium (6–12 mm) floats on the
liquid medium. The liquid medium is heated, which raises the temperature of the pumping medium.
When the vaporized pumping medium reaches the required pressure, it is transferred to the vapor
lift pump via a dedicated channel. As a result, two-phase two-component flow (liquid heat transfer
medium—vaporized pumping medium) takes place in the vapor lift pump, and the liquid medium is
pumped to the separator. The liquid medium and the vaporized pumping medium are separated in
the separator. Gravity drives the liquid medium to the thermal receiver. The liquid medium is cooled
and recirculated to the evaporator. The vaporized pumping medium flows to the condenser, and the
condensate returns to the evaporator by force of gravity.

 
Figure 7. Circuit diagram of a reverse thermosiphon with two working media: 1—separator, 2—vapor
lift pump, 3—steam inlet, 4—evaporator, 5—thermal receiver, 6—condenser.

A solar collector can be used as a heat source in the proposed thermosiphon. In this case, the
thermosiphon has to be positioned above the solar collector (Figure 4). Heat is transferred from the
evaporator to the collector by natural convection.

4. Materials and Methods

A diagram of a laboratory stand for testing a reverse thermosiphon with two working media is
presented in Figure 8.

The vapor lift pump (3) is the main component of a reverse thermosiphon with two working
media. The vapor lift pump (3) is positioned inside a vessel divided into two zones: the separator in
the top zone (1) and the evaporator in the bottom zone (2). The electric heater (5) and the pumping
medium return pipe (11) are connected to the bottom zone of the evaporator (2). The vapor pipe (14) is
connected to the top zone of the separator (1), and the downcomer pipe (6) is connected to the bottom
zone of the separator. The other end of the downcomer pipe (6) is connected to the heat exchanger (8)
in the water hot water tank (7). The hot water tank (7) has a volume of 25 liters, it is thermally insulated
and equipped with an electric stirrer to prevent liquid stratification inside the tank. The condenser (12)
is positioned above the vessel containing the evaporator and the separator. The vapor produced by
the pumping medium is transported by the pumping medium pipe (14) to the upper part of the coil
pipe. The condensate produced in the coil pipe returns to the evaporator (2) via the pumping medium
return pipe (11). The condensate returns to the evaporator by force of gravity. The pumping medium
has lower density than the heat transfer medium; therefore, the condenser (12) has to be positioned
above the vessel containing the separator (1) and the evaporator (2). The riser pipe (9) and the liquid
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medium return pipe (10) are connected to the bottom part of the condenser. The vapor lift pump, the
evaporator, and the separator were made of transparent material (Plexiglas) to facilitate observations
of two-phase (liquid-gas) flow and to control liquid levels in each segment of the model.

Figure 8. Diagram of the laboratory stand for testing a reverse thermosiphon with two working media:
(a) circuit diagram, (b) laboratory model; 1—separator; 2—evaporator, 3—vapor lift pump, 4—vapor
inlet, 5—electric heater, 6—downcomer pipe, 7—hot water tank, 8—coiled pipe inside the hot water
tank, 9—riser pipe, 10—liquid medium return pipe, 11—pumping medium return pipe, 12—condenser,
13—condenser coil, 14—pumping medium pipe.

A series of experiments were carried out to evaluate the applicability of two working media for
transporting heat in a direction opposite to natural convection in a thermosiphon with a vapor lift
pump. The laboratory test stand is presented in Figure 9.

Figure 9. Laboratory test stand: (a) without thermal insulation; (b) with thermal insulation.

Water (6 kg) was the heat transfer medium, and pentane (0.1 kg) was the pumping medium.
These substances are mutually insoluble in the liquid phase. Pentane is less dense than water [38],
which is why it is found in the top part of the thermosiphon. Heat was supplied by a 1500 W
electric heater. The experiments were conducted at three power settings: 600, 900, and 1200 W. Water

8
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temperature inside the hot water tank was 20 ◦C at the beginning of each experiment. The experiment
was terminated when water temperature inside the hot water tank exceeded 40 ◦C. The system was
thermally insulated to minimize heat loss (Figure 9b).

The following physical parameters were measured during the experiment:

• liquid temperature,
• vapor temperature,
• volumetric flow rate of the heat transfer medium, and
• electric heater power.

The location of measuring sensors is presented in Figure 10.

 
Figure 10. Location of measuring sensors: T1–T5—temperature sensors; G—flow sensor.

All physical parameters were measured and registered at a frequency of 1 Hz.

5. Results

5.1. Flow Rate of the Heat Transfer Medium

The flow rate of the heat transfer medium in the reverse thermosiphon was measured during
the experiment. Instantaneous flow rates of the liquid medium (dotted line) at 600 W are presented
in Figure 11. Data fluctuations were smoothed with a moving average trend line (continuous line).
A total of 60 data points (time period) were averaged (data were averaged for 60 measurements, i.e.,
over a period of one minute).

9
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Figure 11. Instantaneous flow rate of the liquid heat transfer medium in the laboratory model at 600 W.

The flow rate of the working medium at every power setting is presented in Figure 12. Only
moving average trend lines for 60 measurements were presented to preserve the diagram’s readability.

Figure 12. Flow rate of the liquid heat transfer medium represented by moving average trend lines
(time period—60) at 600, 900 and 1200 W.

Medium flow was unstable in all experiments. The average flow rate was determined at 15÷ 20 L/h
at 600 W and 30 ÷ 40 L/h at 900 and 1200 W. The flow rate of the liquid heat transfer medium did not
increase when the heater’s power output was raised from 900 to 1200 W.

5.2. Temperatures in the System

During the experiment, the temperature was measured in the following five points of the system:

• vapor temperature of the pumping medium in the evaporator (T1),
• liquid medium temperature in the evaporator (T2),
• liquid medium temperature at the hot water tank inlet (T3),
• water temperature in the hot water tank (T4), and
• liquid medium temperature at the hot water tank outlet (T5).

Temperature values for the experiments conducted with the following three power settings, 600,
900, and 1200 W, are presented in Figures 13–15.

10
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Figure 13. Liquid and vapor temperatures—heat source power 600 W.

Figure 14. Liquid and vapor temperatures—heat source power 900 W.

Figure 15. Liquid and vapor temperatures—heat source power 1200 W.

During the experiments, the temperature difference (T3–T5) for the entering liquid and the liquid
leaving the hot water tank got changed. The lowest temperature difference occurred with power
900 W and ranged from 17 to 21 ◦C. After increasing the heat source power to 1200 W, the temperature
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difference increased and came to 22–24 ◦C. However, at the lowest heat source power of 600 W, the
temperature difference at the beginning of the experiment came to 23 ◦C and kept decreasing until it
reached 20 ◦C at the end of the experiment.

5.3. Heat Transfer Efficiency

A reverse thermosiphon is a device that transports heat, and heat transfer efficiency is one of the
most important parameters in the system. A system’s heat transfer efficiency ηHT (%) is defined as the
ratio of the energy accumulated in the hot water tank (QWT) to the energy supplied to the system (Qin),
and it is expressed by Equation (1):

ηHT =
QWT

Qin
× 100% (1)

A similar approach was used by Roonprasang et al. [39] to determine the efficiency of experimental
systems transporting heat in a direction opposite to natural convection. Thermal energy accumulated
in the hot water tank was calculated with the use of Equation (2):

QWT = mw × cp,w × ΔT (2)

where mw is the mass of water, cp,w specific heat capacity of water and ΔT is temperature difference
(T3–T5, Figure 10).

Thermal energy supplied to the system by the electric heater was calculated with Equation (3):

Qin = P× τ (3)

where P is power consumed by the electric heater and τ experiment time.
The heat transfer efficiency of the reverse thermosiphon at different power settings is presented in

Figure 16.

HT HTS

Figure 16. Heat transfer efficiency in the laboratory model.

Heat transfer efficiency was lowest when the electric heater was set to 600 W (ηHT = 62%).
The analyzed parameter reached ηHT = 67% at 900 W and ηHT = 65% at 1200 W. These results indicate
that heat transfer efficiency in the laboratory model was highest when the heat source was set to 900 W.
Heat transfer efficiency was not bound by a linear correlation with the output of the electric heater.
When power was increased above 900 W, the proportion of the gaseous phase in two-phase flow
increased rapidly, which changed flow structure from slug flow to froth flow. The froth flow regime
in two-phase flow does not guarantee maximum flow of the heat transfer medium in a system and,
consequently, decreases heat transfer efficiency. The flow structures observed at 600 W and 1200 W are
compared in Figure 17.
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Figure 17. Structure of two-phase flow in a vapor lift pump: (a) slug flow at 600 W; (b) froth flow at
1200 W.

In a vapor lift pump, the liquid medium has the highest flow rate during two-phase slug flow [35].
The experiment was conducted with a constant heat flux reaching the device and variable

temperature of the hot water tank. If the water tank has a constant temperature, heat can be exchanged
more efficiently because it is not accumulated in the system. The following components influence a
system’s heat capacity:

• liquid heat transfer medium (water), 6 kg,
• copper pipes, 2.5 kg, and
• steel components in reverse thermosiphon vessels (evaporator, separator, condenser), 3.4 kg.

The system’s heat capacity QS was taken into account in Formula (1) to calculate heat transfer
efficiency with the Formula (4):

ηHTS =
QHWT + QS

Qin
× 100% (4)

Heat transfer efficiency that accounts for the system’s heat capacity ηHTS (red squares) is presented
in Figure 16. The lowest heat transfer efficiency was 78%. Heat transfer efficiency was highest (84%)
when the heater was set to 900 W.

6. Conclusions

The presented laboratory experiment confirmed that two working media can be applied in a
reverse thermosiphon with a vapor lift pump. The heat flux reaching the system had constant value.
The vapor produced by the pumping medium guaranteed the system’s continuous operation.

When the system’s heat capacity was taken into account, heat transfer efficiency was highest (84%)
when the electric heater was set to 900 W, and it was lowest (78%) at 600 W. The supplied heat and the
obtained heat were taken into account in the heat efficiency analysis. Heat is a system parameter that
is not easily scaled or converted to expected efficiency in differently scaled systems, which is why the
parameters of a vapor lift pump should be determined at the design stage.

The flow rate of the liquid heat transfer medium was highest (40 L/h) at 900 W. Two-phase slug
flow was observed in the heat lift pipe. When power was increased above 1000 W, flow structure
changed from slug to froth flow, which disrupted liquid circulation in the system. The dimensions of
the vapor lift pipe should be adapted to the heat source to guarantee two-phase slug flow.

In the studied laboratory model the minimal temperature difference of liquid heat transfer medium
(water) entering and leaving the hot water tank occurred with the heat source power 900 W and was
18 ◦C.
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A downward heat transfer system with a vapor lift pump and two working media (water as the
heat transfer medium and a small amount of a pumping medium with a low boiling point) is a viable
solution with many practical applications.

In the next stage of the research, the described system will be tested in a real-world setting with a
solar collector as the heat source. The proposed solution can replace pumps and control elements in
systems powered by solar energy.

The proposed solution can be applied in other system where the temperature of the heat source is
below 100 ◦C and heat has to be transported downward.

7. Patents

A device for gravitational heat transfer in a direction opposite to natural convection; PL227757,
(2018).
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Abstract: Acquiring energy contained in biomass requires its prior appropriate preparation.
These treatments require some energy inputs, which significantly affect the reduction of the energy
and the environmental balance in the entire life cycle of the biomass energy processing chain. In
connection with the above, the aim of this work is to develop a methodology for the environmental
assessment of biomass grinding in the processing chain for energy purposes. The research problem
is formulated as follows: Is it possible to provide an assessment model that takes into account the
environmental inputs and benefits of the grinding process of biomass intended for further energy
use (for example, combustion)? How do the control variables of the grinding machine affect the
environmental process evaluation? In response to these research problems, an original, carbon dioxide
emission assessment index of the biomass grinding process was developed. The model was verified
by assessing the process of rice and maize grinding on a real object—a five-disc mill—with various
speed settings of the grinding disc. It was found that the carbon dioxide emission assessment model
developed provides the possibility of comparing grinding processes and identifying the grinding
process with a better CO2 emission balance, where its values depend on the control parameters of
the mill.

Keywords: disc-mill; efficiency; carbon dioxide; rice; corn; grinding

1. Introduction

Grinding processes are one of the most commonly used preparatory processes for energy carriers
(fossil and alternative) intended for combustion and co-combustion [1,2] and biofuel production [3–5].
These biomass forms may include plant-based lignocellulose waste [6,7], sewage waste [8,9],
and animal-based meat processing waste [10]. To enhance the utilization of these biomass forms
for direct combustion [11,12] or as a biorefinery feedstock [1,7], size reduction approaches typically
constitute a significant pre-treatment step that must be undertaken [13]. This is because size reduction
operations serve to enhance accessibility to the stored carbon present in biomass. Such size reduction
is predominantly carried out on cylindrical mills, drum mills, ball mills, hammer mills, and disc
mills [13,14]. Hammer and disc mills yield the best results in terms of the grinding product quality,
energy consumption, and efficiency [1,13]. The main goals of grinding granular biomass, as well as
other energy materials (e.g., coal, wood), include the reduction of dimensions, the release of substances
contained in the material structure, and an increase in the material-specific surface area so that the
energy contained in its structure can be released faster [15–18]. In order to maximize the potential
of ground raw materials, energy consumption during grinding (processing) should be as low as
possible [19]. Unfortunately, mills and grinders currently in use are still characterized by high energy
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consumption and low efficiency [15,20]. Undertaking research, creating structural and technological
solutions aimed at improving the energy and environmental efficiency of grinding systems, is significant.
The key element is the implementation of eco-innovative systems, starting with assessment at the
design stage with the use of a multi-criteria analysis, as one example [21,22]. Criteria for the selection
of grinding technology and the assessment of its operation should clearly indicate solutions that meet
the assumptions of sustainable development [23–25].

Assessment criteria that refer to the concept of environmental efficiency can be interpreted as the
efficiency of innovative and environmental actions and the consequences of the environmental impact
of machines, devices, and engineering equipment [26]. The concept of a product assessment based on
the so-called eco-efficiency and related indexes is becoming more and more popular [26,27]. The major
assumption of eco-efficiency is to work out a technological solution with the best cost-to-benefit
ratio while maintaining a reduction of the environmental impacts [27,28]. Huppes and Ishikawa [29]
proposed four indexes to be used for the assessment of a technology’s (Table S1) environmental
productivity (Table S1, Equation (1)), environmental intensity of production (Table S1, Equation (2)),
environmental improvement cost (Table S1, Equation (3)) and environmental cost-effectiveness (Table
S1, Equation (4)) which is a combination of the relations between the environmental indexes and the
economic results. LCA (life cycle assessment) is a method for assessing environmental impacts [30].
LCC (life cycle costing) is used for assessing economic efficiency [31] and PSIA product impact social
assessment is a method used for assessing social impacts [32]. LCA and LCC methods for assessing the
grinding process constitute just one of many other elements to be used to assess technological biomass
processing in its entirety, either for energy or food production purposes [30,33–36]. MFA (material flow
analysis) is another assessment method that focuses on the flow of material between particular
stages of the technological process [37]. Knowledge of the quantitative demand for materials in the
manufacturing process is also used by the MAIA (material intensity analysis), which is based primarily
on determining MIPS (material input per service unit index) (Table S1, Equation (5)), which defines
the amount of natural resources needed to manufacture a product or provide a service [38]. X factor,
defined as the ratio of the eco-efficiency of the product under assessment to that of the reference product,
described in [39], can also be used for eco-efficiency assessment (Table S1, Equation (6)). X factor
makes it possible to determine how far the manufactured product is from the performance level of
the reference product. It allows one to compare different manufacturing variants of the same product
on the basis of the ratio of the product being assessed to the reference product’s ecoefficiency level
(Table S1, Equation (6)). Tahara et al. [40] have proposed the ICEICE (integrated CO2 efficiency index
for company evaluation) including indirect and direct CO2 emissions in combination with economic
effects and total CO2 efficiency, direct CO2 efficiency, and indirect CO2 efficiency calculated on the basis
of indexes (Table S1, Equations (7)–(9). Bennet et al. [41] have developed an optimization tool—Eco
Compass—which can be used to support decision making processes in business to meet the demand
according to sustainable development assumptions. Kasner [42] has proposed an integrated life cycle
index (Table S1, Equation (10)) to determine efficiency in obtaining benefits from technological costs
involved in the entire life cycle, which includes manufacturing costs, operational costs, and post-use
management costs. This index takes advantage of data regarding the environmental impact obtained
with the use of LCA [43]. The indexes and criteria presented herein can successfully be adapted for
evaluation of the grinding process through appropriate modeling. Eco-efficiency models developed for
technology make it possible to compare the technologies under consideration (products) in a scalar form
and select a technology that is best in terms of productivity, the economy, and the environment [44].

Only a few works address the environmental assessment of the grinding process exclusively in
terms of ecology [45–49]. In many works, specific energy consumption and fragmentation degree have
been indicated as two basic criteria for the assessment of this process [50–53]. Flizikowski et al. [45]
proposed an environmental efficiency index to assess the grinding process defined as a ratio of CO2

emissions produced by grinding to the biomass energy use for outlays in the form of emissions of
equivalent CO2 in the process of grinding (Table S2, Equation (1)). Mroziński et al. [46] showed an
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index of environmental non-destructivity defined as a ratio of equivalent CO2 emissions to electric
energy consistent with this equivalent (Table S2, Equation (2)). Kruszelnicka et al. [48] discussed a
material energy efficiency index, which refers to indirect emissions involved in the process of energy
of different materials (Table S2, Equation (3)). In other studies [47,49], Kruszelnicka proposed a
sustainable emissivity index for the environmental assessment of grinding, which also refers to indirect
emissions involved in grinding (Table S2, Equation (4)), making it possible to optimize the grinder disc
process parameter settings.

In view of the above, the aim of the work is to develop a methodology for the carbon dioxide
emission assessment of biomass grinding in the processing chain for energy purposes. The research
problem is formulated as follows: Is it possible to create an assessment model that takes into account
the environmental inputs and benefits of the grinding process of biomass intended for further energy
use (for example combustion)? How do the control variables (the angular velocity of the cutting edges
of working elements) of the grinding machine affect the carbon dioxide emissions of the process [54]?
To obtain an answer to the research problem, a model was developed for the carbon dioxide emission
assessment of the grinding process, including the relations between the benefits from energy biomass
grinding and the environment-related costs used for grinding. Verification of the model was carried
out on a real object—a five-disc mill. Dependences between the angular speed settings of the grinding
discs and the values of the proposed assessment model were identified to indicate parameters that
provide the assessment index with the best values. A mathematical model of the proposed sustainable
CO2 emissions indicator, the test stands and the experiment conditions are described in Section 2.
Section 3 contains the results and a discussion. The discussion has been summarized and the most
important conclusions are included in Section 4.

2. Materials and Methods

2.1. Model of a Sustainable CO2 Emissions Index

The proposed model of a sustainable CO2 emissions index is based on the assumption of
environmental assessment models of the grinding process (Table S2, Equations (1) and (2)) presented
in [45,46]. Equivalent CO2 emissions in the grinding process are closely related to its energy
consumption [45–49]. Considering a system whose aim is to reduce the process, product, machine,
and environmental impacts (e.g., by eliminating CO2) while maintaining its higher efficiency and
providing a high-quality product as well as energy efficiency, the integrated energy purpose of product
(for example, combustion) sustainable CO2 emissions index can be expressed as [54,55]

WZCO2 = ΔBCO2 /NCO2 (1)

where

ΔBCO2 —environmental benefits—change in CO2 emissions,
NCO2 —environmental costs of grinding—energy consumption.

The one factor influencing the positive change in carbon dioxide balance can be described as CO2

emissions, for example, from the burnt ground energy biomass XBCO2 , because biomass is a renewable
fuel, which during the growth phase, absorbs an amount of carbon dioxide equal to the emissions from
its energy use [56]. Additionally, in industrial emission monitoring systems, CO2 emission indexes
from biomass are treated as zero [57]. These should be reduced by equivalent CO2 emissions related to
energy consumption in the grinding process XRCO2 in accordance with the equation on environmental
benefits [54]:

ΔBCO2 = XBCO2 − XRCO2 (2)

where

XBCO2 —CO2 emissions from the energy use (for example, combustion) of ground biomass, kgCO2eq,
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XRCO2 —the amount of CO2 emissions associated with the use of electricity in the grinding process,
kgCO2eq.

The results of previous research show that the energy properties of biomass (especially its
digestibility, exergy) change depending on the degree of fineness (post-grinding particle size) [46,55,58];
therefore, it was accepted that emissions from the combustion of ground biomass XBCO2 are expressed
as the sum of emissions from the combustion of biomass divided into size classes, according to the
equation [54]:

XBCO2 = mB·
∑

(JACO2i·WBi·qi) (3)

where

mB—mass of ground biomass, kg,
JACO2i—unit CO2 emissions for the i-th size class of biomass, kg·kWh−1,
WBi—calorific value of the i-th size class of biomass, kWh·kg−1,
qi—mass share of the i-th size class of biomass.

The emissions involved in electricity consumption during grinding are described as follows [54]:

XRCO2 = EcM·JKCO2 (4)

where

EcM—total energy consumption of the grinding machine during the grinding of a mass of biomass
mB, kWh,
JKCO2 —emissions of carbon dioxide for the production of electric energy from coal, kgCO2eq·kWh−1.

In this case, environmental costs were assumed as total energy consumption EcM for biomass
grinding. Taking into account the above and Dependencies (3) and (4), the sustainable CO2 emissions
index will take the form [54]:

WZCO2 = (XBCO2 -XRCO2 )/EcM = (mB·
∑

(JACO2i·WBi·qi) − EcM·JKCO2 )/EcM (5)

Knowing that the mass of the ground biomass mB is related to grinding efficiency Q:

Q = mB/t⇒mB = Q·t (6)

Q—grinding efficiency, kg·h−1,
t—time, h,

and that the energy used in the grinding process EcM is equal to

EcM =
∑

Pi·t = Pc·t (7)

where

Pi—power on the i-th grinding element,
Pc—total power of the grinder.

Then Equation (5) assumes the following form:

WZCO2 = (Q·t·
∑

(JACO2i·WBi·qi) − Pc·t·JKCO2 )/Pc·t (8)

which after being reduced by time t, gives

WZCO2 = (Q·
∑

(JACO2i·WBi·qi) − Pc·JKCO2 )/Pc (9)
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In this way, Equation (9), including the most important characteristics of the grinding process,
that is, efficiency, the power of the grinding unit, and the product degree of fineness, is provided.
Both the power and the product degree of fineness depend on the angular speeds of rotating elements.
In the case of multi-disc grinders, this concerns the angular speeds of the grinding discs. Thus, it can
be supposed that the values of the sustainable emissivity index will also depend on the angular speeds
of the discs, which have been verified in this study.

For the machine idle gear, when EcM > 0 and mB = 0, the quantity of emissions from groundmass
is equal to 0, which yields:

WZCO2(min) = (−Pc·JKCO2 )/Pc = − JKCO2 (10)

Thus, the lowest value of emissions that can be assumed by the sustainable indicator is emissions
equal to unit emissions from electrical energy produced from coal (Figure 1).

WZCO

WZCO

WZCO

WZCO

WZCO EB EcM
WZCO XBCO2 XRCO2

Figure 1. Graphic interpretation of the sustainable CO2 emissions index.

The level of emissions of CO2eq from fossil fuels to be sustained by emissions from alternative
fuels occurs at WZCO2 = 0 (Figure 1), that is, when

Q·
∑

(JACO2i·WBi·qi) − Pc·JKCO2 = 0 (11)

Q·
∑

(JACO2i·WBi·qi) = Pc·JKCO2 (12)

In order to reach energy sustainability (with an assumption that the mass to be ground will be
used for the production of electrical energy to power the grinder), the value of electric energy produced
from the combustion of biomass EB should be at least equal to that used in the grinding process:

EcM = EB (13)

The level of energy obtained from combusted biomass is

EB = Q·t·kk

∑
WBi·qi (14)

where:

WBmin—minimal calorific value from the set of values of the i-th biomass fractions WBi,
kk = 0.4—co-generation coefficient [59].
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Substituting Equations (7) and (14) for Equation (13) yields:

Pc = Q·kk

∑
WBi·qi (15)

In an associated production of electric energy from heat energy obtained from biomass combustion,
unit emissions (per 1 kWhe of generated electric energy) JACO2ie is expressed in the following way:

JACO2ie = JACO2i/kk (16)

hence, the value of the sustainable CO2 emissions index for sustainable WZCO2(e) is

WZCO2(e) = (Q·kk

∑
WBi·qi·JACO2ie − Q· kk· JKCO2

∑
WBi·qi)/Q·kk

∑
WBi·qi (17)

after reduction it is
WZCO2(e) =

∑
WBi·qi·JACO2i/

∑
WBi·qi - JKCO2 (18)

and considering Equation (16):

WZCO2(e) = (
∑

WBi·qi·JACO2i/kk)/
∑

WBi·qi − JKCO2 (19)

The minimal value of the sustainable CO2 emissions index occurs for energy sustainability when
100% (qi = 1) of the grinding product (combusted biomass) is the fraction with the lowest unit CO2

emissions, thus yielding:

WZCO2(emin) = (WB(JACO2min)·qi·JACO2min/kk)/WB(JACO2min)·qi − JKCO2 (20)

Considering that qi = 1, Equation (20) takes the form:

WZCO2(emin) =WB(JACO2min)·JACO2min/kk·WB(JACO2min) − JKCO2 (21)

and being reduced:
WZCO2(emin) = JACO2min/kk − JKCO2 (22)

Equation (22) implies that

• if JACO2min/kk > JKCO2 then WZCO2 (e) > 0,
• if JACO2min/kk < JKCO2 then WZCO2 (e) < 0.

2.2. Conditions of Experimental Model Verification

Verification of the model of the sustainable CO2 emissions index involved carrying out an
experiment with the use of a real object. Tests were performed in the following order:

1. Choice and preparation of the test stand;
2. Choice and preparation of the biomass to be tested;
3. Determination of grinding conditions and the tests program;
4. Comminution of the biomass while monitoring functional characteristics of grinding
5. Determination of calorific values and emission values for given biomass fractions

after comminution;
6. Calculation of the value of the sustainable CO2 emissions index;
7. Analysis of the relations between the emissions index and the angular speed of the working

elements cutting edges.

22



Energies 2020, 13, 330

2.2.1. Test Stand

A mathematical model of the sustainable CO2 emissions index for the grinding process in the
biomass processing chain has been developed to be implemented in a self-regulating control grinding
system. The tests were conducted for a five-disc mill drive. The test stand consisted of a grinding unit
(of a five-disc grinder) equipped with modules to control and monitor the functional characteristics of
the mill control unit and the feed system. Figure 2 shows a view of the test stand.

 

Figure 2. Test stand for monitoring the process of multi-disc grinding, 1—five-disc mill, 2—slide feeder,
3—hopper, 4—control panel, 5—product reception basket, 6—scales for the product, 7—chamber for
measuring the size of the product after grinding.

The main elements of the grinder include the housing, body, working chamber, hopper,
product reception basket, and grinding unit. The grinding unit includes five discs powered by five
electric motors which make it possible to control and monitor the grinding characteristics independently
for each disc. Table 1 provides the most important structural characteristics of the grinder discs.

Table 1. Structural characteristics of a five-disc grinder working discs RWT-KZ5.

Parameter Disc 1 Disc 2 Disc 3 Disc 4 Disc 5

Disc diameter Dn (mm) 274 274 274 274 274
Number of holes ln (psc.) 14 22 27 33 39

Diameter of holes dn (mm) 30 23 21 17.5 17.5
Radius of hole arrangement

in a row 1 (mm) 85 82.4 79.5 79.5 82

Radius of hole arrangement
in a row 2 (mm) 101.5 107.4 95.5 99.5 102

Radius of hole arrangement
in a row 3 (mm) - - 110.5 114.5 117

2.2.2. Comminuted Biomass

The study involved samples of corn and rice grains that were not suitable for food or animal feed
uses. Corn is widely used in the energy sector, especially in biogas production. In Canada, it has also
been used for direct combustion in special stoves [60,61]. Rice, as the plant with the greatest cultivation
area, has great potential to be used for energy production. It is most commonly used in the form of
briquettes [62]. Both comminuted grains can be a good substitute for coal, considering their relatively
high heating values [61,63–65].

Before grinding, the moisture of the grains was assessed on a MAC 210/NP moisture balance
(RADWAG, Radom, Poland) on the basis of the sample mass difference before and after drying,
in accordance with the weighing method given in ISO norm 1446 [66,67]. The moisture of the rice
grains was 13.47% ± 0.02%, while for corn it was 12.68% ± 0.02%, and the average dimension D80 of
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the grains was determined on the basis of granulometric analysis carried out in accordance with ISO
norm 13322-2:2006 [68], by means of a CAMSIZER device (Retsch Technology GmbH, Haan, Germany),
where the results were 2.14 ± 0.02 mm and 8.15 ± 0.02 mm, respectively. Before the grinding process,
grains were subjected to prior initial drying. The rice used in the study was deprived of its husk,
while the corn was separated from the cobs. Before being burned, pellets were made from ground
material that was divided into appropriate dimensional fractions.

2.2.3. Comminution Process Conditions

Emissivity assessment was carried out for a five-disc mill, for the comminution of two grainy
materials: rice and corn. In each case, 1 kg of the material was used; both power intake and torques
that occurred on particular discs were recorded. Data were recorded every 5 s. Grinding efficiency
was determined according to Equation (6). The biomass granulometric content after grinding was
determined by means of a CAMSIZER device (Retsch Technology GmbH, Haan, Germany), according
to ISO norm 13322-2:2006 [68]. The material was delivered by means of a slide feeder with a fixed
input equal to 112 kg·h−1. The angular speeds of the discs were accepted as process variables in order
to find out their impact on the sustainable CO2 emissions index. Summary SΔω change in the angular
speed on all the discs, starting with the minimal level, that is, from 20 rad·s−1, was accepted as the
variable of the analysis of the relations between the emissions index values and the angular speed.

The experiment plan included five different test programs (PB) and angular speed settings
depending on the manner of the speed growth Δω (Table 2), accepted according to [49]. Angular speed
settings were repeatedly changed in the range from 20 to 100 rad·s−1 with a certain gradient Δω
(Table 2). Next, the values of the proposed sustainable CO2 emissions index were determined for
each configuration.

Table 2. Settings of the five-disc mill control parameters.

Test
Program

Configuration
No.

SΔω Δω ω1 ω2 ω3 ω4 ω5

rad·s−1 rad·s−1 rad·s−1 rad·s−1 rad·s−1 rad·s−1 rad·s−1

I

1 50 5 20 25 30 35 40
2 100 10 20 30 40 50 60
3 150 15 20 35 50 65 80
4 200 20 20 40 60 80 100

II

1 200 20 100 80 60 40 20
2 150 15 80 65 50 35 20
3 100 10 60 50 40 30 20
4 50 5 40 35 30 25 20

III

1 40 20 20 40 20 40 20
2 85 20 45 25 45 25 45
3 225 25 75 50 75 50 75
4 360 20 100 80 100 80 100

IV

1 40 20 20 40 20 40 20
2 80 40 20 60 20 60 20
3 120 60 20 80 20 80 20
4 160 80 20 100 20 100 20

V

1 240 80 100 20 100 20 100
2 280 60 100 40 100 40 100
3 320 40 100 60 100 60 100
4 360 20 100 80 100 80 100

2.2.4. Determination of Calorific and Emissions Values for Given Biomass Fractions after Comminution

Rice and corn grains were comminuted and divided into dimensional fractions with the use of steel
sieves (Table 3). The division was made by means of a sieve shaker Analysette 3 PRO (Fritsch GmbH,
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Idar-Oberstein, Germany) in accordance with DIN norm 66165 [69]. After the division into fractions,
a pellet maker was used to prepare pellets. Next, 1.5 kg samples were combusted in a pellet Greń
furnace of the EG-Pellet type (GREN sp. z o.o., Pszczyna, Poland). CO2 emissions measurements were
performed by means of a dedicated exhaust fumes analyzer ULTRAMAT 23 (Siemens AG, Nürnberg,
Germany) for approximately 10 min for each sample. The analyzer measures the content of carbon
dioxide (CO2), carbon monoxide (CO), nitrogen oxide (NO), sulfur dioxide (SO2), and dioxide (O2) in
the exhaust emissions.

Table 3. Dimensions of rice and corn fractions used for pellets.

Fraction Dimension (μm)

Rice 0–630 630–1250 1250–2000 >2000
Corn 0–500 500–1250 1250–2000 >2000

Calorific values of the pellets prepared from the ground biomass with dimensions presented in
Table 3 were determined in earlier tests whose results can be found in the authors’ other publications [55].

2.2.5. Analytical Methods

Tools for statistical analysis available in MS Excel (Microsoft, Redmond, Washington, USA) and
Statistica (TIBCO Software Inc., Palo Alto, CA, USA) were used to analyze the results. Basic descriptive
statistics of sustainable emissivity were determined. Relations between angular speeds of the grinder
discs and emissivity were examined using correlation analysis with Spearman’s method and the
analysis of regression and the adequacy of the proposed models. The significance level was accepted
as p < 0.05.

3. Results and Discussion

3.1. Input Variables of the Sustainable CO2 Emissions Model

The following assumptions and limitations were adopted for this study:

• CO2 emissions involved in the production of electric energy from coal is 0.812 kgCO2·kWh−1 [70].
• In the emissions analysis of this paper, only emissions from the grinding and energy-use processes

were considered. Emissions relating to the pelletization process were excluded. The analysis
was limited to energy use in the form of pellet combustion. No other methods were considered,
such as gasification, fermentation, or digestion.

3.1.1. Power Consumption

The power input on each disc of the five-disc grinder was recorded during the experiment.
Figure 3 shows the grinder’s total power input for each configuration of the five testing programs
(Table 2).

An increase in the angular speed of the multi-disc grinder was caused by power consumption
growth (Figure 3). It can also be noted that the highest power input was found for high-speed disc
settings (setting no. 4 from PB III and setting no. 4 from PB V) and lowest for low angular speeds
(setting no. 1 from PB III and setting no. 1 from PB IV). The power input for all the settings was
higher for corn grinding. The power requirement during corn grinding is higher than that during rice
grinding, and this results from the strength properties of both types of grains, which largely depend on
their physical properties, e.g., humidity and internal structure [71]. The forces used to destroy the corn
grain should be higher than those used to permanently deform the rice grain, which translates into a
higher resistance to the movement of the working elements of the crusher (cutting discs) and results in
an increased power requirement in the case of corn grinding [47]. The above statements result from
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the different internal structures of the grains examined—differences in the structure of the endosperm
and tegument (the ground rice was deprived of its husk) [72–74].

Figure 3. Total power input of a five-disc grinder for the analyzed angular speed settings of
working discs.

3.1.2. Grinding Efficiency

Figure 4 shows the results of monitoring the grinding process efficiency for each configuration
of the disc angular speed setting according to five research programs (Table 2). Grinding efficiency
increased along with an increase in the disc angular speeds (Figure 4). It can also be seen that the
highest efficiency was found for the disc high angular speed settings (setting no. 4 from PB III and
setting no. 4 from PB V).

 
Figure 4. Grinding efficiency for the analyzed settings of the disc angular speeds.

3.1.3. Granulometric Content of Biomaterial after Grinding

Knowledge of the percentage share of the accepted dimensional fractions of biomass is needed
to determine the values of the sustainable CO2 emissions index. For this purpose, a granulometric
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analysis of the ground material was performed with the use of a CAMSIZER device (Retsch Technology
GmbH, Haan, Germany). Table 4 shows the results of this analysis for particular settings of the disc
angular speed for rice and corn. The results show that the fraction percentage share was different for
each disc angular speed setting configuration.

Table 4. Granulometric content of biomaterial after grinding for the analyzed disc angular speed settings.

Fraction Percentage Share (%)

Config.
Rice Corn

0–630
μm

630–1250
μm

1250–2000
μm

>2000
μm

0–500
μm

500–1250
μm

1250–2000
μm

>2000
μm

I

1 9.4 29.3 56.4 4.9 2.4 32.2 42.3 23.1
2 3.4 13.8 67.8 15.0 2.9 38.2 40.1 18.8
3 6.9 21.0 62.4 9.7 3.0 47.5 38.3 11.2
4 5.8 18.4 63.5 12.3 2.9 44.7 39.4 13.0

II

1 5.8 18.4 63.5 12.3 1.8 26.9 42.0 29.3
2 2.9 12.7 66.6 17.8 2.2 30.9 41.0 25.9
3 2.3 10.1 66.8 20.8 2.0 30.8 37.0 30.2
4 0.9 6.4 67.1 25.6 2.4 32.2 36.3 29.1

III

1 1.7 9.0 66.4 22.9 1.9 27.9 35.8 34.4
2 2.8 11.7 65.7 19.8 2.1 31.1 37.8 29.0
3 8.9 22.5 60.3 8.3 2.0 31.3 42.3 24.4
4 13.3 35.0 48.7 3.0 2.3 39.2 44.4 14.1

IV

1 1.7 9.0 66.4 22.9 1.9 27.9 35.8 34.4
2 2.4 13.7 67.7 16.2 2.4 33.2 38.0 26.4
3 6.3 23.4 62.1 8.2 2.4 36.2 48.7 14.7
4 8.4 28.1 58.1 5.4 2.2 33.0 48.1 16.7

V

1 7.0 27.3 60.5 5.2 1.9 38.1 42.5 17.5
2 9.4 27.2 58.2 5.2 2.1 44.1 42.7 11.1
3 12.4 30.8 53.7 3.1 2.2 42.2 44.4 11.2
4 13.3 35.0 48.7 3.0 2.2 33.0 48.1 16.7

3.1.4. Unit Emissions Index JACO2i for the i-th Dimensional Fraction

A unit CO2 emissions index for a given biomass fraction was determined on the basis of the
analysis of the CO2 content in exhaust emissions. The values of the unit JACO2i index are presented
in Table 5. It can be noticed that CO2 emissions increased along with an increase in the size of the
particles of the biomass, which was used for the preparation of pellets.

Table 5. Unit index JACO2i of CO2 emissions of the i-th fraction.

Rice Corn

Fraction Dimension
(μm)

Unit Emissions Index
(kg·kWh−1)

Fraction Dimension
(μm)

Unit Emissions Index
(kg·kWh−1)

0–630 0.0453 0–500 0.04859
630–1250 0.0356 60–1250 0.05432
1250–2000 0.0745 1250–2000 0.059701
>2000 0.11428 >2000 0.068181

3.1.5. Calorific Values

Calorific values for given dimensional fractions of biomass were accepted according to [55].
Table 6 shows the calorific values calculated into kWh·kg−1.
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Table 6. Calorific values of selected fractions of rice and corn calculated based on [55].

Rice Corn

Fraction Dimension
(μm)

Calorific Value
(kWh·kg−1)

Fraction Dimension
(μm)

Calorific Value
(kWh·kg−1)

0–630 3.97 0–500 3.91
630–1250 3.93 60–1250 4.05
1250–2000 3.89 1250–2000 4.02
>2000 3.85 >2000 3.96

3.2. Carbon Dioxide Emissions Assessment of Grinding by Means of the Sustainable CO2 Emissions Index

The grinding processes carried out in particular research programs were subjected to emissions
assessment. For this purpose, the values of the sustainable CO2 emissions index were determined for
each case on the basis of both Equation (9) and the values of the variables obtained (Figures 3 and 4,
and Tables 2–6). Figure 5 shows the results of the sustainable CO2 emissions index calculation for
the tested multi-disc grinder disc angular speed configurations and the two ground materials—rice
and corn.

Figure 5. Results of the sustainable CO2 emissions index for each disc speed configuration.

When analyzing the variability of the sustainable CO2 emissions index, it should be noted that the
desired condition is to reduce the energy consumption for grinding EcM and increase the environmental
benefits ΔBCO2 , i.e., replacing CO2 emissions from coal with CO2 emissions from biomass combustion.
In this case, the value of the proposed index should increase. When comparing the grinding processes,
the more favorable in terms of emissions will be the one for which the sustainable CO2 emissions index
assumes higher values [54].

Based on the results, it was found that the best, in terms of emissivity, both for rice and corn
grinding, were settings VI1 of the angular speed of the grinder discs (Figure 5). The least advantageous
for rice grinding were settings V4, and for corn, settings IV4 (Figure 5). It was noticed that better
emissivity results were obtained for the configuration in which the disc angular speed was low
(for example, I1, II4, III1, IV1). The values of the sustainable emissions index were higher for rice
grinding than for corn grinding in all the disc angular speed configurations, which was caused
primarily by lower energy consumption during rice grinding and higher grinding efficiency. The
values of the emissions index provided sufficient grounds to state that the emissions from electric
energy used in the rice comminution process were sustainable or in fact higher than the emissions
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from combustion of the comminuted biomass for all the analyzed disc angular speed settings because
WZCO2 >WZCO2(em) = 0 (Figures 5 and 6). In the case of corn grinding, two configurations (IV4 and V1)
did not provide emissions sustainability (WZCO2 >WZCO2(em) = 0).

 
WZCO WZCO WZCO WZCO WZCO

Figure 6. Sustainable CO2 emissions index for rice grinding on a multi-disc grinder in a function of
power input.

The minimal value of the sustainable emissions index CO2 WZCO2(min), determined on the basis of
Equation (10), was −0.812 kgCO2eq·kWh−1 with the assumption that the electric energy used in the
process of grinding was produced from coal (Figures 6 and 7). In the case of electric energy produced
from natural gas, this would be −0.201 kgCO2eq·kWh−1, from biogas: −0.196 kgCO2eq·kWh−1,
from diesel oil: −0.276 kgCO2eq·kWh−1 [75].

 
WZCO WZCO WZCO WZCO WZCO

Figure 7. Sustainable CO2 emissions index for corn grinding on a multi-disc grinder in a function of
power consumption.
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The dependences shown in Figures 6 and 7 indicate that there is no obvious correlation between
power consumption and the sustainable CO2 emissions index when grinding corn, mainly due to the
physico-mechanical properties of the corn grains that affect the grinding process. The influence of the
working unit on the materials being ground and the mass flow phenomena in the grinding chamber are
also crucial. The results obtained clearly show that the grinding process is different for both materials,
which is influenced by differences in the physical and mechanical properties of both grains. In the case
of corn, among other things, a greater unevenness of the grinding process (transient idling phases)
was observed as a result of the material deposited in the grinding chamber as a consequence of the
phenomenon of particle agglomeration, which was not observed in the case of rice. The balanced CO2

emission rate depends, apart from power consumption, on yield and the share of fractions of different
particle sizes. The lack of an obvious relationship between power consumption and a balanced CO2

emission factor in maize grinding is due to the less clear relationship between power consumption
(angular speeds of the grinding discs) and the yield and grain size composition of the grinding product
than for rice. This, in turn, is also dictated by the difference in grain properties such as size. The ratio
between grain size and disc gap is of particular importance for the yield and granulometric composition
of the product. Rice grains are smaller so that they are crushed and drained through the inter-disc
slots more quickly than larger maize grains, which must collide with the cutting edges of the shredder
more times than rice grains before they leave the shredding chamber. The above-mentioned aspects
make less regularity in the shredding of maize, resulting in a moderate relationship between power
consumption and sustainable CO2 emissions.

The minimal value of the emissions index for energy sustainability WZCO2(emin) for rice grinding
was −0.699 kgCO2eq·kWh−1 (Figure 6), whereas for corn grinding, it was −0.690 kgCO2eq·kWh−1

(Figure 7). The value of the emissions index for energy sustainability WZCO2(e) for the analyzed
configurations of the disc angular speed settings are marked with a grey line (Figures 6 and 7). The data
show that the level of energy sustainability was exceeded for all the tested disc angular speed settings
(Figures 6 and 7), that is, the energy produced from biomass combustion was higher than the energy
used in the process of grinding (obtainment of the comminuted product).

3.3. Analysis of the Relations between the Values of the Sustainable CO2 Emissions Index and the Angular
Speed of the Working Elements of the Cutting Edges

To determine the relations between the values of the sustainable CO2 emissions index and the
variable speeds of the working discs, a statistical analysis of the variables was carried out. Table 7
presents the most important statistics that describe the variables and the results of the sustainable
CO2 emissions index. Based on the skewness and kurtosis values, it was found that the distribution
of the values of variables and the results of the sustainable CO2 emissions index differs from the
normal distribution. Therefore, Spearman’s coefficient was used in the correlation analysis to describe
monotonic relations between the variables.

Table 7. Results of the basic statistical analysis for the sustainable CO2 emissions index distribution.

Rp M S K V ¯
x s Min. Max.

WZCO2

Corn 5.96 1.83 0.54 −0.53 76.31 2.42 1.84 −0.24 5.72
Rice 8.51 4.14 0.8 −0.08 50.73 4.82 2.45 1.93 10.44

SΔω 320 260 0.6 −0.72 63.11 165.5 104.44 40 360
ω1 80 20 0.32 −1.82 66.54 54.00 35.93 20 100
ω2 80 40 0.54 −0.72 44.03 51.75 22.78 20 100
ω3 80 25 0.51 −1.26 57.83 54.00 31.23 20 100
ω4 80 40 0.54 −0.72 44.03 51.75 22.78 20 100
ω5 80 20 0.32 −1.82 66.54 54.00 35.93 20 100

¯
x—mean value, s—standard deviation, M—median, Max—maximal value, Min—minima value, Rp—range,
V—variability coefficient, S—skewness, K—kurtosis.
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Correlation analysis using Spearman’s method revealed that the values of the sustainable CO2

emissions index are negatively correlated with speed increase SΔω (Table 8). For rice grinding, negative
correlations between the sustainable CO2 emissions index and the first, third, and fifth disc angular
speeds were found as well as the summary increase in angular speeds SΔω. The results show that
along with an increase in the multi-disc grinder angular speeds the values of the sustainable CO2

emissions index decrease. This results, among others, from the dependence of power consumption and
efficiency on angular speeds (of the rotating elements) as demonstrated in [25,47,76,77], which show
that power consumption and efficiency increase along with an increase in grinder disc angular speeds,
which, in the case of the sustainable CO2 emissions index, means a decrease in its value.

Table 8. Analysis of sustainable CO2 emissions index correlation with independent variables.

ω1 ω2 ω3 ω4 ω5 SΔω

Corn
Rho Spearman’s −0.107 −0.258 −0.307 −0.557 −0.480 −0.617 *

p-value 0.653 0.272 0.188 0.011 0.032 0.004

Rice
Rho Spearman’s −0.609 * −0.232 −0.855 * −0.434 −0.853 * −0.946 *

p-value 0.004 0.325 0.000 0.056 0.000 0.000

* Significant correlations: Rho Spearman’s >0.6, p-value <0.05; ω1, ω2, ω3, ω4, ω5—disc angular speeds, rad·s−1,
SΔω—summary increase in angular speeds, rad·s−1.

Multiple regression analysis was carried out for the analyzed variables of the rice grinding process
using the backward stepwise method. A simple linear regression analysis was carried out for corn
due to its correlation with SΔω only. Table 9 shows the results of the regression analysis. The only
model with significant coefficients for rice was a linear model of variable SΔω, which demonstrated a
74.6% variability of the sustainable emissions index. With regard to corn grinding, the linear model of
variable SΔω explained merely 32.7% of the sustainable emissions index.

Table 9. Results of regression analysis for the sustainable CO2 emissions index.

Coefficients t-stat. p-Value * F Significance R2

Corn
Constant 4.09 6.16 8.08 × 10−6

8.75 0.008 0.3271SΔω −0.01 −2.96 0.008

Rice
Constant 8.17 15.13 1.11 ×

10−11 53.00 9.13 × 10−7 0.7464
SΔω −0.02 −7.28 9.13 × 10−7

SΔω—summary angular speed increase, * results p > 0.5 were accepted as significant.

Bearing in mind that linear models account for less than 80% of the variability of the sustainable
emissions, the adequacy of nonlinear models was checked. The non-linear model which best described
the changes in the sustainable emissions index of rice grinding on a five-disc grinder depending on
the total increase in angular velocity on the discs SΔω was an exponential model and its coefficient
of determination was R2 = 0.889 (Figure 8). For corn grinding, the best model was a logarithmic
one (Figure 9). The dependencies provided indicate that the sustainable emissions index of grinding
decreases along with an increase in the grinder disc angular speed.

The dependencies presented in Figures 8 and 9 can be used to determine the CO2 emissions level
predicted for the analyzed five-disc grinder, for the other materials and for emissivity control of the
grinding process—establishing optimal values for the settings of the grinding process parameters
(angular velocities), providing a reduction in CO2 emissions from alternative fuels while decreasing
energy use.

31



Energies 2020, 13, 330

S

Figure 8. Sustainable CO2 emissions index for rice grinding in a function of summary speed increase SΔω.

S

Figure 9. Sustainable CO2 emissions index for corn grinding in a function of summary speed increase SΔω.

The sustainable CO2 emissions index, in accordance with Equation (9), depends on power
consumption. The power consumption, in turn, depends on the speed of the angular discs (in this
case, on the total speed increase) and the moments associated with this, as well as the moments and
movement resistance from the grinding of the material. Since angular speeds and power consumption
are interrelated, as is the case with the relationship between power consumption and the sustainable
CO2 emissions index, the absence of a clear relationship between the summary velocity gain in the
case of corn grinding (Figure 9) is due to its physico-mechanical properties and a different grinding
process than in the case of rice, as described in Section 3.2.

The index presented in this paper can be designated for other types of materials besides grain and
wood biomass. It can be used to compare the emissions parameters during the processing of materials
for energy purposes and to indicate the parameters of the grinding process that will ensure the highest
possible increase in environmental benefits in the form of a change in CO2 emissions per unit of
grinding machine power. If other materials, e.g., lignocellulose biomass, are ground, it can be expected
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that the results would be different from those presented in this paper, which is of course related both
to the different specificity of the grinding process itself and to the fact that the physico-mechanical
properties of the cellulose materials differ significantly from those of grains used in this study.

4. Conclusions

The aim of the work—to develop a mathematical model of the sustainable CO2 emissions
index for the carbon dioxide emissions assessment of the biomass grinding process—was achieved.
The methodology for evaluating the emissivity of grinding made it possible to provide a measurable
assessment of the process with a focus on energy consumption and emissivity. An analysis of the
sustainable CO2 emissions index allows the authors to state that

• the sustainable CO2 emissions index of rice and corn grinding on a five-disc mill, depending
on the disc angular speed increase SΔω, can be described with high accuracy using a nonlinear
model (Figures 8 and 9);

• it was observed that the sustainable CO2 emissions index decreases with an increase in the value
of SΔω;

• from the point of view of emissivity, it is better to grind at lower disc angular speeds;
• higher values of the emissions index were obtained for rice, and from the point of view of

emissivity, rice is better than corn in energy applications.

The values of the sustainable CO2 emissions index will vary depending on the source of energy
fueling the grinding processes. The minimal value of the sustainable emissions index WZCO2(min)

was −0.812 kgCO2eq·kWh−1 with the assumption that the electric energy used in the process of
grinding was produced from coal (Figures 6 and 7). In the case of electric energy produced from
natural gas, it would be −0.201 kgCO2eq·kWh−1, from biogas: −0.196 kgCO2eq·kWh−1, from diesel oil:
−0.276 kgCO2eq·kWh−1. The best emissions balance would occur if the electricity fueling the grinding
process came from a biogas plant. Different index values would also occur if biomass energy use from
non-combustion methods were considered.

The index presented in this paper can be designated for other types of materials besides grain and
wood biomass. It can be used to compare the emissions parameters during the processing of materials
for energy purposes and to indicate the parameters of the grinding process, which would ensure the
highest possible increase in environmental benefits in the form of a change in CO2 emissions per unit
of grinding machine power.

The model proposed in this study is dedicated strictly for industrial applications for real-time
assessment of CO2 emissions. The model implemented in the monitoring end control system of biomass
pretreatment processes can, in a short time (using the input of real-time data from industrial sensors,
counters, and meters), calculate the balance of emissions. This offers the possibility of indicating the
best process parameters, for example, disc speed, which makes it possible to reduce the emissions of
carbon dioxide from fossil fuels. In general, the proposed model can be part of an industrial control
system because it is easy to calculate its values, depending on real-time data from sensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/2/330/s1,
Table S1: Eco efficiency indexes of technology presented in the literature, Table S2: Environmental assessment
indexes for grinding according to the literature.
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Poland, 2016; p. 186.

43. Tomporowski, A.; Flizikowski, J.; Opielak, M.; Kasner, R.; Kruszelnicka, W. Assessment of Energy Use and
Elimination of Co2 Emissions in the Life Cycle of an Offshore Wind Power Plant Farm. Pol. Marit. Res.
2017, 24, 93–101. [CrossRef]

44. Burchart-Korol, D.; Kruczek, M.; Czaplicka-Kolarz, K. Wykorzystanie ekoefektywności w ocenie poziomu
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Abstract: The article presents the results of a study aiming to select the optimal source of heat for
a newly designed single-family home. Commercial software was used to compare heating and
ventilation systems involving a bituminous coal boiler, a condensing gas boiler, a biomass boiler,
a heat pump with water and glycol as heat transfer media. The effectiveness of natural ventilation,
mechanical ventilation with a ground-coupled heat exchanger, and solar heater panels for water
heating were evaluated. The analysis was based on the annual demand for useful energy, final
energy, and non-renewable primary energy in view of the pollution output of the evaluated heating
systems. The analysis revealed that the heat pump with water and glycol was the optimal solution.
However, the performance of the heat pump in real-life conditions was below its maximum theoretical
efficiency. The biomass boiler contributed to the highest reduction in pollutant emissions (according to
Intergovernmental Panel on Climate Change Change guidelines, carbon dioxide emissions have zero
value), but it was characterized by the highest demand for final energy. Mechanical ventilation with
heat recovery was required in all analyzed systems to achieve optimal results. The introduction of
mechanical ventilation decreased the demand for final energy by 10% to around 40% relative to the
corresponding heating systems with natural ventilation.

Keywords: exploitation of energy sources; heating and ventilation systems; pollutant emissions;
reduction of pollutant emissions; single-family houses

1. Introduction

According to the definition provided by the World Health Organization (WHO), air pollution
occurs where the chemical composition of the air may adversely affect the health of humans, animals,
and plants as well as other elements of the environment, e.g. the soil, water, or climate [1,2]. The main
air pollutants include gases and particulate matter. Pollution occurs when the pollutant content of the
air is exceeded in relation to the background [3].

The gases considered to be most harmful include sulfur dioxide (SO2), nitrogen oxide (NOx),
ammonia (NH3), and non-methane volatile organic compounds (NMVOC) [4,5]. With regards to
particulate matter, the most hazardous are those with a diameter of fewer than 10 micrometers (PM10)
and 2.5 micrometers (PM2.5) [6].
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The negative effects of air pollution on the human body have been repeatedly studied and
confirmed. Research results have demonstrated increased mortality and a progressive reduction in
human life expectancy [7,8]. The data indicate that approximately 3.7 million people die every year due
to this reason [9]. It was demonstrated that air pollutants contribute inter alia to respiratory diseases
including lung cancer and cardiovascular diseases [10–14]. An adverse effect of pollutants on the
environment including water and soil was proven as well [15–18]. It is an important measure in this
regard to conduct continuous research and to disseminate its findings, especially concerning the areas
of consumer choices, whose consequences may affect the environment for decades to come [19,20].

Energy generation is one of the main sources of pollutant emissions. Households consume
12% of globally generated energy [21] and indoor heating accounts for a significant portion of
energy consumption [22]. A review of the research conducted in recent decades and the proposed
solutions reveals three main trends [23]. The first involves attempts to decrease the operating time of
electrical devices by changing user habits. The second is the improvement in the thermal insulation of
buildings, and the third involves the replacement of outdated equipment with new and energy-efficient
devices [24]. Two trends predominated in recent years. First, attempts have been made to shift energy
consumption to off-peak hours when the emissions from energy generation are the lowest [25,26].
Second, low-emission heating systems that rely on renewable energy sources have been popularized in
newly developed or upgraded buildings [27,28].

Energy consumption patterns in households are influenced by climatic, demographic, economic,
and lifestyle factors [29]. In European countries with a cold climate, including Poland, other than
the Baltic States and Nordic countries, climatic factors play a key role because they prolong the
heating season. Economic factors are also a very important consideration in Poland and other
former Soviet block countries where income levels are lower, which explains the widespread use of
conventional heating systems based on non-renewable fossil fuels [30]. These factors have been taken
into consideration in this study. Efforts have also been made recently to lower household emissions
by installing modern heating systems that fully meet the users’ needs, decrease the heating carbon
footprint, and are affordable.

Research studies addressing these topics are highly dispersed, and they have to account for
regional factors, such as the availability of different energy sources and the relevant costs. In general, the
energy market is highly diverse. In Finland, 48% of households have electric heating. Central heating
systems are not popular, and most households are equipped with electric heaters [23]. In contrast,
the heating systems in 80% of German households are fired with heating oil and gas [31]. The Polish
heating market differs from other European countries in that it still relies heavily on coal. Therefore,
research studies should account for local and regional factors, in particular in large countries such as
Poland, to formulate the most effective recommendations for regions with similar climatic conditions
and similar levels of economic growth. In Poland, the existing research is also dispersed, and most
studies compare the emissions from modern heating systems that rely on renewable energy sources
with conventional systems that are fired by fossil fuels. However, the number of the analyzed variants
and/or pollutants are relatively small, which narrows down the scope of these analyses [30,32–34]. Some
studies focus on a single energy source or a single pollutant [35,36]. Research into residential heating
systems often fails to account for the impact of ventilation on pollutant emissions. For this reason, the
study aimed to present and analyze the most popular combinations of heating and ventilation systems
in view of the generated emissions and the associated costs.

2. Attempts to Solve the Pollutant Emission Problem

The European Environment Agency (EEA) data [37] indicate that the most polluted air in Europe
is found in urban areas where 73% of the population lives. This value may increase to 82% in 2050 [38].
The problem is both important and complex, particularly in the context of the possibility of free
spreading of the air and its pollutants over long distances from their emission sources.
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The increasing awareness of hazards results in the development of environmental protection policy,
and the establishment of relevant supervisory institutions [39,40]. The awareness of responsibility for
future generations is increasing as well [41–44].

For many years, European Union institutions have made numerous efforts to improve air
quality, with the aim of achieving a level that will have no adverse effects on human health or the
environment [13,45]. One of the major initiatives is the “Clean Air” program which aims to raise
the existing standards for emissions and air pollutant limits through legislative action. This strategy
foresees comprehensive and consistent actions and measures to reduce pollutant emissions [46]. In
2015, EU Member States adopted Directives which set national emission limits for particulate matter
(PM10 and PM2.5) and gaseous pollutants (sulfur and nitrogen oxides, ammonia, and non-methane
volatile organic compounds).

The need for improvement in the air pollution situation is also responded to by the WHO which
produced recommendations concerning the maximum daily values for the PM10 and PM2.5 particles
that should not be exceeded more often than three times a year within a particular area [47].

Coordinated actions are slowly yielding results. According to the Eurostat studies [48], in the years
2006–2015 the average concentrations of most harmful substances in the air decreased. Despite the
improvements, the situation is not resolved completely, and in many areas, the polluted air continues
to harm human health and the environment. The European Union comprises 28 countries that are
very diverse in terms of the economy, law, and climate. The needs and opportunities with regards
to the policy concerning, e.g. energy production, which, according to study results, has a significant
impact on pollutant emissions in particular countries, are also very different [49–51]. Therefore, the air
pollution levels and the pollutant structure differ significantly [52,53]. As research shows, for example,
countries with a small area and/or low population density may emit the same amounts of pollutants
to the atmosphere as large densely populated ones [54]. In general terms, the greatest amounts of
gaseous pollutants are emitted to the atmosphere by Germany, France, Italy, and Spain, while most
fine particulate matter is emitted by France, Italy, and Poland [54]. In Poland, particulate matter
concentration levels in the air can be eight (for PM10) and six (for PM2.5) times higher than those
indicated by the WHO guidelines [55].

Air protection issues in Poland are governed by (mostly amended) regulations as well as guidelines
of the Chief Inspectorate of Environmental Protection (GIOŚ). The most important of them include the
Environmental Protection Law Act of 27 April 2001 [56], Regulation of the Minister of the Environment
of 8 June 2018 on the assessment of substance levels in the air [57], Regulation of the Minister of
Environment of 24 August 2012 on the levels of certain substances in the air [58], and “Guidelines for
the development of the State Environmental Monitoring voivodeship programmes for the years
2016–2020” [59].

Based on the regulations and guidelines, Poland’s report presenting the balance of air pollutant
emissions reportable to the UN/ECE Convention for the years 2015–2017 was once again drawn up
and published in 2019 [60].

The report indicates an upward trend for emissions of most of the main pollutants except sulfur
dioxide. A list of emission levels and a comparison for the years 2015–2017 are presented in Table 1.
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Table 1. A comparison of total pollutant emissions in Poland in the years 2015–2017 [60].

Pollutant 2015 2016 2017 2017/2015 2017/2016

mg %

Sulfur dioxide (SO2) 711,489 590,664 582,656 −18.1 −1.4
Nitrogen oxides (NOx) 725,257 742,168 803,661 10.8 8.3

Non-methane volatile Organic
compounds (NMVOC) 640,800 674,158 690,737 7.8 2.5

Ammonia (NH3) 284,727 291,948 307,522 8.0 5.3
Carbon monoxide (CO) 2,342,630 2,456,468 2,543,251 8.6 3.5

Total suspended Particulate
matter (TSP) 326,911 335,210 340,604 4.2 1.6

PM10 particulate matter 231,625 240,632 246,310 6.3 2.4
PM2.5 particulate matter 136,010 141,875 147,281 8.3 3.8

Black carbon (BC) 19,720 21,217 23,814 20.8 12.2

kg %

Polychlorinated biphenyls (PCB) 563 578 578 2.8 0.1
Hexachlorobenzene (HCB) 4 4 4 1.2 −2.0

Polycyclic aromatic Hydrocarbons
(PAH) 155,557 153,535 151,575 −2.6 −1.3

The table shows that compared to 2016, the emissions that increased the most in 2017 were
nitrogen oxide (by 8.3%) and particulate matter (black carbon—BC by 12.2%). Sulfur dioxide emission
decreased by 1.4%, while compared to 2015, by 18.1%. Emissions of most persistent organic pollutants
also decreased, particularly those of hexachlorobenzene HCB (by approximately 2%); on the other
hand, polychlorinated biphenyls (BCB) emissions increased slightly (by approximately 0.05%).

It should be stressed that for many pollutants (in particular nitrogen oxides, non-methane volatile
organic compounds NMVOC, ammonia NH3, carbon monoxide CO, black carbon BC, copper, and
particulate matter), significant increases in emissions occurred over a two-year period [61].

Further analysis of the balance in 2017 indicates the problem associated with non-industrial
combustion processes where the largest proportion of emissions results from the combustion in
households. It was demonstrated that on a national scale, they emit 29.3% sulfur dioxide (SO2), 10.7%
NOx and 22.3% black carbon (BC). The situation is even less advantageous regarding emissions of
PM2.5 particulate matter (46.5%), carbon monoxide CO (59.2%), total suspended particulate matter
TSP (44.6%), PM10 particulate matter (46.5%), and polychlorinated biphenyls PCB (68.4%) or polycyclic
aromatic hydrocarbons PAH (83.7%) [58].

As research shows, electricity generation, particularly from fossil fuels, is most responsible for
pollutant emissions [50,61]. Increasing research and efforts are focused on the development of a
low-carbon economy. In addition to energy savings, one of the proposed solutions is to increase the use
of energy from renewable sources. One study demonstrated that a net increase in energy production
based on renewable sources by 1% results in a reduction in carbon dioxide, one of the most dangerous
greenhouse gases, by 0.16% [62].

In Poland, one of the strategic objectives is a reduction in greenhouse gas emissions, supported by
the use of renewable energy sources as well as pro-efficiency measures in the energy sector. In the
years 2006–2015, while the energy sources based on primary energy gradually decreased, the use of
renewable sources increased. In 2015, the proportion of energy from renewable sources amounted to
11.8% of total energy consumption, which ranked it 21st among EU countries.

However, hard coal and brown coal were still the major sources of energy in 2018, and their share
of electricity generation reached 47.8% and 29.0%, respectively, marking a decrease of 9.8% from 2010.
Renewable energy sources accounted for 12.7% of energy production, and their proportions in the
power mix increased by 5.8% from 2010. The main sources of renewable energy were wind energy,
biomass, and biogas. Solar energy had the smallest share of energy generation, but it was characterized
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by the highest growth dynamics [63]. However, a steady upward trend towards the use of renewable
sources should be emphasized [64].

The article describes a study whose results will enable the selection of the optimal (also in
terms of pollutant emissions) source of heat for a newly-designed single-family residential building.
The analysis was developed based on research carried out in the city of Olsztyn, the capital of
Warmińsko-Mazurskie Voivodeship.

Warmińsko-Mazurskie Voivodeship is the fourth largest voivodeship in Poland. Its area of
24,173 km2 is inhabited by 1429 people (as of 31st December 2018) [65].

Compared to the rest of the country, a few industrial plants that are particularly harmful to the
environment are located in this voivodeship. Emissions from point sources are mainly concentrated
in localities which are seats of poviats (administrative units). Due to the poorly-developed transport
network, a decrease in linear emissions is noticeable in localities and poviats in which several roads
with high traffic volume intersect, and in the largest cities i.e., Elbląg and Olsztyn. The greatest pressure
is exerted by surface emissions, i.e., those from individual heating systems. For example, almost
67% of PM10 particulate matter emitted within the voivodeship originate from this source, while
approximately 8% each originate from farming, point sources, and road emissions. The relatively small
proportion of surface emissions is within the city of Olsztyn and amounts to 18%. It is worth noting
that the city has been implementing its own programs to combat air pollution. A recent initiative is the
“Replace the Stove” project, which is a part of the “Clean Air Priority Programme.” Its aim is to reduce
or prevent emissions of particulate matter and other pollutants introduced into the atmosphere by
single-family houses. Municipal authorities co-finance the replacement of heating sources in residential
buildings with environmentally friendly sources. What is important is the program is addressed to both
natural persons who own single-family houses and to persons holding a permit for the commencement
of construction work. Financial support is also available to tenants’ associations interested in obtaining
grants for connecting properties to the district heating system [66].

The selection of the optimal heat/energy source in this particular region is especially justified due
to the climatic conditions. Warmińsko-Mazurskie Voivodeship is located in a lowland area that is the
coldest in the whole country. It is characterized by a high forestation rate and lake density. The climate
is described as transitional, maritime/continental climate with average annual temperatures ranging
from 6 to 8 ◦C [67,68].

This is the greatest area and one of the few in Poland where the growing season with the average
daily temperature above 5 ◦C is the shortest. With the national average for the years 1971–2000 which
amounts to 218 days of the growing season, in the Warmia and Mazury region it lasts less than 200 days,
and in certain locations, it is shorter than 190 days [69].

Such climatic conditions result in a significant, compared to other regions, an extension of the
heating system which, in turn, extends the period of increased pollutant emissions due to the increased
demand for thermal energy. Given the relatively low levels of the region’s industrialization and
transport, the production of energy, including thermal energy in individual households is the major
source of harmful substance emissions to the air.

The newly designed single-family building in areas similar, in climate terms, to the region of
north-eastern Poland, must ensure unlimited access to domestic hot water (DHW) and fully satisfy the
increased energy demand for thermal comfort.

3. Materials and Methods

The study aimed to identify the optimal combination of a heating system and a ventilation system
characterized by low emissions for newly developed or upgraded single-family homes. Combinations
involving heat sources that are most popular in the Polish market were analyzed. The energy efficiency
of the analyzed systems was compared, and the results of theoretical analyses were confronted with
real-world parameters to ensure that the selected solution is best adapted to local conditions.
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A newly designed single-family building located in Olsztyn was analyzed. The building is a
real-world object which is scheduled for construction in 2020. The floor space of the building is
152.76 m2. The building is designed to be inhabited by four people. For the construction, materials
were used that enable obtaining the maximum heat penetration coefficient values for space dividing
elements in accordance with the Regulation of the Minister of Infrastructure and Construction of
2017 [70]; these amount to, respectively:

• for the ground slab: 0.30 (W/(m2K))
• for external walls: 0.20 (W/(m2K))
• for the flat roof: 0.15 (W/(m2K))
• for external windows: 0.9 (W/(m2K))
• for external doors: 1.3 (W/(m2K))

In the initial variant, gravity ventilation and a conventional hard coal boiler with 82% efficiency
were used for the purposes of central heating and the preparation of domestic hot water (DHW).

ArCADia-TERMOCAD software by INTERsoft (ArCADiasoft, Łódź, Poland) [71] was used to
draw up an energy performance certificate for the building, and the environmental effect for the heating
and ventilation system variants presented in Table 2 was compared.

Table 2. Heating and ventilation system configuration variants in the analyzed building [19].

Variant 1 2 3 4 5 6 7 8

Hard coal boiler X X
Natural gas condensation boiler X X

Biomass boiler X X
Heat pump X X

Gravity ventilation X X X X
Mechanical ventilation with

ground-coupled heat exchanger
(GCHE)

X X X X

X: option designation.

Additionally, for the purposes of domestic hot water generation, each of the variants considered the
possibility of extending the installation system to include a system of flat-plate and vacuum collectors.

The analyzed heating and ventilation variants for the single-family home with an individual
heating system were based on the most popular solutions in Poland, including a hard coal boiler,
a condensing gas boiler, and a biomass boiler.

The heating and ventilation variant involving a heat pump was selected because the number
of heat pump systems installed in Poland increased by 20% in 2018. At present, every seventh new
building is heated by a heat pump [72]. Solar thermal collectors for water heating were included in
the study due to the success of the “Support for dispersed renewable energy sources” program of
the National Fund for Environmental Protection and Water Management [73]. Solar collectors with a
combined area of 475,207 m2 have been installed as part of the program [74]. In 2018, 1.29% of Polish
households were equipped with solar collectors and 0.48% with heat pumps [75].

Single-family homes with natural ventilation are characterized by very high energy losses, and this
fact was taken into consideration in the analyzed scenarios.

Based on the analysis of the determined value of the annual demand for usable energy (UE), final
energy (FE), and non-renewable primary energy (PE), and the pollutant emission indices for particular
systems (SO2, NOX, CO, CO2, particulate matter, black carbon, and B-a-P), the optimal variant of the
heating and ventilation system was indicated.

The values of usable energy (UE), final energy (FE), and primary energy (PE) were determined based
on the methodology described by the Regulation of the Minister of Infrastructure and Development of
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27 February 2015 on the methodology for calculating the thermal characteristics of a building or a part
of a building and energy attribute certificates [76]. In heating systems, usable energy (UE) is defined as
the energy that is evacuated from a building via the ventilation system, minus heat gain. In water
heating systems, UE is defined as the energy evacuated from a building via sewage. Usable energy is
calculated with the use of the below formulas:

UE = Qu/A f (1)

Qu = QH,nd + QW,nd + QC,nd (2)

where:

Qu—annual demand for usable energy, (kWh/year)
A f —floor area of premises with controlled air temperature, (m2)

QH,nd—annual demand for usable energy for heating and ventilation, (kWh/year)
QW,nd—annual demand for usable energy for water heating, (kWh/year)
QC,nd—annual demand for usable energy for cooling, (kWh/year)

Final energy (FE) is defined as the energy supplied to technical systems in a building, and it is
calculated with the use of the below formulas:

FE = Q f /A f (3)

Q f = Qk,H + Qk,W + Qk,C + Qk,L + Eel,pom (4)

where:

Q f —annual demand for final energy supplied to technical systems in a building, (kWh/year)

Qk,H—annual demand for final energy supplied to a building or a part of a building for heating
purposes, (kWh/year)
Qk,W—annual demand for final energy supplied to a building for water heating, (kWh/year)
Qk,C—annual demand for final energy supplied to a building for cooling purposes, (kWh/year)
Qk,L—annual demand for final energy supplied to a building for lighting common areas; this parameter
is not calculated for single-family homes and apartments, (kWh/year)
Eel,pom—annual demand for auxiliary energy supplied to technical systems in a building, (kWh/year)

Non-renewable primary energy (EP) is defined as the energy which is stored in fossil fuels and
has not been converted or transformed:

EP = Qp/A f (5)

Qp = Qp,H + Qp,W + Qp,C + Qp,L (6)

where:

Qp—annual demand for non-renewable primary energy for technical systems, (kWh/year)
Qp,H—annual demand for non-renewable primary energy for heating systems, (kWh/year)
Qp,W—annual demand for non-renewable primary energy for water heating, (kWh/year)
Qp,C—annual demand for non-renewable primary energy for cooling systems; (kWh/year)
Qp,L—annual demand for non-renewable primary energy for lighting common areas; this parameter is
not calculated for single-family homes and apartments, (kWh/year)

Specific CO2 emissions are calculated with the use of the below formulas:

ECO2 =
(
ECO2,H + ECO2,W + ECO2,C + ECO2,L + ECO2,pom

)
/A f (7)
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where:

ECO2,H —CO2 emissions from fuel combustion in heating systems, (tCO2/year)

ECO2,W —CO2 emissions from fuel combustion in water heating systems, (tCO2/year)

ECO2,C —CO2 emissions from fuel combustion in cooling systems, (tCO2/year)

ECO2,L —CO2 emissions from fuel combustion for lighting installations, (tCO2/year)

where each of the above components (n) is calculated with the use of the below Equation (8):

ECO2,n = 36× 10−7·Qk,n·We,n (8)

Qk,n—annual demand for final energy supplied to the analyzed system in a building, (kWh/year)
We,n—CO2 emissions from the combustion of different types of fuel in the analyzed systems, (tCO2/TJ)
ECO2,aux—CO2 emissions from fuel combustion in heating systems (tCO2/year) is calculated with the
use of formula (10):
Eel,aux,n—annual demand for auxiliary energy supplied to the nth system in a building, where H is the
heating system, W is the water heating system, and C is the cooling system, (kWh/year)
We,aux,C—CO2 emissions from the combustion of different types of fuels in the nth system, where H is
the heating system, W is the water heating system, and C is the cooling system, (tCO2/TJ)

The annual consumption of energy carriers or electricity, district heating, solar energy, geothermal
energy, wind energy, and gas is calculated with the use of formula (10):

C = Q f /A f (9)

The consumption of different energy carriers and energy types than those indicated in formula
(10) is calculated with the use of formula (11):

C =
Q f ·3.6

A f ·Wo
(10)

where:

Wo—heating value of fuel, (MJ/m3 or MJ/kg)

Pollutant emissions (Table 3) are calculated based on the reference materials published by the
Ministry of Environmental Protection, Natural Resources and Forestry [77] regarding emissions of
air pollutants from fuel combustion, as well as the guidelines of the National Centre for Emissions
Balancing and Management (KOBiZE) [78] with the use of the below formula:

E = B·W (11)

where:

B—fuel consumption, (m3 or Mg)
W—pollutant emissions per unit of consumed fuel, (kg/Mg or kg/10-6 m3 or kg/kWh)
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Table 3. Pollutant emissions per unit of consumed fuel [78].

Type of Fuel
Pollutant Emissions per Unit of Consumed fuel

SO2 NOx CO CO2
Particulate

Matter
Black

Carbon
BaP SO2

Hard coal (kg/Mg) 19.2 2.2 45 1850 7 3.5 0.014 19.2
Natural gas (kg/10−6 m3) 1.88 1520 300 2,000,000 0.5 0 0 1.88

Biomass (kg/Mg) 0.11 1 26 1200 3 0 0 0.11
Electricity (kg/kWh) 0.009 0.0023 0.00069 0.812 0.0015 0.000003 0 0.0091

The efficiency and effectiveness of the devices installed at the University of Warmia and Mazury
Research Laboratory and operating under actual weather conditions were taken into account. The
feasibility of the assumptions of theoretical calculations was compared with the possibility for the use
of a heat pump, mechanical ventilation with ground-coupled heat exchanger (GCHE), and flat-plate
and vacuum collectors in the heating and ventilation systems.

4. Results and Discussion

The annual demand for usable energy for heating and ventilation in the analyzed building is
8075 kWh/year for the design variants with gravity ventilation (1, 3, and 5) and 1997 kWh/year for
mechanical ventilation (variants 2, 4, and 6). Gravity ventilation enforces the extension of the period of
heating system used in the building to 4675.88 h, compared to 3002.51h for mechanical ventilation
systems. Heat losses for ventilation amount to slightly more than half the heat losses in the balance
for the entire building for cases with natural ventilation, and approximately 6% where mechanical
ventilation is used (Table 4). The comparison also shows the seasonal variability of the heating and
ventilation system operation.

Table 4. A comparison of the demand for heat for heating purposes and DHW (domestic hot water)
and the losses for ventilation for particular variants (own calculation).

Demand [kWh/Month]

Month
1 2 3 4 5 6 7 8 9 10 11 12

Demand for heating purposes (case 1,3,5) 2040.0 1470.0 759.7 304.3 33.3 0.0 0.0 0.0 34.6 537.6 1233.5 1659.5
Losses for ventilation (case 1,3,5) 1463.0 1282.0 1085.0 870.0 564.0 276.0 143.0 217.0 432.0 849.0 1086.0 1271.0

Demand for DHW (case 1,3,5) 306.6 306.6 306.6 306.6 306.6 306.6 306.6 306.6 306.6 306.6 306.6 306.6
Demand for heating purposes (case 2,4,6) 701.0 358.1 75.1 10.9 0.2 0.0 0.0 0.0 0.3 44.9 295.3 510.8

Losses for ventilation (case 2,4,6) 107.0 94.0 79.0 64.0 41.0 20.0 10.0 16.0 32.0 62.0 79.0 93.0

Analysis of the EU values obtained in the study for particular cases (Figure 1) showed nearly twice
its value for the variants with gravity ventilation compared to solutions with mechanical ventilation
with GCHE. This results from low heat losses due to the advantageous heat penetration coefficient
values for space dividing elements used in the building. Therefore, the proportion of losses related to
the natural ventilation of the building is noticeable in the overall balance.

Systems with the lowest efficiency are characterized by the highest FE. In terms of this parameter,
the most advantageous systems include heat pump systems (overall efficiency of 2.66), systems with
a low-temperature natural gas condensation boiler (overall efficiency of 0.76), coal boiler systems
(overall efficiency of 0.60), and biomass (wood) boiler systems (overall efficiency of 0.51). FE for the
analyzed energy sources is lower by approximately 40% than for mechanical ventilation. Heat pump
systems (case 7 and 8) for which the decrease is approximately 7% are an exception.

In terms of the demand for FE and the exploitation of non-renewable sources, biomass-using
systems are the most advantageous. In this single case, the use of mechanical ventilation with the
unchanged heat source in the building results in FE being higher than for the use of gravitational
energy. In other systems, the introduction of mechanical ventilation results in a reduction in FE by
approximately 10% for cases 7 and 8, by approximately 18% for cases 3 and 4, and by approximately
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23% for cases 1 and 2. In terms of PE, systems with a coal boiler source are the most energy-intensive.
In case 1, the demand for PE is higher by 76% than case 5 (the most advantageous one in this variant).

 

Figure 1. Useful (EU), final (FE), and primary (PE) energy in particular research variants
(own elaboration).

High energy losses related to gravity ventilation encourage the use of mechanical ventilation with
GCHE in the building, which enables the maintenance of energy-efficient construction standards and
the heat recovery efficiency in the air handling unit at a level above 85%. The issue of the efficiency
of heat extraction from the ground remains an open question. Testing on the ground-coupled pipe
heat exchanger located at the Research Laboratory, conducted under the actual operational conditions,
demonstrated that continuous operation under summer and transitional conditions is ineffective [79].
On the other hand, under winter conditions, the device enables efficient heat extraction from the
ground [80]. Figure 2 shows the variability of temperatures at the input to and output from the
GCHE in an exemplary month (October 2018). The device operated in a continuous mode without
regeneration, and the average flowing airstream was approximately 155 m3/h. During the analyzed
period, 204.19 kWh of heat was extracted from the ground. During the period from September to
March, average GCHE energy efficiency at a level of 35% was obtained, with experimentally-noted
maximum hourly values of GCHE energy efficiency reaching approximately 90%.

 

ambient air temperature EAHE outlet temperature

Figure 2. The distribution of external temperature and at the outlet from GCHE—November 2018
(own elaboration).

Compared to the results for actual operation, the use of the solar collector system in the DHW
(domestic hot water) system should be considered (flat-plate and vacuum solar collectors connected to
a 1000 L hot water storage tank were analyzed separately). The energy required for DHW purposes is
constant throughout the year. In the analyzed variants with gravity ventilation, final energy for the
DHW purposes amounts to approximately 38% (cases 1, 3, 5, and 7). On the other hand, for the variants
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with mechanical ventilation (cases 2, 4, 6, and 8) for domestic hot water preparation, it amounts to
40%–60% in the overall final energy balance for the building. Analysis of actual 2016 measurement
data for flat-plate and vacuum collectors operating at the Research Laboratory at the University of
Warmia and Mazury demonstrated that the average hourly efficiency of flat-plate collectors amounted
to 22% and of vacuum collectors to 37% [81]. According to the Keymark test dependence for flat-plate
collectors, an efficiency of 63% was obtained, while for vacuum collectors, the efficiency of 72% was
obtained. The above results differ from the catalog efficiency of 74.3% for flat-plate collectors and of
78.9% for vacuum collectors, declared by the manufacturer. During the period of the most efficient
operation of the above-mentioned devices (from May to September), unit heat from flat-plate collectors
amounted to 77 kWh/m2, while 188 kWh/m2 was obtained from vacuum collectors. During the period
from September to March, the collectors, irrespective of the type, operated sporadically, and they
cannot be considered to be energy sources for the DHW [82].

The annual demand for usable energy (EU) was identical in water heating systems with and
without solar collectors. The annual demand for final energy (FE) was higher in solar collectors which
are less efficient than water heating systems based on a heat pump or a condensing gas boiler. In
cases 7 and 8, where the use of solar collectors led to the greatest decrease in efficiency, relative to the
highly efficient heat pump system, FE increased by 83% for flat-plate collectors and by 76% for vacuum
collectors. In systems involving a condensing gas boiler (cases 3 and 4), FE increased by 4% when
flat-plate collectors were added and by 2% when vacuum collectors were added. In the remaining
cases, the introduction of flat-plate collectors decreased FE by 3%, and the installation of vacuum
collectors decreased FE by 5%. If solar collectors were to supply 30% of the annual energy for water
heating, the demand for non-renewable primary energy (PE) would decrease by 28% in cases 1 and 2,
by 27% in cases 3 and 4, by 26% in cases 7 and 8, and by around 20% in cases 5 and 6.

During the winter period (from November to March), measurement data for the operation of a
water–glycol compressor heat pump were also obtained, with the lower source in the form of vertical
boreholes. The test results are presented in Figure 3. The result analysis demonstrated that the average
coefficient of performance (COP) value was 3.36 and ranged from 2.24 to 4.46, while the COP catalog
value declared by the manufacturer was 4.57.

Figure 3. Heat pump operating parameters in January 2015 [83].

The emission analysis (Table 5) was conducted based on the indices of pollutant emission from
fuel combustion in boilers with a nominal thermal power of up to 5 MW, according to the National
Centre for Emissions Management (KOBiZE) [79]. The analysis results are presented in Table 4. The
obtained results indicate that the use of a biomass (wood) boiler proved to be the least advantageous
for the analyzed building due to carbon dioxide emissions. In this context, this solution appeared
to be more emission-intensive than hard coal-fired boilers. It should be stressed, however, that in
accordance with the IPCC guidelines [84], it is assumed in the emission trading scheme that the biomass
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combustion balance in this aspect has a zero value. It is assumed that the emission during combustion
is compensated for CO2 uptake in the photosynthesis process. In terms of CO2 emissions, the most
advantageous of the analyzed cases is the use of a low-temperature, natural gas condensation boiler,
particularly in combination with mechanical ventilation with GCHE. A similar situation occurs for
carbon monoxide emissions in the analyzed cases.

Table 5. Pollutant emissions for the heating and ventilation system and for domestic hot water [19].

Emissions Rate (kg/Year)

Case
1 2 3 4 5 6 7 8

SO2 58.36 48.94 4.06 19.89 4.68 20.21 48.07 43.13
NOx 7.25 8.36 3.61 6.40 6.65 7.88 12.15 10.90
CO 127.57 69.60 0.82 1.78 146.60 75.75 3.64 3.27

Particulate matter 20.47 13.87 0.67 3.28 17.55 11.85 7.92 7.11
Black carbon 9.90 5.30 0.00 0.01 0.00 0.01 0.01 0.01

B-a-P 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00
CO2 5594.38 4574.19 3762.55 3576.96 7114.46 5201.41 4288.99 3848.32

Regarding the emissions of SO2, black carbon, and benzo(a)pyrene, the systems based on natural
gas or biomass combustion proved to be the most advantageous. A condition for achieving this effect
is the least possible electricity consumption, even at the expense of excluding gravity ventilation.
Regarding SO2 emissions, the use of electricity feeding the heat pump (and auxiliary equipment), has
consequences in emissions similar to those for a hard coal boiler. On the other hand, for the emissions
of black carbon and benzo(a)pyrene, the use of hard coal is hundreds (B-a-P) or even thousands of
times (black carbon) more disadvantageous.

Regarding NOX emissions, the most disadvantageous energy source is electricity (heat pump),
followed by the following sources, in order: hard coal boiler, biomass boiler, and natural gas boiler.
It can also be noted that an increased proportion of NOX emissions was found in the variants using
mechanical ventilation requiring electricity supply (cases 2, 4 and 6), which confirms the significant
effects of electricity use for the emissions of this pollutant.

Particulate matter emissions from hard coal combustion for the concerned building generates
emissions higher by approximately 15% than a biomass boiler. This value is two (mechanical ventilation
system) or three times (gravity ventilation source) higher than for the electricity using a heat pump.
In terms of particulate matter emissions, the use of a natural gas boiler is the most advantageous.

In Table 6, the analyzed systems were classified based on pollutant emission levels, from the least
to the most polluting cases.

Condensing gas boilers and biomass boilers ranked highest in the presented classification. The
demand for grid electricity in the energy balance increased pollutant emissions, which was most
apparent in mechanical ventilation systems with heat recovery in case 4 (condensing gas boiler and
mechanical ventilation) and case 6 (biomass boiler with mechanical ventilation). Grid electricity
(for example, for the operation of heat pumps in cases 7 and 8) does not generate pollution in the heated
building, but it involves considerable loads and losses during energy production and transfer. However,
individual users can reduce pollutant emissions by installing photovoltaic panels in the household.
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5. Conclusions

Selected combinations of heating and ventilation systems were compared and analyzed in this
study. Pollutant emissions from the presented solutions were determined. Unlike most research papers
addressing the discussed topic, this study not only classified selected variants based on their emissions,
but it also analyzed their energy efficiency. Special emphasis was placed on mechanical ventilation
with heat recovery which can reduce emission levels. In the authors’ opinion, mechanical ventilation
with heat recovery is often unnecessarily disregarded or marginalized. This study proposes universal
solutions that can be applied to heating and ventilation systems in countries with a similar climate.

The results of this study constitute highly valuable inputs for the Polish market because the
analysed variants combine heating and ventilation systems that are most popular in single-family
homes in Poland. The study also evaluated the effectiveness of solar heater panels for water heating
which are increasingly popular among Polish homeowners. The theoretical efficiency of heating
systems powered by renewable energy sources (solar heater panels, heat pump, ground heat exchanger)
was compared with their performance in real-world conditions in north-eastern Poland.

The choice of an optimal heating and ventilation system for a single-family home is a complex
problem. The real-world performance of system components is generally below their maximum
theoretical efficiency. Even the most advanced systems based on renewable energy sources, such as
heat pump circuits filled with a water–glycol mixture, have a theoretical COP of 4.57. In practice, the
maximum COP was determined at 4.46, and the average COP during the heating season reached 3.36.
Geothermal energy can be effectively used to preheat cold incoming air in the ground heat exchanger.
This solution is far more effective for preheating cold air in winter than for cooling hot air in summer.
However, even when hourly efficiency approximated 90% in winter, the average efficiency between
September and March reached around 35%. In north-eastern Poland, the efficiency of solar thermal
collectors in the optimal period of operation (May to September) was 11.3% below the theoretical value
in flat-panel collectors and 6.9% below the theoretical value in vacuum collectors.

Energy consumption is an important consideration when selecting a heating and ventilation
system. Usable energy (UE) values are influenced by structural partitions, the presence of thermal
bridges and the airtightness of a building. The ventilation system also exerts a considerable influence
on EU values. In the study, a highly efficient ventilation system with heat recovery (95%) decreased
energy loss from the building by nearly 50%.

The consumption of usable energy in a building can be reduced not only through the conscious
efforts of architects and developers, but also through legislative measures which introduce thermal
insulation standards for structural partitions as well as airtightness standards. However, the existing
legal regulations do not account for the impact and consequences of heat recovery in ventilation
systems. In Poland, the minimum efficiency of heat recovery devices is set at 50% for mechanical
ventilation systems and air-conditioning systems with an air exchange rate of 500 m3/h and higher [85].
These solutions are characterized by low thermal efficiency, and they are mandatory in large buildings.
Consequently, according to Statistics Poland data, only 0.26% of Polish households were equipped with
mechanical ventilation systems with heat recovery in 2018 GUS (Statistics Poland) [75]. The measures
aiming to improve the energy efficiency of single-family homes should not only increase the thermal
performance of structural partitions (for example, through additional thermal insulation) but should
also involve upgrades of heating systems. The improvement in the efficiency of central heating and
water heating systems should be accompanied by the installation of mechanical ventilation systems
with heat recovery.

Final energy (FE) is closely linked with the applied technical solutions and the efficiency of heating
and ventilation systems. In the analyzed scenarios, systems based on heat pumps were characterized
by the highest efficiency and the lowest FE values. In buildings equipped with heat pumps, mechanical
ventilation with heat recovery can additionally decrease the demand for FE. This effect is most visible
in buildings with low-efficiency heating and ventilation systems. Total efficiency was lowest in the
system involving a biomass boiler, where the introduction of a ventilation system with heat recovery
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decreased the demand for FE by 41%. Final energy consumption is the key determinant of energy
costs; therefore, this parameter should play the most important role for developers. However, primary
energy (PE) is a vital parameter from the point of view of environmental protection and sustainable
development because it denotes the amount of energy generated from fossil fuels, including mining
operations and fuel transport. In this respect, case 5—where heat was supplied by a biomass boiler
and additional energy was not required for mechanical ventilation—emerged as the optimal variant.

The study revealed that a condensing gas boiler combined with natural ventilation was
characterized by the lowest pollutant emissions, excluding carbon dioxide. Carbon dioxide emissions
were lower only in the system featuring a gas boiler and mechanical ventilation. A biomass boiler with
mechanical ventilation was also a relatively low-emission solution.

The life cycle balance of the proposed solutions will be analyzed in future research.

Author Contributions: Conceptualization, J.H. and A.S.-S.; methodology, J.H. and A.S.-S.; software, A.S.-S.;
validation, J.H., A.S.-S. and M.N.; formal analysis, J.H.; A.S.-S. and M.N.; investigation, J.H. and A.S.-S.; resources,
A.S.-S.; data curation, J.H. and A.S.-S.; writing—original draft preparation, J.H. and A.S.-S.; writing—review and
editing, J.H.; visualization, J.H.; supervision, J.H.; A.S.-S. and M.N.; project administration, A.S.-S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Systematic Review of Health Aspects of Air Pollution in Europe; WHO Regional Office for Europe: Copenhagen,
Denmark, 2004; Available online: http://apps.who.int/iris/bitstream/handle/10665/107571/E83080.pdf?
sequence=1&isAllowed=y (accessed on 6 May 2019).

2. A Global Assessment of Exposure and Burden of Disease. 2016. Available online: http://apps.who.int/iris/
bitstream/handle/10665/250141/9789241511353-eng.pdf?sequence=1 (accessed on 6 May 2019).

3. Azmi, S.Z.; Latif, M.T.; Ismail, A.S.; Juneng, L.; Jemain, A.A. Trend and status of air quality at three different
monitoring stations in the Klang Valley, Malaysia. Air Qual. Atmosphere Health 2009, 3, 53–64. [CrossRef]
[PubMed]

4. Anderson, N.; Strader, R.; Davidson, C. Airborne reduced nitrogen: Ammonia emissions from agriculture
and other sources. Environ. Int. 2003, 29, 277–286. [CrossRef]

5. Chen, R.; Yin, P.; Meng, X.; Liu, C.; Wang, L.; Xu, X.; Ross, J.A.; Tse, L.A.; Zhao, Z.; Kan, H.; et al. Fine
Particulate Air Pollution and Daily Mortality. A Nationwide Analysis in 272 Chinese Cities. Am. J. Respir.
Crit. Care Med. 2017, 196, 73–81. [CrossRef] [PubMed]

6. Valavanidis, A.; Fiotakis, K.; Vlachogianni, T. Airborne Particulate Matter and Human Health: Toxicological
Assessment and Importance of Size and Composition of Particles for Oxidative Damage and Carcinogenic
Mechanisms. J. Environ. Sci. Health Part C 2008, 26, 339–362. [CrossRef] [PubMed]

7. Amann, I.; Bertok, J.; Cofala, F.; Gyarfas, C.; Heyes, C.; Klimont, Z.; Schopp, W.; Winiwarter, W. Baseline
Scenarios for the Clean Air for Europe (CAFE); Programme Final Report; CAFE Scenario Analysis Report No. 1;
International Institute for Applied Systems Analysis: Laxenburg, Austria, 2005.

8. The Benefits and Costs of the Clean Air Act from 1990 to 2020; Technical Report for U.S.; Environmental
Protection Agency Office of Air and Radiation: Washington, DC, USA, 2011. Available online: https:
//www.epa.gov/sites/production/files/2015-07/documents/summaryreport.pdf (accessed on 6 May 2019).

9. World Health Organisation. Ambient (Outdoor) Air Quality and Health; WHO: Geneva, Switzerland, 2014.
10. Künzli, N.; Kaiser, R.; Medina, S.; Studnicka, M.; Chanel, O.; Filliger, P.; Herry, M.; Horak, F., Jr.;

Puybonnieux-Texier, V.; Quénel, P.; et al. Public-health impact of outdoor and traffic-related air pollution:
A European assessment. Lancet 2000, 356, 795–801. [CrossRef]

11. Pope, C.A. Review: Epidemiological Basis for Particulate Air Pollution Health Standards. Aerosol Sci. Technol.
2000, 32, 4–14. [CrossRef]

12. Schwela, D. Air pollution and health in urban areas. Rev. Environ. Health 2000, 15, 13–42. [CrossRef]
13. Huang, J.; Pan, X.; Guo, X.; Li, G. Impacts of air pollution wave on years of life lost: A crucial way to

communicate the health risks of air pollution to the public. Environ. Int. 2018, 113, 42–49. [CrossRef]

53



Energies 2020, 13, 1224

14. Ortega-García, J.A.; Sánchez-Solís, M.; Ferrís-Tortajada, J. Air pollution and children’s health. An. Pediatr.
2018, 89, 77–79. [CrossRef]

15. Dellano-Paz, F.; Calvo-Silvosa, A.; Antelo, S.I.; Soares, I. The European low-carbon mix for 2030: The role of
renewable energy sources in an environmentally and socially efficient approach. Renew. Sustain. Energy Rev.
2015, 48, 49–61. [CrossRef]

16. Ghaith, A.F.; Epplin, F.M. Consequences of a carbon tax on household electricity use and cost, carbon
emissions, and economics of household solar and wind. Energy Econ. 2017, 67, 159–168. [CrossRef]

17. Cucchiella, F.; Gastaldi, M.; Trosini, M. Investments and cleaner energy production: A portfolio analysis in
the Italian electricity market. J. Clean. Prod. 2017, 142, 121–132. [CrossRef]

18. Freedman, B. Environmental Ecology: The Ecological Effects of Pollution, Disturbance, and Other Stresses; Academic
Press: Cambridge, MA, USA, 1995.

19. Hałacz, J.; Skotnicka-Siepsiak, A.; Neugebauer, M.; Nalepa, K.; Sołowiej, P. Assessment of options to reduce
pollutant emissions in single-family houses in north-eastern Poland. In Proceedings of the Renewable Energy
Sources-Engineering, Technology, Innovation, Krynica, Poland, 12–14 June 2019.

20. Hałacz, J.; Neugebauer, M.; Sołowiej, P.; Nalepa, K.; Wesołowski, M. Recycling Expired Photovoltaic Panels
in Poland. In Renewable Energy Sources: Engineering, Technology, Innovation; Springer Proceedings in Energy;
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Abstract: The biomass is regarded as a part of renewable energy sources (RES), which can satisfy
energy demands. Biomass obtained from plantations is characterized by low bulk density, which
increases transport and storage costs. Briquetting is a technology that relies on pressing biomass
with the aim of obtaining a denser product (briquettes). In the production of solid biofuels, the
technological as well as material variables significantly influence the densification process, and as a
result influence the end quality of briquette. This process progresses differently for different materials.
Therefore, the optimal selection of process’ parameters is very difficult. It is necessary to use a decision
support tool—decision support system (DSS). The purpose of the work was to develop a decision
support system that would indicate the optimal parameters for conducting the process of producing
Miscanthus and willow briquettes (pre-comminution, milling and briquetting), briquette parameters
(durability and specific density) and total energy consumption based on process simulation. Artificial
neural networks (ANNs) were used to describe the relationship between individual parameters
of the briquette production process. DSS has the form of a web application and is opened from a
web browser (it is possible to open it on various types of devices). The modular design allows the
modification and expansion the application in the future.

Keywords: decision support system; briquettes production; willow; Miscanthus; artificial neural
network; multilayer perceptron

1. Introduction

The usage of energy around the world is constantly rising. This is due to the increase in population
and increasing demands of society [1,2]. The major part of energy today energy is obtained from
burning fossil fuels. This is detrimental to the environment mainly because of greenhouse gas
emissions [3]. The need for reducing the emission of greenhouse gases, and restricting the usage of
fossil fuels with simultaneous increase in energy demand caused an increase in the amount of research
regarding renewable energy sources (RES) [4,5].

The biomass is regarded as a RES of high potential, which can satisfy energy demands of
contemporary society both in developed and developing countries throughout the world [6–9]. The
interest in biofuels created from different biomass types including agricultural energy waste and energy
cultivations is growing [10,11]. The use of biomass to produce energy is around 50% of all RES in the
world, and in Europe it is 70% [3]. Biomass can also be a raw material for the production of liquid and
gaseous solid biofuels [11–13].

The growing global bioenergy market requires new biomass sources. Logging wood and wood
biomass waste is insufficient. It is necessary to gradually replace it with agricultural biomass (energy
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plantations, aquatic plants and algae, agricultural waste, food processing waste and municipal solid
waste [8,14,15]). The use of lignocellulosic biomass, e.g., Miscanthus, willow, poplar, acacia or paulownia
as a source is particularly interesting [5,11,16].

Biomass obtained from plantations is characterized by low bulk density, which increases transport
and storage costs. For this reason, the shredded material is subjected to compaction using high
pressure [8,17]. Briquetting is one of the basic technologies for thickening and converting biomass into
solid biofuel—bio-briquettes intended for direct combustion [8,10,18]. Briquetting is a process that
comprises several stages, such as initial shredding, milling and densifying. Sometimes drying the raw
material or cooling the briquettes is required [5,19,20].

Main qualitative parameters of briquettes are related to density, porosity and durability. Moisture
content and compressive strength also influence the quality of briquette. These parameters are very
significant from the viewpoint of logistic processes, combustion processes and so on [21,22]. Briquettes
of bulk density above 1000 kg·m−3 are biofuels of high quality [23]. In the production of solid biofuels,
the technological as well as material variables significantly influence the densification process, and
as a result influence end quality of briquettes [24]. These factors can be divided into preproductive
(material properties: particle size and moisture content), productive (impact of drying, storage or
shredding on the properties of the material and the densification process) and post productive (storing,
transport and trans-shipment conditions) [19,23,24]. The size of the particles and their distribution are
included in the main factors determining the physical and mechanical properties of the briquette. Finer
milling means higher density, hardness and durability, but also causes higher production costs [10].
Many researches were dedicated to describing and explaining the processes of biomass densification.
The efficacy of the densification process stems from the quality of bonds between particles [10]. The
process of densifying the fragmented biomass occurs under high pressure, which causes the contact
area to increase, so adhesive forces lead to permanent connections between those particles [17]. The
work delivered by pressure is partially converted into heat. During densification, the friction and
shear in between the particles and between the particles and the briquetting machine, as well as the
molecular adhesive forces cause the temperature of the briquette to increase [9].

Various types of biomass are used for the production of briquettes. The most widely and commonly
used type for solid biofuel production is wood biomass (when considering commercial purposes, as
it has high content of lignin—a natural binder). Others other than wood types may also be valid
for such purposes [8]. Various species of Miscanthus and bamboo have great potential for bioenergy
production due to high yield, high cellulose and hemicellulose content, high calorific value and low
ash content [6,25]. Additionally, waste biomass from harvesting lines (poppy, oat, wheat and rice hulls)
or corn waste can be used as raw materials for briquette production [8,26,27].

As shown above, both the characteristics of the raw material and operational parameters are
responsible for the quality of briquette. Therefore, in the production of solid biofuel (briquette), it is
very important to understand the impact of these main factors on the properties of briquette. With this
knowledge, product quality can be improved [9,21].

Unfortunately, biomass as a raw material has vastly different properties. Therefore, there has
not been a single, consistent mathematical description of the briquetting process so far. This process
progresses differently for different materials. Therefore, the optimal selection of process’ parameters
(machine settings included in the production line) is very difficult. It is thus necessary to use decision
support tools.

Operational research methods are classic decision support tools. However, due to the increasing
complexity of decision-making problems and the growing possibilities of IT systems, in recent decades,
a new type of tools supporting decision-makers has been developed: the so-called decision support
systems (DSS). The definition formulated by Sprague and Carlson was [28,29]: "DSS comprises a class
of information system that draws on transaction processing systems and interacts with the other parts
of the overall information system to support the decision-making activities of managers and other
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knowledge workers in organizations". In recent years, there has been a rapid development of research
on DSS. This is confirmed by the rapidly growing number of publications [29,30].

DSS is composed of three basic components, which are: the database management subsystem,
the model base management subsystem and the dialog generation and management subsystem (user
interface), which handles the interaction of the user with the system [28,30]. DSSs are used in many
areas, e.g., IT, production engineering, transport, biosystem engineering and many more. In agricultural
engineering, DSSs are used in pest management, crop production, biomass production, operational
planning machine activities and pig products chains [29]. Decision support systems cover various
parts of the supply chain. They are mostly used to deal with suppliers, optimize shipments, transport
and production. The industries that most often use DSSs in the supply chain are manufacturing
(e.g., medicine and fertilizer production, etc.) and agriculture. DSSs in the supply chain are also
used in automotive processes, computers, construction, e-commerce, fisheries, food, forestry, logistics,
medicine and petroleum [31–33]. DSSs are used to supplement energy-related decision processes [34].
Decision support systems were also a research subject in the field of RES. For example, DSSs have been
developed for:

• Evaluation of energy and economic benefits of power to gas/heat technologies [35].
• The renewable energy management (a small scale photovoltaic energy production) based on the

existing geographic information systems [36].
• Achieving energy balance in a low-voltage microgrid with RES (photovoltaic panels and wind

turbines) [37].
• Supplementing the selection of optimal sites for grid-connected photovoltaic power plants using

an environmental DSS [38].
• Setting priorities regarding the selection of bioenergy home heating sources in Southern Europe

(DSS uses MCDA—multicriteria decision analysis—methods) [39].

One of the components of DSSs is a model. It is important that they describe as accurately as
possible the processes on which a DSS is expected to provide the decision-maker with information on
the best solutions. The desire to increase the possibility of developing accurate decision variants has
resulted in the emergence of intelligent DSSs, in which methods of artificial intelligence are used. In
order to find dependencies between individual parameters describing the briquette production process
artificial neural networks (ANNs), which are one of the methods of artificial intelligence, can be used.

The term artificial neural network refers to a computational and machine learning technique [40–43].
One type of neural networks are multilayer perceptron neural networks (MLPs). An MLP consists
of an input layer, a hidden layer (one or two) and an output layer. Each layer consists of neurons
with a non-linear activation function, which are connected to each other [44–46]. ANNs are universal
nonlinear approximators. Implementation of artificial neural networks for different research proved to
be very efficient and accurate [20,40,43,44,47–52].

ANNs are widely employed to exploit the empirical knowledge. Particularly, ANNs are applied
in modeling, classification and clustering tasks, prediction processes, decision-making processes
and management of industrial production systems [53]. ANNs are used in various scientific fields
including, for example, bioinformatics, biochemistry, medicine, meteorology, economic sciences,
robotics, aquaculture, food security and climatology. ANNs are also used in agriculture, agrophysics
or agricultural engineering [20,40,44,47–49,51,54]. For example, an ANN was used to model paper
production. An ANN was implemented to predict the fibers’ length [53]. ANNs are also employed
to control and predict variables in drying processes (a tomato drying model, tobacco and willow
woodchips drying processes) [20,55]. Many applications of ANNs involve forecasting and prediction
in agriculture. The ANNs with MLP topology to forecast winter rapeseed yields and winter wheat
yield were developed [46,56]. The neural model forecasting temperature changes inside the heated foil
tunnel enables the optimization of decisions regarding the control of heating system. Consequently,
this allows one to lower the energy usage needed to ensure optimal internal climate in heated foil
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tunnel [44]. The ANN model can be also a part of a more complex DSS designated for internal
climate management.

Some authors propose artificial neural networks (ANNs) for energy demand prediction and
optimization (energy demand in smart grid; heating, ventilation and air conditioning energy savings in
office buildings) [34]. Many ANN applications are related to renewable energy sources (different uses
of ANN models for better energy production predictions). Research addresses for example the creation
and use of ANNs to forecast solar radiation (the main problem for the best use of photovoltaic systems)
and wind power forecasting [41,45,57–59]. ANNs are applied for forecasting building energy usage
and demand [42]. The diversification of ANNs applications is vast, demonstrating the importance of
this tool. ANNs are a powerful tool for making predictions based on a large number of interrelated
experimental data [20,44,47–50,52,55,60–63].

The aim of the work was to create a DSS, which could approximate optimal parameters for
producing briquettes from Miscanthus and willow. Such parameters are durability and specific density
(briquette parameters) and these associated with production processes (precomminution, milling and
briquetting parameters).

2. Materials and Methods

As part of the work, a decision support system was designed, made and tested on a selected
production line of plant biomass briquettes. The proposed decision support system is a continuation
of a larger research cycle. The whole work consisted of 4 stages (Figure 1): I—conducting experimental
tests, II—creating simulation models using ANN, III—performing simulation experiments and creating
a database and IV—developing the inference module for the proposed DSS.

I.

EXPERIMENTAL 

STUDIES 

II.  

PRE-COMMINUTION MILLING PRESSURE 

BRIQUETTING 

III.

EXPERIMENTS - 

DATABASE 

IV.

 

Figure 1. Stages of work.
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2.1. Testing the Briquetting Process

Stage I involved testing the briquetting process of the line located in the laboratory of the University
of Agriculture in Krakow. The research material was obtained from the experimental plots of the
Energy Plants Collection located at the Faculty of Production and Energy Engineering. The line
diagram and parameters of the briquette production line are shown in the Figure 2. Briquettes obtained
in the production process had a nominal diameter of 50 mm and a length of about 50 mm.

MATERIAL 

MILLING  

PRE-  

Specifications: theoretical chop length L: 10 i 20 (mm), -powered by electric 
motor 2.2 kW

BEATER MILL
Specifications: sieve diameter: 4, 10, 15 (mm), powered by electric motor  

12.5 kW, has a gravitational material feeding system and a screw conveyor 
system for the transport of the milled material

PRESSURE BRIQUETTING 

Specifications: -agglomeration pressure: 20 - 50 (MPa), powered by electric 

motor 5.5 kW, briquette size: diameter - 50 mm, length 50 mm

BRIQUETTE 

Figure 2. Diagram and parameters of the production line.

The resulting briquette quality was assessed according to the guidelines set in standards EN
15234-3:2012 (Solid biofuels—Fuel quality assurance—Part 3: Wood briquettes for non-industrial
use). In accordance with the requirements in norm, a specific density of briquettes was set using a
kit for determining the specific density—RADWAG - WPS 510/C/1. Next, the mechanical durability
(DU) of the obtained briquettes was specified in accordance with the standard EN 15210-2:2011 (Solid

63



Energies 2020, 13, 1364

biofuels—determination of mechanical durability of pellets and briquettes—Part 2: Briquettes). DU
was calculated from the formula [64]:

DU =
mA
mB
· 100% (1)

where:
DU—mechanical durability of briquette, %;
mA—mass of the sample after the test, g;
mB—mass of the sample before the test, g.

2.2. Developing ANN Models

Stage II consisted of developing ANN models for each stage of briquette production. Output
parameters from individual stages were treated as input to the next.

It has been assumed that individual models will enable the following parameters to be determined:

1. For the precomminution process and the milling process:

• Energy consumption,
• Bulk density,
• Granulometric composition of the comminuted and the milled material (share of

individual fractions).

2. For the briquetting process:

• Energy consumption,
• Specific density,
• Briquette durability.

Analysis of the production process and factors affecting the quality of the briquette allowed one to
determine the inputs for individual models. For creating the models and the learning process of ANNs,
the function “Automatic Designer” of Statistica was used. The back-propagation learning algorithm
and then the conjugate gradient algorithm were used for each ANN. An ANN of the MLP type was
chosen to create neural models.

The basic element of MLP is the so-called artificial neuron (Figure 3). The values of input variables
and the threshold signal are fed to each neuron. These values are multiplied by the weights of
individual inputs and then the products calculated in this way are added together. The resulting sum
is transformed by a non-linear activation function resulting in an output signal at the neuron’s output.
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Figure 3. Diagram of an artificial neuron.

The structure of MLP networks is shown in Figure 4. These networks have a layered structure:
input layer, hidden layers and output layer. Each layer has a different number of artificial neurons.
Neurons of adjacent layers are connected to each other (no connections between neurons of the same
layer). The value of the output from each neuron is passed to the inputs of all neurons of the next
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layer. In the case of output layer neurons, the values obtained are the result of calculations. There is a
summary ANN response to the input values.

Layers
Input
Layer Layer

A
N

N
   

 IN
PU

T

Figure 4. Diagram of the multilayer perceptron (MLP) type neural network.

ANNs are adapted to the modeled phenomenon during the learning process (weight changes for
individual neurons occur). Gradient methods are used to teach MLP networks. Two such methods were
used in the work: the back-propagation learning algorithm and then the conjugate gradient algorithm.

The values of the root mean-square error (RMSE) and mean absolute percentage error (MAPE)
calculated for testing data set were the criterion of choice. RSME and MAPE are commonly used
statistical errors to evaluate the model’s performance [20,44–46,65].

The selection criteria were the root mean-square error (RMSE) and mean absolute percentage
error (MAPE) calculated for the test data set. RSME and MAPE are commonly used statistical errors to
assess model performance.

The RMSE and the MAPE were calculated from the following formulas:

RMSE =

√√
1
n
·

n∑
i=1

(Yi −YANN,i)
2 (2)

MAPE =
1
n
·
∣∣∣∣∣Yi −YANN,i

Yi

∣∣∣∣∣ · 100% (3)

where:
n—number of observations,
Yi—values obtained during research,
YANN,i—calculated by the ANN value.
Sensitivity analyses were performed for the created models in order to reject input variables that

did not improve the accuracy of individual ANNs. The learning process has been repeated many times
to obtain the best ANN. For each model, 100 neural networks of different architectures were tested, of
which the best was selected.

2.3. Performing Simulation Experiments and Creating A Database

The following assumptions were made in the computer simulation process:
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1. The production of briquettes from Miscanthus and willow proceeds in three stages
continuously—the material passes through subsequent devices without interoperational storage.

2. The moisture content decreases by 2% at every stage of production.
3. During the simulation, the humidity of the chipped material varied from 13% to 21%.
4. Precomminution allows one to obtain chopped straw with a theoretical length of 10 and 20 mm.
5. Milling is carried out in one step—only one sieve (sieve diameters: 15, 10 and 4 mm).
6. Briquetting takes place at an adjustable pressure in the range of 20–56 MPa, every 2 MPa.

Based on computer simulations a database was created (Figure 5) for selected energy crops
(Miscanthus, willow).

DATABASE 
MANAGEMENT 

 

DATABASE: 
 

MATERIAL 
PARAMETERS, 

 
FORECASTED 
PARAMETERS 

 
 
 

ANN 

MANAGEMENT 
 

Figure 5. Organization chart of decision support system (DSS) elements (databases, database
management subsystem, models databases and models database management subsystem).

2.4. Developing the Inference Module for the Proposed DSS

The final stage was the design and implement the inference module. This module was designed
to calculate the optimal product and process parameters based on the total energy consumption. This
module was an integral part of the computer program, which has also been designed and made as part
of the work.

Assumptions for the designed application:

• Application in web technology,
• Responsive work mode,
• The ability to generate, modify and save reports,
• The ability to add more energy crops,
• Modular nature of the application,
• Expandable.

3. Results

In Figure 6 the essence of the DSS is shown. The ANN models used in the developed DSS are
shown on Figures 7–11. Inputs and outputs of individual ANNs and connections between them
are marked.
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BRIQUETTE PARAMETERS  

(durability, bulk density)

PROCESS PARAMETERS  

(theoretical chop length, sieve 

diameter, agglomeration 

pressure)

TOTAL ENERGY 

CONSUMPTION

TYPE OF MATERIAL

MOISTURE OF MATERIAL

MATERIAL DURABILITY 

RANGE

INPUT

Figure 6. The essence of the DSS.

ANN 

PRE-  

(ANN P-C) 

ANN 1.1 

ANN 1.2 

ANN 1.3 

MATERIAL 

ANN MILLING  

 

(ANN M A) 

ANN 2A1 

ANN 2A2 

ANN 2A3 

ANN MILLING 

MISCANTHUS 

(ANN M B) 

ANN 2B1 

ANN 2B2 

ANN 2B3 

ANN PRESSURE 

BRIQUETTING 

(ANN PB) 

ANN 3.1 

ANN 31.2 

ANN 3.3 

Willow Miscanthus 

Figure 7. Models obtained for individual stages of the briquettes production process.
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 ANN 1.1 
MLP 3:6-5-2-1:1 

ANN 1.2 
MLP 3:6-2-1:1 

ANN 1.3 

MLP 3:6-2-3:3 

Xpc0 – chipped material - code 
(categorized variable) (-)

Xpc1 – theoretical chop length 
(size: 10 or 20) (mm)

Xpc2 – moisture of the chopping 
material (%)

 – bulk density after chipper 
(g/ cm3 )

 –  part of 
chipped fraction 16 mm (%), 
8 mm (%), 3.2 mm (%)

pc1 - chipped - energy 
consumption (Wh/kg)

Figure 8. Inputs and outputs of individual artificial neural networks (ANNs) of the
precomminution process.

 

 
ANN 2A1 

MLP 7:7-3-1:1 

ANN 2A2 

MLP 7:7-3-1:1 

ANN 2A3 

MLP 7:7-2-2:2 

Xm1 – moisture of the milling 
material (%)

Xm2 – mill sieve diameter 
combination 15mm-10mm-4mm

Xm3 – mill diameter of the last 
sieve (mm)

Xm  – bulk density after chipper 
(g/ cm3 )

Xm  / Xm Xm  

 part of chipped fraction  

16mm (%) / 8mm (%) / 3.2mm(%)

- bulk density after milling 
(g/ cm3 )

3 - part of milled fraction 
8+3.2+2.8 (%)

 - part of milled fraction 
1+0.5+0.25+dust (%)

1 - milling - energy 
consumption (Wh/kg)

Figure 9. Inputs and outputs of individual ANNs of the milling process—willow.
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ANN 2B1 

MLP 8:10-2-1:1 

ANN 2B2 

MLP 7:9-3-1:1 

ANN 2B3 

MLP 7:9-3-2:2 

Xm1 – moisture of the milling 
material (%)

Xm2 – mill sieve diameter 
combination 15 mm-10 mm-4 mm

Xm3 – mill diameter of the last 
sieve (mm) 

Xm  – bulk density after chipper 
(g/ cm3 )

Xm  / Xm Xm  

 part of chipped fraction  

16 mm (%) / 8 mm (%) / 3.2 mm (%)

- bulk density after milling 
(g/ cm3 )

3 - part of milled fraction 
8+3.2+2.8 (%)

 - part of milled fraction 
1+0.5+0.25+dust (%)

1 - milling - energy 

consumption (Wh/kg)

Xm0 – milling material - code 
(categorized variable) (-)

Figure 10. Inputs and outputs of individual ANNs of the milling process—Miscanthus.

 
ANN 3.1 

MLP 6:9-7-4-1:1 

ANN 3.2 
MLP 

6:9-10-3-1:1 

ANN 3.3 

MLP 6:9-4-1:1 

Xb1 – moisture of the briquetted 
material (%)]

Xb2 – pressure (MPa)

Xb3 – mesh diameter of the last 
mill sieve (mm) 

X  – part of milled fraction 
8+3.2+2.8 (%)

X  part of milled fraction 1, 

0.5+0.25+dust (%)

b2 - briquette density (g/ cm3 )

b3 - briquette durability (%)

b1 - pressure briquetting - 
energy consumption (Wh/kg)

Xb0 – briquetted material - code 
(categorized variable) (-)

Figure 11. Inputs and outputs of individual ANNs of the briquetting process.
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Tables 1–3 present the RMSE and MAPE error values calculated for ANN models describing the
precomminution, the milling and the briquetting processes. Figure 12 shows a comparison of parameter
values describing the briquetting process obtained using ANNs with average values measured during
experimental tests for a selected example for the diameter of the last mill sieve (diameter = 15 mm).

Table 1. Root mean-square error (RMSE) and mean absolute percentage error (MAPE) error values
calculated for ANNs describing the precomminution process.

Energy Consumption Bulk Density Parts of Chipped Fractions

ANN
RMSE

(Wh/kg)
MAPE

(%)
RMSE
(g/cm3)

MAPE
(%)

RMSE
(%)

MAPE
(%)

Willow 0.17 10.27 0.000642 0.21 2.50 10.08
Miscanthus 0.11 3.73 0.001187 1.28 1.72 8.40

Table 2. RMSE and MAPE error values calculated for ANNs describing the milling process.

Energy Consumption Bulk Density Parts of Milled Fractions

ANN
RMSE

(Wh/kg)
MAPE

(%)
RMSE
(g/cm3)

MAPE
(%)

RMSE
(%)

MAPE
(%)

Willow 3.38 5.48 0.00212 1.31 2.79 5.90
Miscanthus 2.44 6.56 0.00027 0.24 1.30 3.79

Table 3. RMSE and MAPE error values calculated for ANNs describing the briquetting process.

Energy Consumption Briquette Density Briquette Durability

ANN
RMSE

(Wh/kg)
MAPE

(%)
RMSE
(g/cm3)

MAPE
(%)

RMSE
(%)

MAPE
(%)

Willow 1.22 3.43 0.0174 1.76 1.42 1.31
Miscanthus 1.63 3.26 0.0156 1.43 1.02 0.91

The detailed algorithm of the DSS inference module operation is presented in Figure 13.
The application has a web form and is opened from a web browser. The technologies used were

the project in the Model-View-Controller (MVC) design pattern, Java programming language and
elements of the SQL programming language. The following libraries were used: Spring MVC, Spring
Web, Spring Security and Hibernate. The application has been scaled to one database server. Postgre
SQL server version 9.4 was chosen. Coding was done using the NetBeans programming environment.
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Figure 12. Comparison of parameter values describing the briquetting process obtained using ANNs
with average values measured during experimental tests (for the diameter of the last mill sieve of
15 mm): (a) energy consumption for Willow; (b) briquette density for Willow; (c) briquette durability
for Willow; (d) energy consumption for Miscanthus; (e) briquette density for Miscanthus; (f) briquette
durability for Miscanthus.
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Figure 13. The algorithm of the inference module.

The system was developed using elements of graphical notation of the UML (unified modeling
language). The program also meets the principles used in software engineering. Two sample schemes
were selected, namely a use case diagram (Figure 14) and an implementation diagram (Figure 15).
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Description: 

Designations used in accordance with UML notation:

Part of the system; 

<include> Means that the selected parameters are selectable; 

System boundaries; 

Task and parameters; 

Information flow. 

Figure 14. Use case diagram.
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Figure 15. Implementation diagram.

4. Discussion

As part of this work, a DSS (Figure 6), which is designed to assist the user in the selection of
process parameters for a given line producing briquettes from energy plants based on input parameters
based on data from simulations has been designed and made.

The requirement for the proper operation of DSSs is the accuracy of models describing individual
processes. ANNs models used in our DSS show high accuracy of calculations (independent models
were developed to calculate particular output variables).

For the precomminution process (Table 1) the MAPE error values varied from 0.21% to 10.27%.
The lowest errors occurred for bulk density (MAPE = 0.21% and 1.28%). The ANN model calculating
the values of the parts of chipped fractions variable was the least accurate (MAPE = 10.08% for willow
and MAPE = 8.40% for Miscanthus). For variables “energy consumption” and “parts of chipped
fractions” ANNs were more accurate for Miscanthus. The ANN accuracy for bulk density is very high
for both plants.

For the milling process (Table 2) the MAPE error values varied from 0.24% to 6.56%. Additionally,
in this case, the lowest errors occurred for bulk density (MAPE = 1.31% for willow and MAPE = 0.24%
for Miscanthus). The error values for energy consumption and parts of milled fractions did not exceed
a few percent and show the high accuracy of the models (MAPE = 5.48% and 5.90% for willow and
MAPE = 6.45% and 3.79% for Miscanthus).

For the briquetting process (Table 3), the MAPE error values varied from 0.91% to 3.43%. The
highest error values occurred for energy consumption (MAPE = 3.43% for willow and MAPE = 3.26%
for Miscanthus). For the other two output variables, these errors were much lower: MAPE = 1.76% and
1.43% for briquette density and MAPE = 1.31% and 0.91% for briquette durability. No major differences
in the accuracy of neural models were observed between willow and Miscanthus briquetting.
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Figure 12 shows examples of using ANNs to simulate the briquetting process (this is the most
important of the briquette production processes that determines the quality of the final product and
energy consumption). The results for one type of sieve (diameter = 15 mm) and for two selected
humidity levels (10% and 15%) are summarized. The comparison of average real values (obtained
from measurements) with the values of three output variables calculated by ANNs confirmed the
high accuracy of the developed models for the entire range of applied briquetting pressures. It can be
observed that in the case of Miscanthus, changes in humidity had a small effect on the values of the
output parameters of briquetting (Figure 12d–f). However, for willow, the change in humidity caused
significant differences in the case of briquette density and briquette durability (Figure 12b,c). Higher
humidity reduced the density and durability of the briquette at the same briquetting pressures. It is
worth noting that at 17 MPa pressure, the durability of willow briquettes made from raw material
with humidity of 15% was much lower (by 37%) than 10% biomass briquettes. Despite the large
non-linearity of changes, the ANN describing the durability of the briquette simulates the process
very well.

A detailed operation algorithm of the DSS inference module is shown in the Figure 13. This
diagram can be divided into two parts: the parameters specified by the user and the parameters
calculated by the DSS inference module.

The user specifies the type of energy plant (Miscanthus or willow), moisture content of the energy
plant and the expected durability of the briquette. If the plant has too much humidity (>20%), additional
drying of the plant material is necessary.

Based on the given parameters, the DSS inference module calculates the process parameters
(settings for the ax chopper, beater mill and piston briquetting press) and determines the forecast
parameters of the briquette (durability and specific density). The objective function is to minimize
total energy consumption. From the selected durability range and set humidity for the selected plant
material, the data set with the lowest total energy consumption was selected. This solution gave the
opportunity to perform simulations for many variants of interest to potential users.

The parameters characterizing the quality of produced briquettes are mechanical durability and
specific density. These parameters are commonly used as indicators of briquette quality [8,17,21–23,64].

Durability and density are related to each other. For briquettes made of a specific type of biomass
and under certain conditions, the higher the density, the greater the durability. The values of these
parameters are very important for briquette producers—they affect the costs of transport and storage of
briquettes. The higher durability and density of the briquettes means that they have higher transport
and load compliance—transport and storage costs are lower. For transport, the limit is the maximum
transport volume of the transport means (e.g., trucks), not its load capacity. The higher density of
briquettes means that a larger mass can be transported with one transport means. Additionally, higher
density briquettes have lower costs of the storage process—a certain mass takes up less storage space,
it is better to use storage devices, etc. The greater durability of the briquettes means that they have a
higher loadability (stacking resistance), which allows better use of the surface of the transport means
and storage space. Briquettes with higher durability are less damaged (crushed) during transport,
handling and storage processes.

Examples of user interface screens of the designed DSS are shown in the Figures 16 and 17.
As the DSS is intended for briquette producers in Poland, the user interface is in the Polish

language. By asking the DSS question via the user interface (Figure 16), the user enters via the keyboard
information: regarding the selected energy plant ("Select Plant"), minimum ("Minimum durability
(%)") and maximum ("Maximum durability (%)") durability of the briquette and humidity of the
material ("Humidity (%) Range: 14-20"). After entering the information, the decision-maker can click
the calculate button and will be taken to the screen with the DSS response (Figure 17). In case of
entering incorrect data, the "Clear" button, which will delete the entered data, may also be clicked.
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Figure 16. User interface screen of the designed DSS for data entry.

 

Figure 17. DSS user interface screen with system response.

The screen with the DSS response presents the results of the calculations. The results were divided
into two groups: product properties and process parameters. As a part of the process properties,
the following are displayed: durability (%), total energy consumption (Wh/kg) and specific density
(g/cm3). As a part of the process, the following parameters are displayed: theoretical chop length
(mm), diameter of the last sieve (mm) and agglomeration pressure (MPa). The decision-maker can
save several subsequent unit tests in the form report to compare and choose the best solution. The
generated report can be saved and modified.
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The use case diagram (Figure 14) illustrates the main functionality of the system, which consists of
the calculating product, input and process parameters, total energy consumption and displaying them.
This diagram also shows the division of permissions/tasks between parts of the systems. The user has
the authority to enter data and generate, modify and save reports. DSS is designed to interpret input
data and perform calculations according to the designed algorithm. The database stores data on input
parameters (material properties), ANN models database and forecasted output parameters (product
and process).

The implementation diagram (Figure 15) reflects the physical structure of the system. The modules
of the web application itself are also distinguished. Due to the use of ready-made libraries (Spring,
Hibernate and Spring MVC), the process of analyzing data was significantly shortened.

System operation was confirmed by a series of unit tests. Selected tests are presented in the
Tables 4 and 5. The selected unit tests parameters reflected the upper briquette durability ranges.

Table 4. Simulation results for selected input data—Miscanthus.

Durability
Range (%)

Moisture
(%)

Theoretical
Chop

Length
(mm)

Diameter
of the Last

Sieve
(mm)

Briquetting
Pressure

(MPa)

Durability
(%)

Density
(g/cm3)

Energy
Consumption

(Wh/kg)

90-100 14 10 15 43 90.1 0.917 58.09
80-90 14 10 15 20 81.0 0.748 24.51
90-100 15 10 15 36 90.1 0.827 53.71
80-90 15 10 15 20 80.9 0.748 24.28
90-100 16 10 15 36 90.4 0.825 53.02
80-90 16 10 15 20 80.6 0.751 24.19
90-100 17 10 15 39 90.2 0.857 54.41
80-90 17 10 15 22 80.1 0.757 24.31
90-100 18 10 15 38 90.4 0.857 53.81
80-90 18 10 15 22 80.2 0.747 24.3
90-100 19 10 15 39 90.0 0.864 57.05
80-90 19 10 15 23 80.4 0.736 24.75
90-100 20 10 10 33 90.0 0.796 62.18
80-90 20 10 15 28 80.4 0.743 36.98

Table 5. Simulation results for selected input data—willow.

Durability
Range (%)

Moisture
(%)

Theoretical
Chop

Length
(mm)

Diameter
of the Last

Sieve
(mm)

Briquetting
Pressure

(MPa)

Durability
(%)

Density
(g/cm3)

Energy
Consumption

(Wh/kg)

90-100 14 10 15 42 90.0 0.859 53.83
80-90 14 10 15 22 81.8 0.760 26.73
90-100 15 10 15 42 90.3 0.854 53.06
80-90 15 10 15 20 80.3 0.709 26.06
90-100 16 10 15 38 90.3 0.840 50.22
80-90 16 10 15 20 91.1 0.661 26.02
90-100 17 10 15 44 90.2 0.832 54.12
80-90 17 10 15 22 81.5 0.640 26.02
90-100 18 10 10 32 90.4 0.795 73.38
80-90 18 10 15 26 80.9 0.631 27.08
90-100 19 10 10 38 90.4 0.785 78.27
80-90 19 10 15 34 80.4 0.636 51.07
90-100 20 20 4 36 90.6 0.853 115.24
80-90 20 10 10 24 81.1 0.724 70.4

The decision maker, having to determine the parameters of the briquette production process, had
information about the type of plant (Willow or Miscanthus) and biomass moisture level. He also knew
what durability the briquette he wanted to achieve (introduces the minimum and maximum durability

77



Energies 2020, 13, 1364

value to DSS). On this basis the DSS, using ANN models, calculated the parameters of individual stages
of the briquette production process (theoretical chop length, diameter of the last sieve and briquetting
pressure) and briquette quality parameters (durability and density) with minimal energy consumption.

For example, for Miscanthus with 14% humidity and the 90%-100% durability range, the DSS
process parameters: theoretical chop length= 10 mm, diameter of the last sieve = 15 mm and briquetting
pressure = 43 MPa will ensure briquette durability of 90.1% with minimal energy consumption of 58.09
Wh/kg (Table 4, row 1). If the decision maker states that 80% durability is sufficient, DSS will calculate
new process parameter values (only briquetting pressure = 20 MPa changes) that will ensure briquette
durability of 81.0% with a minimum energy consumption of 24.51 Wh/kg (Table 4, row 2).

It can be seen that reducing the briquette quality requirements from 90% to 80% results in
a significant reduction in energy consumption (by about 50%) for both Miscanthus and willow
(Tables 4 and 5).

5. Conclusions

The DSS designed and made in this work supported the decision-maker/user in the selection
of process parameters for the selected line producing briquettes from energy plants (Miscanthus and
willow). The developed DSS is unique—in the literature review no similar decision support tools were
found in the processes of producing briquettes from energy plants.

The developed DSS belongs to the class of Intelligent DSSs, as it uses artificial intelligence
methods—ANNs. The completed application is fully functional and is ready for implementation in
a real production system. Due to the use of web technology, it can be run on a desktop computer,
tablet or smartphone. DSS can be used by small enterprises, in which decision-makers usually do not
have expertise in the operation of complex computer systems. In Polish conditions, the production
of briquettes for energy purposes is most often carried out in small and medium-sized enterprises,
therefore there is a demand for this type of DSSs.

The modularity of the system allows future development of the designed system. It is possible
to improve the DSS through, e.g., supplementing or improving the model database. The developed
DSS is only applicable to the briquetting process. However, due to the open modular structure of
the program, after minor program modifications and supplementing the model database with neural
networks describing the pellet production process, the DSS can also be used for pellet production.
Further research will seek to increase this DSS’s functionality. It is planned to supplement it with other
types of energy crops and to introduce other types of production lines. In the future, it is planned to
add a module for creating production schedules.
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36. Besser, A.; Kazak, J.K.; Świąder, M.; Szewrański, S. A Customized Decision Support System for Renewable
Energy Application by Housing Association. Sustainability 2019, 11, 4377. [CrossRef]

37. Stamatescu, I.; Arghira, N.; Fagarasan, I.; Stamatescu, G.; Iliescu, S.S.; Calofir, V. Decision Support System for
a Low Voltage. Energies 2017, 10, 118. [CrossRef]

38. Aran Carrion, J.; Espin Estrella, A.; Aznar Dols, F.; Zamorano Toro, M.; Rodriguez, M.; Ramos Ridao, A.
Environmental decision-support systems for evaluating the carrying capacity of land areas: Optimal site
selection for grid-connected photovoltaic power plants. Renew. Sustain. Energy Rev. 2008, 12, 2358–2380.
[CrossRef]

39. Martín-Gamboa, M.; Dias, L.C.; Quinteiro, P.; Freire, F.; Arroja, L.; Dias, A.C. Multi-Criteria and Life Cycle
Assessment of Wood-Based Bioenergy Alternatives for Residential Heating: A Sustainability Analysis.
Energies 2019, 12, 4391. [CrossRef]

40. Tamouridou, A.A.; Pantazi, E.X.; Alexandridis, T.; Lagopodi, A.; Kontouris, G.; Moshou, D. Spectral
Identification of Disease in Weeds Using Multilayer Perceptron with Automatic Relevance Determination.
Sensors 2018, 18, 2770. [CrossRef]

41. Sampaio, G.S.; de Aguiar Vallim Filho, A.R.; da Silva, L.S.; da Silva, L.A. Prediction of Motor Failure Time
Using An Artificial Neural Network. Sensors 2019, 19, 4342. [CrossRef]

42. Runge, J.; Zmeureanu, R. Forecasting Energy Use in Buildings Using Artificial Neural Networks: A Review.
Energies 2019, 12, 3254. [CrossRef]

80



Energies 2020, 13, 1364

43. Kasantikul, K.; Yang, D.; Wang, Q.; Lwin, A. A Novel Wind Speed Estimation Based on the Integration of
an Artificial Neural Network and a Particle Filter Using BeiDou GEO Reflectometry. Sensors 2018, 18, 3350.
[CrossRef] [PubMed]

44. Francik, S.; Kurpaska, S. The Use of Artificial Neural Networks for Forecasting of Air Temperature inside a
Heated Foil Tunnel. Sensors 2020, 20, 652. [CrossRef] [PubMed]

45. Liu, Y.; Zhang, S.; Chen, X.; Wang, J. Artificial Combined Model Based on Hybrid Nonlinear Neural Network
Models and Statistics Linear Models—Research and Application for Wind Speed Forecasting. Sustainability
2018, 10, 4601. [CrossRef]

46. Niedbała, G.; Nowakowski, K.; Rudowicz-Nawrocka, J.; Magdalena, P.; Tomczak, R.J.; Tyksiński, T.;
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49. Francik, S.; Ślipek, Z.; Frączek, J.; Knapczyk, A. Present Trends in Research on Application of Artificial
Neural Networks in Agricultural Engineering. Agric. Eng. 2016, 20, 15–25. [CrossRef]

50. Vlontzos, G.; Pardalos, P.M. Assess and prognosticate green house gas emissions from agricultural production
of EU countries, by implementing, DEA Window analysis and artificial neural networks. Renew. Sustain.
Energy Rev. 2017, 76, 155–162. [CrossRef]

51. Liakos, K.G.; Busato, P.; Moshou, D.; Pearson, S.; Bochtis, D.D. Machine Learning in Agriculture: A Review.
Sensors 2018, 18, 2674. [CrossRef]

52. Iddio, E.; Wang, L.; Thomas, Y.; McMorrow, G.; Denzer, A. Energy efficient operation and modeling for
greenhouses: A literature review. Renew. Sustain. Energy Rev. 2020, 117, 109480. [CrossRef]

53. Almonti, D.; Baiocco, G.; Tagliaferri, V.; Ucciardello, N. Artificial Neural Network in Fibres Length Prediction
for High Precision Control of Cellulose Refining. Materials 2019, 12, 3730. [CrossRef]

54. Tamouridou, A.A.; Alexandridis, T.K.; Pantazi, X.E.; Lagopodi, A.L.; Kashefi, J.; Kasampalis, D.; Kontouris, G.;
Moshou, D. Application of Multilayer Perceptron with Automatic Relevance Determination on Weed Mapping
Using. Sensors 2017, 17, 2307. [CrossRef]

55. Martinez-Martinez, V.; Baladron, C.; Gomez-Gil, J.; Ruiz-Ruiz, G.; Navas-Garcia, L.M.; Aguiar, J.M.; Carro, B.
Temperature and Relative Humidity Estimation and Prediction in the Tobacco Drying Process Using Artificial
Neural Networks. Sensors 2012, 12, 14004–14021. [CrossRef] [PubMed]

56. Niedbała, G. Application of Artificial Neural Networks for Multi-Criteria Yield Prediction of Winter Rapeseed.
Sustainability 2019, 11, 533. [CrossRef]

57. Bermejo, J.F.; Fernandez, J.F.G.; Polo, F.O.; Marquez, A.C. A Review of the Use of Artificial Neural Network
Models for Energy and Reliability Prediction. A Study of the Solar PV, Hydraulic and Wind Energy Sources.
Appl. Sci. 2019, 9, 1844. [CrossRef]

58. Tina, G.M. Special Issue on Applications of Artificial Neural Networks for Energy Systems. Appl. Sci. 2019,
9, 3734. [CrossRef]

59. Zhou, J.; Xu, X.; Huo, X.; Li, Y. Forecasting Models for Wind Power Using Extreme-Point Symmetric Mode
Decomposition and Artificial Neural Networks. Sustainability 2019, 11, 650. [CrossRef]

60. Yu, H.; Chen, Y.; Hassan, S.G.; Li, D. Prediction of the temperature in a Chinese solar greenhouse based on
LSSVM optimized by improved PSO. Comput. Electron. Agric. 2016, 122, 94–102. [CrossRef]

61. Rodrigues, E.; Gomes, Á.; Gaspar, A.R.; Henggeler Antunes, C. Estimation of renewable energy and built
environment-related variables using neural networks—A review. Renew. Sustain. Energy Rev. 2018, 94,
959–988. [CrossRef]

62. Reynolds, J.; Ahmad, M.W.; Rezgui, Y.; Hippolyte, J.L. Operational supply and demand optimisation of a
multi-vector district energy system using artificial neural networks and a genetic algorithm. Appl. Energy
2019, 235, 699–713. [CrossRef]

63. Zheng, M.; Leib, B.; Wright, W.; Ayers, P. Neural models to predict temperature and natural ventilation in a
high tunnel. Trans. ASABE 2019, 62, 761–769. [CrossRef]

81



Energies 2020, 13, 1364

64. Wrobel, M.; Fraczek, J.; Francik, S.; Slipek, Z.; Mudryk, K. Influence of degree of fragmentation on chosen
quality parameters of briquette made from biomass of cup plant Silphium perfoliatum L. In Proceedings of the
Engineering for Rural Development, Jelgava, Latvia, 23–24 May 2013; pp. 653–657.
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Abstract: In Poland the use of solid biomass obtained from intentional plantations of energy plants is
increasing. This biomass is most often processed into solid fuels. There are growing indications that
renewable energy sources, in particular biomass production, will continue to develop, so the better we
know the raw material, the more effectively we will be able to use it. The results of tests that determine
the impact of compaction pressure on selected quality parameters of pellets made from selected
biomass types are presented. Material from plants such as Giant miscanthus (Miscanthus × giganteus
Greef et Deu), Cup plant (Silphium perfoliatum L.), Virginia mallow (Sida hermaphrodita (L.) Rusby) was
studied. The compaction process was carried out using the SIRIO P400 hydraulic press with a closed
chamber with a diameter of 12 mm. Samples were made in four pressures: 131; 196; 262; 327 MPa
and three moisture levels: 8%, 11%, 14%. It was found that with increasing compaction pressure and
moisture content up to a certain point, the density and durability of the pellets also increased. Each of
the materials is characterized by a specific course of changes in the parameters tested.

Keywords: pressure compaction; moisture content; solid density; mechanical durability; Cup plant;
Virginia mallow; Giant miscanthus; perennial biomass

1. Introduction

Biomass is a raw material that can come from woody crops, it can be biomass of whole plants, e.g.,
poplars [1,2] or a part of it, so far treated as waste [3,4]. The second source is agricultural crops in the
form of targeted crops e.g., switchgrass [5] or virginia mallow and miscanthus [6] and crop residue
e.g., bean straw [7]. With the currently existing restrictions on the use of firewood from forests and
waste wood from industry, wider use is required for the production of solid biofuels from biomass
from agriculture, mainly straw of different plants [8,9]. The solution to this problem may be deliberate
plantations of energy plants, i.e., those which by definition obtain large mass gains in a relatively short
time, suitable mainly for burning and obtaining a lot of thermal energy [10]. Among the species of
plants, perennials especially Helianthus tuberosus [11], Phalaris arundinacea [12], Rudbeckia laciniata [13]
and Miscanthus [14], shrubs, trees like Pinus sylvestris [15], Quercus [16] or Fagus sylvatica [17] are
gaining a special attention for energy use. Perennial plantations are becoming increasingly popular in
Poland. Perennial plants can be divided into monocotyledonous (Reed canary, Giant miscanthus) and
dicotyledonous (Cup plant, Virginia mallow) [14,18]. These are species with rapid growth, high yields,
and high resistance to diseases and pests [19,20]. These plants have low soil requirements and, therefore,
can be grown in lower-class soils without competing with food crops. Research on energy crops is
being conducted in many research centers where the process of densification is studied [21,22], as well
as the impact of other biomass additives [23,24] but also the combustion process [25]. Observations
indicate an increase in popularity of using renewable energy sources (RES) in the form of biomass
converted into solid biofuels [1,20,26].
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The definition of biomass is solid or liquid substances of plant and animal origin, obtained
from products, waste and residues from agricultural and forestry production, as well as the industry
processing their products and parts of other waste that are biodegradable [27]. Biomass resources
for energy purposes, estimated in various scenarios and strategic documents, are the highest among
all available renewable energy sources in Poland. Their use, compared to other renewable energy
RES, is dominant in all energy sectors of the country [28]. The most popular and significant energy
plants in Poland are willow [29], poplar [30], miscanthus [18], alder [31], black locust [29], pine [32],
and beech [32].

The rational use of plant biomass is closely related with the processing of raw material in the form
of loose mass into pressure-compacted granules [22,29]. The problem of raw material is its considerable
volume, i.e., low bulk density. Compaction may be the solution to this problem, among others. The
compaction process is a process whose presence can be observed in many industrial branches. It is
used, among others, by food, pharmaceutical, feed, zoological and biofuel concerns. The reason for the
popularity of the material compaction process are mainly: volume reduction, maximization of density,
unified dose composition, unified shapes, reduction of storage costs, easier storage, dust reduction or
reduction of transport costs.

Both in industrial and laboratory processes compaction as a process that consists of three stages
characteristic of this process. The first is the movement of particles, during which particles of material
move relative to each other, reducing free space, and maximizing the contact surface with each
other. The second stage is elasto-plastic deformation. In this phase, an increase in pressure to the
maximum value can be observed. The particles during this stage are already tightly packed, and
establish intermolecular connections with each other. The last, third stage of the thickening process is
stabilization. At this stage, the pressure decreases, and the material that is compacted expands, i.e., a
slight increase in its volume occurs [33,34].

Factors directly affecting the compaction process, i.e., technological factors, are factors that we are
able to control during the compaction process or before the start of the process. Each of them has a
direct impact on the quality of the resulting product, in this case pellets. Sources [33,35] say that the
best moisture that is used in the compaction process of biomass oscillates around the level of 7.8%–15%.
This is the extent to which the material thickens, it is neither too dry and does not crumble or crumbs,
nor is it too wet, so it does not “stick” or stratify.

For the production of pellets, the moisture range 10%–15% is the most common [36–38]. Quality
standards for solid biofuels require moisture below 10% (pellet class A1) and 12% (briquette class A1).
The upper moisture limit of lower quality classes never exceeds 15%.

The above recommendations apply to the pelletising process, where apart from moisture and
pressure, the quality obtained is also influenced by temperature, which is considered together with
moisture to be the most important factor determining the pelletising process and which extends the
technological moisture range to the mentioned values.

In the basic research, the influence of moisture without temperature which does not include the
thickening process is determined. The process which often takes place below the lignite plasticizing
temperature (about 85 ◦C [39]) is briquetting in which only pressure and moisture determine the quality
of the agglomerate obtained. Studies of this process indicate that the value of optimal moisture content
depends on the compacted material. Križan [40], when studying the wood dust compaction process,
showed that in the moisture range 5%–23%, the highest density is achieved by a material with 15%
moisture. According to Brożek [41], for the biomass of plane, the optimal moisture level is about 8%.

The degree of material refinement and the unification of its geometry allows us to get rid of too
much space between the material particles, which increases the contact area of the material [42]. Too
low a compaction pressure of the material can result in too high expansion and thus delamination
and general decomposition. Pressure and compaction time directly affect the durability of the pellet,
because it allows the appropriate “packing” of the material in a specific volume, which is determined
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by the matrices [34,35]. The temperature allows melting lignins, natural binders, vitrification of the
material, which also translates into product durability [33].

The literature on the subject lacks clear, unequivocal evidence of the susceptibility of the
aforementioned energy plant species to the pressure compaction process [2,24,25] especially species
relatively recently recognized as energetic. In the process of producing compact biofuels, the value of
the compacting pressure used is important [43]. The purpose of the work is to determine the impact of
biomass compaction pressure and moisture content of raw material of selected plants on main quality
parameters of pellets.

2. Materials and Methods

The material that was used for the research was obtained from a plantation of energy plants
located in University of Agriculture in Krakow. The chosen material was shoots of Giant miscanthus
Miscanthus × giganteus Greef et Deu, Cup plant Silphium perfoliatum L. and Virginia mallow Sida
hermaphrodita (L.) Rusby. Shoots were harvested after the growing season, in November 2018.

The compaction tests were carried out on material (which firstly was ground to grain size below
1 mm) with three moisture levels: 8%, 11% and 14%. A compaction process was carried out for each
moisture level at four different pressures (131; 196; 262; 327 MPa), three replicates per trial with three
samples were prepared for each material at each of the four pressures and each of the three moistures,
which resulted in 108 samples. The test of mechanical durability (DU) and solid density (DE) was
carried out 24 h after the production of pellets. Details of the research process are presented in Figure 1.

2.1. Seasoning

First of all, the whole shoots of collected material were cut into 5 cm pieces, then material was
subjected to natural drying to reach a moisture content of about 10%. It is necessary to carry out this
process before further preparation of the material for testing.

The moisture content was determined in accordance with EN ISO 18134-1 [44]. A sample of
the material was placed in a weighing vessel and dried in the laboratory dryer (SLW 115, Pol-Eko,
Wodzisław Śląski, Poland). Drying took place at 105 ± 2 ◦C until the material was stabilized. Total
moisture Mad was determined according to the formula:

Mar =
(m2 −m3) − (m4 −m5)

(m2 −m1)
∗ 100 (1)

Mar—total moisture (%),
m1—mass of the empty tray used for the portion (g),
m2—mass of the tray and test portion before drying (weight in room temp) (g),
m3—mass of the tray and test portion after drying (weight when still hot) (g),
m4—mass of the reference tray before drying (weight at room temp) (g),
m5—mass of the tray after drying (weight when still hot) (g).
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Figure 1. Research schedule.
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2.2. Grinding

The dried material to be tested was ground to obtain the raw material in grain size below 1 mm,
which will be subjected to the compaction process in subsequent stages of the test. Grinding was
carried out in two stages. The first stage involved grinding the material into a fraction below 6 mm
using a knife mill (Testchem LMN-100, Pszów, Poland). In the second stage, the material was ground
using a flail mill (PX-MFC 90D, Polymix, Kinematika, Luzern, Switzerland). The grinder was equipped
with a sieve with 1 mm hole diameter.

2.3. Determination of Particle Size Distribution

The determination of the particle size distribution was carried out in accordance with EN ISO
17827-2 [45]. This standard is intended for biomass in the form of dust and sawdust; 3.15 mm diameter
sieves and # 2,8 sieves are required; 2; 1.4; 1; 0.5; 0.25; 0.1 mm. The test material was ground to the
fraction d < 1 mm, so the samples were sieved using a shaker (LPzE-4e, Morek Multiserw, Marcyporęba,
Poland), with a set consisting of woven sieves with mesh size 1; 0.5; 0.25; 0.1 mm. In this way, the test
material samples were divided into 4 dimensional fractions, called sieve classes:

• C1: 0.1—grain diameter d ≤ 0.1 mm,
• C2: 0.25—grain diameter in terms 0.1 < d ≤ 0.25 mm,
• C3: 0.5—grain diameter in terms 0.25 < d ≤ 0.5 mm,
• C4: 1—grain diameter in terms 0.5 < d ≤ 1 mm.

The next step was to calculate d50 (3) (middle value of grain size), which showes a significant
difference between each material particle size distribution. The difference between the fractional
composition of the samples was demonstrated to eliminate the impact, and it was decided to standardize
the composition. Influence of material composition has already been demonstrated, inter alia, in
studies of Jewiarz [46], Wróbel [42] or Manouchehrinejad [47].

A mix of material with a particle size distribution proposed by Wróbel was used for the tests [42].

d50 = C<50 + (50− S<50)· C>50 −C<50

S>50 − S<50
(2)

where:

S<50—the highest cumulative share of the S fraction but not exceeding the value 50%,
S>50—the lowest cumulative share of fraction S, however, exceeding the values 50%,
C<50—sieve class corresponding S<50

C>50—sieve class corresponding S>50

2.4. Reaching Specific Moisture

To obtain the desired level of moisture content of raw material the climate chamber (KBF-S 115,
Binder, Tuttlingen, Germany) was used. The material was moisturized successively to three levels of
moisture: 8%, 11% and 14%. This kind of appliance gives the possibility of precise moistening of the
material to the desired moisture, which is important in the accuracy of the results. Before pressure
compaction, it was decided to determine the analytical moisture (2):

Mad =
(m2 −m3)

(m2 −m1)
∗ 100 (3)

Mad—total moisture (%),
m1—dish weight with lid (g),
m2—dish weight with lid and sample before drying (g),
m3—dish weight with lid and sample after drying (g).
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2.5. Pressure Compaction

The pressure compaction process was carried out according to methodology created by Wróbel [42].
The pressure compaction process of base mixtures was carried out with the use of the hydraulic press
(P400, Sirio, Meldola, Italy, Figure 2), having a compaction set placed between the upper and lower
planes of the press head. This set includes: a dia, a piston and a counter piston. After preparing the
station, the sleeve, counter-piston and piston formed a closed chamber (Ø 12 mm) in which a sample
(1 g) of previously prepared material was compacted. For the test were used four levels of pressure:
131; 196; 262; 327 MPa, constant temperature 20 ◦C and constant speed of compaction 12.9 mm/min.
The produced pellets were placed in tightly closed containers for 24 h.

 
Figure 2. Compaction station: (a) hydraulic press SIRIO P400, (b) compaction chamber and piston,
(c) samples.

2.6. Pellets Solid Density

After 24 h solid density DE was determined using a quassic liquid pycnometer (GeoPyc 1360,
Micromeritics Instrument Corp., Norcross, GA, USA, Figure 3). The resulting samples were placed
in a measuring cylinder, which is filled with powder with a particle size of 250 μm. This powder
enables eliminating the phenomenon of wetting and soaking the liquid into the pores of the tested
material, as would be the case if the liquid was used. The detailed measurement method is described
by Wróbel [42].
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Figure 3. GeoPyc 1360 density determination station.

2.7. Mechanical Durability

To measure the mechanical durability (DU) of the pellets, a mechanical tester (Figure 4.) was
used, whose construction and operating principle complies with the modified European standard
EN ISO 17831-1 [48]. The modification introduced to the methodology involved the use of ballast
material (made of polystyrene) with a density similar to the samples (approx. 1070 kg/m3). The
weight of the ballast material used was 500 g and the weight of the samples subjected to the durability
test did not exceed 10 g, so the total weight of the sample was consistent with standard guidelines.
Another modification of the research method was the reduction of the rotation of the chamber in
which the material is located. Studies have shown that at standard revolutions, ballast material can
cause destruction of samples, so based on preliminary tests carried out by Wróbel [42], revolutions
of 250 rpm/min were assumed. The granule durability test lasted 10 min. After stopping the tester,
samples were taken from polystyrene ballast material. Each of the samples was weighed and their
dimensions checked. Then DU was counted for each granule. Calculations of the mechanical durability
of the pellet were made according to the formula (2) defined by standard EN ISO 17831-1:

DU =
mE

mA
× 100 (4)

DU—mechanical durability of the pellets (%),
mE—mass of the sample of the tested pellet before the test (g),
mA—mass of the sample of the tested pellet after the test (g).
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Figure 4. Mechanical durability determination station [48].

The EN ISO 17225-6 [49] the standard indicates two quality groups of pellets made from straw A
(DU ≥ 97.5) and B (DU ≥ 96.5).

3. Results

Studies have shown a relationship between increasing compaction pressure, moisture content in
the material, and mechanical durability and density of the pellets produced. It was shown that with
the parameters used, the pellet density required by the standard was achieved, while the mechanical
durability was lower than required by the standard.

3.1. Particle Size Distribution

To reject the impact of material fragmentation, material particle size distribution was determined.
The analysis showed differences in percentage shares. Research on the particle size distribution

showed differences between the grain size of individual fractions of the tested material (Figure 5).
Differences was observed between the mass distribution of the material on individual screens
among all tested materials. The most numerous group turned out to be a group with grain size C3

(0.1< d ≤ 0.25) mm and C4 (0.5 < d ≤ 1 mm).

 
Figure 5. Particle size distribution.
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To better present the differences, a cumulative graph was made that shows that Miscanthus differs
from other materials (Figure 6).

 
Figure 6. Cumulative particle size distribution.

Based on the above chart, it can be seen that particle size distribution of Miscanthus is significantly
different from the other materials, which determined the d50.

In order to show significant differences between individual fraction groups, the d50 was calculated,
which was determined for each of the tested materials and amounted to 0.37 mm for Miscanthus,
0.42 mm for Cup plant and 0.41 mm for Virginia mallow. In order to avoid the influence on the results,
the tested material was unified (Table 1).

Table 1. Standarized particle size distribution.

Fraction (mm) C1 C2 C3 C4

Value (%) 20 32 14.4 33.6

3.2. Density and Durability

3.2.1. Miscanthus

The diagram on Figure 7a presents a graph of the solid density variation of the finished pellet
sample depending on the compaction pressure and moisture content. As the moisture content of the
raw material increases, the density of the resulting pellets decreases. The increase in agglomeration
pressure causes the expected increase in density. However, only for material with a moisture content
of 8% after exceeding 262 was a density above 1000 kg/m3 achieved—this value is the threshold value
characterized by high-quality pellets [34]. The material with 11% moisture obtained max DE at the
level of 940 kg/m3. In the case of 14% moisture material after exceeding the pressure of 196 MPa,
changes in density are slight and the density obtained does not exceed 880 kg/m3.
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Figure 7. Influence of moisture and pressure on: (a) Miscanthus (solid density, DE), (b) Miscanthus
(mechanical durability, DU), (c) Silphium DE, (d) Silphium DU, (e) Sida DE, (f) Sida DU.
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In the case of durability similar dependencies were observed. An increase in moisture causes a
decrease in durability. The increase in pressure causes an increase in durability, while relatively more
significant increases were observed during an increase in pressure from 131 to 196. A further increase
in pressure resulted in a relatively lower increase in the value of durability.

3.2.2. Silphium

In Figure 7c one can observe the results of the process of compaction of material originating
from Cup plant similar to the Miscanthus case. The most favorable moisture level for the compacting
process of this material is 8% of moisture content. The highest density (1000 kg/m3) was recorded in
the granules, which were compacted using a pressure of 327 MPa. Here, also, the increase in density is
clear until the pressure reaches 262 MPa.

The course of density changes for material with 11% and 15% moisture is similar. This density
from about 850 kg/m3 at a pressure of 131 increases to 900–920 kg/m3 at a pressure of 196. A further
increase in pressure results only in an average value of 930 kg/m3. At 131, the material’s moisture
content does not affect the density achieved.

Figure 7d shows the results of the test of mechanical durability of granules made of crushed
Silphium. Compared to Miscanthus, moisture causes differences in density only at the lowest
compaction pressure. In this case, unlike the miscanthus, an increase in moisture causes an increase in
durability from about 68% to about 83%. An increase in pressure to a value of 196 causes an increase in
durability to an average level of about 89% regardless of material moisture. A further increase results
in a slight increase in durability (up to approx. 93%). without differences due to moisture. The most
resistant to the test of mechanical durability turned out to be granules produced at a pressure of 327
MPa from a material with a moisture content of 14%. The least durable granules were those made of a
material with a water content of 8% using a pressure of 131 MPa. The highest durability was 93.3%
and this was higher than the lowest durability by 35.33%.

3.2.3. Sida

Figure 7e presents the results of the process of compaction of a sample of material from
Virginia mallow.

In this case, the course of density changes is still different (compared to Miscanthus and Sylphia).
In no case was the threshold value DE 1000 kg/m3 achieved—the maximum density achieved was 980
kg/m3. In this case, the highest density values were obtained for materials with a moisture content of
11%. In this case, as for Silphium, at 131 pressure the effect of moisture on density is not noticeable. The
highest density of the resulting granules was observed at moisture of 11%. The pressure that turned
out to be the best for compacting this material was 262 MPa. In turn, the lowest density was observed
for granules made of a material with a moisture content of 11%, compacted with a pressure of 131 MPa.
The highest density was 980.1 kg/m3 and this was higher than the lowest density by 13.19%.

Figure 7f contains the results of the test of mechanical durability of granules made of crumbled
Sida. In this case, the course of changes is similar to sylph pellets. Differences in durability caused by
moisture can only be seen at a pressure of 131, an increase in pressure reduces the effect of moisture
on durability.

The most resistant to the test of mechanical durability turned out to be granules produced at
a pressure of 327 MPa from a material with a moisture content of 14%. The least durable granules
were those made of a material with a water content of 8% using a pressure of 131 MPa. The highest
durability was 94.27% and this was higher than the lowest durability by 46.9%. Photographs of the
samples after the endurance test are shown below (Figure 8).
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Figure 8. Samples after mechanical durability test-Sida.

3.3. Analysis

Based on the above results, statistical analysis was conducted. A detailed statistical analysis was
made for two hypotheses:

• differences in the moisture content of the material have a significant impact on the quality
parameters of the pellets at compaction pressures levels.

• differences in the compaction pressure significantly affect the quality parameters of the pellets in
investigated values of raw material moisture content.

The selected quality parameters were solid density (DE) and mechanical durability (DU). The
analyses were carried out for all three examined perennial biomass.

In this paper two-way analysis of variance (ANOVA) was carried out. Normality of decomposition
was checked (Shapiro–Wilk test). For all cases, the distribution was normal. Then the assumption of
the equality of variance was also checked (Brown–Forsythe test). For all cases, this equality has been
met. The next step was to carry out one-way ANOVA and post-hoc analysis (Scheffé’s test), which
allowed to indicate between which groups there are statistically significant differences.

The tables (Table 2,Table 3,Table 4,Table 5,Table 6,Table 7) show two-way ANOVA results for the
significance level α = 0.05. The individual values mean: SS-sum of squares, df—degrees of freedom,
MS—mean square, F Value—F test value, p—Value-probability value. The p—Value indicator shows
the probability of obtaining results as extreme as the observed results of a statistical hypothesis test.
The F Value indicator is the value of a statistical hypothesis test value. The results are presented for
single factors (Pressure, Moisture) and for combined factors (Pressure ×Moisture).

Table 2. Two-way analysis of variance (ANOVA)—DE.

SS df MS F Value p-Value

Intercept 30.76175 1 30.76175 439,073.2 0.000000
Pressure 0.01765 3 0.00588 84.0 0.000000
Moisture 0.08335 2 0.04168 594.9 0.000000

Pressure ×
Moisture 0.00245 6 0.00041 5.8 0.000737

Error 0.00168 24 0.00007

Table 3. Two-way ANOVA—DU.

SS df MS F Value p-Value

Intercept 273,118.3 1 273,118.3 456,654.2 0.000000
Pressure 704.2 3 234.7 392.5 0.000000
Moisture 119.1 2 59.5 99.6 0.000000

Pressure ×
Moisture 18.1 6 3.0 5.0 0.001785

Error 14.4 24 0.6
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Table 4. Two-way ANOVA—DE.

SS df MS F Value p-Value

Intercept 30.41612 1 30.41612 376,098.5 0.000000
Pressure 0.05424 3 0.01808 223.6 0.000000
Moisture 0.01930 2 0.00965 119.3 0.000000

Pressure ×
Moisture 0.00656 6 0.00109 13.5 0.000001

Error 0.00194 24 0.00008

Table 5. Two-way ANOVA—DU.

SS df MS F Value p-Value

Intercept 275,507.9 1 275,507.9 458,302.1 0.000000
Pressure 1817.4 3 605.8 1007.8 0.000000
Moisture 92.8 2 46.4 77.2 0.000000

Pressure ×
Moisture 190.3 6 31.7 52.8 0.000000

Error 14.4 24 0.6

Table 6. Two-way ANOVA—DE.

SS df MS F Value p-Value

Intercept 31.32602 1 31.3202 808,303.5 0.000000
Pressure 0.05172 3 0.01724 444.9 0.000000
Moisture 0.00420 2 0.00210 54.2 0.000000

Pressure ×
Moisture 0.00289 6 0.00048 12.4 0.000002

Error 0.00093 24 0.00004

Table 7. Two-way ANOVA—DU.

SS df MS F Value p-Value

Intercept 267,292.0 1 267,292.0 266,914.1 0.000000
Pressure 2347.1 3 782.4 781.3 0.000000
Moisture 381.2 2 190.6 190.3 0.000000

Pressure ×
Moisture 278.9 6 46.5 46.4 0.000000

Error 24.0 24 1.0

3.3.1. Miscanthus

Tables 2 and 3 shows the two-way ANOVA results for the significance level α = 0.05.
The two-way ANOVA results for Miscanthus showed that pressure and moisture as well as their

joint effect significantly affect both tested qualitative features (DE and DU).
After one-way ANOVA and post-hoc analysis (Scheffé’s test), it was found that:

• Statistical analysis showed that the best density and durability were obtained for a material with
a moisture content of 8%.

• For each pressure, except for 131 MPa, the influence of moisture on the density obtained was
significant (Figure 9a). The pressure of 131 MPa significantly affected the density of the material
with a moisture of 8%.

• As the moisture increases, the significance of the differences between pressures on the density
obtained decreases, while the significance of the differences between the pressures on the achieved
durability decreases as the moisture increases (Figure 9b).
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• An increase in pressure results in a decrease in the significance of differences between moisture
for the durability obtained.

 
Figure 9. Influence of moisture and pressure on: (a) Miscanthus DE, (b) Miscanthus DU, (c) Silphium
DE, (d) Silphium DU, (e) Sida DE, (f) Sida DU.

3.3.2. Silphium

Tables 4 and 5 shows the two-way ANOVA results for the significance level α = 0.05.
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Two-way ANOVA results for the Silphium showed that pressure and moisture and their joint
effect significantly affect both tested qualitative features (DE and DU).

After one-way ANOVA and post-hoc analysis (Scheffé’s test), it was found that:

• Statistical analysis showed that for each pressure, except for 131 MPa, only for 8% moisture
there were significant differences in the density obtained (Figure 9c). At 131 MPa, there were no
significant differences between moistures.

• The use of 8% moisture significantly affects the density obtained in the entire pressure range,
resulting in the best results. At 11% and 14% moisture, there are no significant differences between
the pressures on the density obtained.

• For each pressure, except for 131 MPa, moisture does not affect the durability of the granules
produced (Figure 9d).

• For each moisture value, significant differences in the granule durability occur only at a pressure
of 131 MPa (lower values).

3.3.3. Sida

Tables 6 and 7 shows the two-way ANOVA results for the significance level α = 0.05.
The ANOVA two-way results for mallow have shown that pressure and moisture as well as their

joint effect significantly affect both tested qualitative features (DE and DU).
After one-way ANOVA and post-hoc analysis (Scheffé’s test), it was found that:

• Statistical analysis of the results showed that for all given pressure values, except for 131 MPa, the
best granule density was obtained for moisture 11% (Figure 9e).

• For 14% moisture, there are no significant differences between pressures, except for a pressure of
131 MPa in DE.

• Density significantly different from the others was obtained each time using a pressure of 131
MPa for each moisture.

• For each pressure, except for 131 MPa, there were significant differences between moisture in
durability (Figure 9f).

• For any pressure, except 131 MPa, moisture does not affect the durability obtained. For moisture
of 11% and 14%, significant differences in the durability obtained occur only at a pressure of 131
MPa (lower values).

4. Discussion

The results show how complex the process is and how many factors can affect the quality
parameters of the pellets obtained. The paper shows that both pressure and moisture of the compacted
material have a significant impact on the density and durability of the obtained pellets. The aim of the
study was to show only the influence of the compaction pressure and moisture of the material on the
indicated quality parameters. Therefore, other factors such as grain composition, process temperature,
compaction time and speed were unified. It was shown that depending on the material, the influence
of moisture and pressure varies. In the case of Miscanthus, in the whole range of pressure tested, the
highest values of DE were obtained for a material with 8% moisture (Figure 7a). A similar relationship
was observed for Sylphium, however, in this case, it occurred after the pressure of 262 MPa was
exceeded (Figure 7c). At 132 MPa the influence of moisture was insignificant. A different relation
occurs in the case of Sida, in this case with the moisture of 11%, at a pressure above 262 MPa, allows to
obtain the highest values of DE (Figure 7e).

For DU for the lowest value of the test pressure (132 MPa), the course of changes is characterized
by the greatest differences for the materials tested. For Miscanthus, with the increase in material
moisture, the durability of pellets decreases from 82.8% to 76.84% level (Figure 7b). Different trends
were observed for Sylphium and Sida. In these cases the durability increases from 70.49% to 83.98%
for Sylphium (Figure 7d) and from 66.21% to 83.85% for Sida (Figure 7f). However, when a certain
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pressure value (characteristic for the material) is exceeded, the resulting DU value stabilizes and does
not depend on moisture.

Literature data indicate that the technological moisture range of the raw material should be
between 8%–18% [50,51]. Obernberger and Thek [52] report that pellet production is possible in
the moisture range of 8%–12%, however, their research included evaluation of the quality of wood
pellets whose moisture content ranged from 5.7%–7.7% and straw pellets with moisture content of
5.6%–7.2%. Pellets came from producers from the European Union (EU) countries and were produced
on professional production lines. Consequently, their quality was influenced not only by pressure and
moisture but also by the type of material, temperature and type of pelletiser.

The research conducted showed that the increase in moisture in the case of Miscanthus and
Sylphium causes a decrease in the DE values of the obtained granules. In the case of the slime the
highest density was obtained at 11% moisture. Similar trends are also found in other studies [39] that
studied the change in density of briquettes made from pine and oak biomass (moisture ranging from
5% to 15%) depending on the densification pressure. For both pine and oak, the specific density of the
briquettes decreases with increasing moisture.

A similar relationship was observed for briquettes made from beech biomass [53]. With an increase
in moisture from 4.7% to 19.5%, the specific gravity of the briquettes obtained decreases. The relative
decrease of specific density depends on the densification pressure. Studies on the process of pellet
production from spruce biomass indicate similar relationships [54]. However, studies carried out for
acacia biomass and tobacco stems showed an inverse relationship [55,56]. This means that the type of
material has an influence on how moisture influences the course of the densification process.

In the case of DU, at a pressure of 132 MPa, the differences between Miscanthus and other materials
were noted. As the moisture content increases, DU of miscanthus pellets decreases, in the case of
Sylphium and slime the situation is the opposite. The influence of raw material on the course of DU
changes can be found in literature.

Samuelson [57] showed that the durability of pellets made of pine biomass with 8.1% moisture
content was characterized by mechanical durability at 91.8%, for 10.7% DU it was 96.9%, and for 13.1%
DU it was noted that DU dropped to almost 70%.

Colley [58] showed that in the 6%–8% moisture range the durability of millet pellets was
approximately 96.0% and with increasing DU it decreased to 78% at 17%.

Ishii [59] in his study presented that by increasing the moisture content of the material from 15%
to 20% the mechanical durability of the pellets can be increased. By comparing this data with the
results obtained in the study, it can be concluded that depending on the course of the study, the number
of factors taken into account or the choice of material, the influence of the material moisture on the
density and durability may vary. Therefore, it is not possible to compare materials compacted under
different conditions, of different origin, because it has been clearly shown that the materials compacted
in different, characteristic ways.

Analyzing the results obtained, the highest values of both tested quality parameters can be
obtained at the moisture and pressure levels characteristic for the tested material. For Miscanthus and
Silphium, it is the material moisture at 8% and minimum pressure of 262 MPa, for the glacier at 11%
moisture and 262 MPa. Density is more dependent on material moisture and compaction pressure in
comparison to DU, whose value, for a given material, after overturning the characteristic pressure
level, does not correlate with moisture. In the cases studied only for Miscanthus and Silphium the
assumed density thresholds of 1000 kg/m3 were obtained. In the case of DU the assumed threshold
was not obtained for any of the tested materials. The tested moisture range after exceeding a certain
pressure value is insignificant and further pressure increase does not cause a DU increase. This means
that the density is possible to obtain with the tested factors, whereas to obtain the threshold durability
it is necessary to consider the influence of further factors such as the speed of the densification process
and the process temperature. As the literature indicates, the mechanical durability of the pellets is also
dependent on the temperature of the process. It is an important factor because it allows activation of
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binders naturally present in the material in the form of lignin, lignocellulose or resin. The temperature
has been kept constant at 20 ◦C in the tests, resulting in a lack of activation of the binders. Kaliyan [60]
describes in his research that both temperature and moisture of the material can activate the binders,
which gives the possibility to reduce process costs. From the literature it can be concluded that higher
moisture ranges (above 10% Colley [58]) do not always increase durability (on the contrary), so another
factor must be considered to increase durability to a minimum 97.5%.

Usually the influence of material moisture on the durability of the pellet is tested in combination
with the temperature of the process. As the study presents basic research, temperature as one of many
influencing factors has been omitted. It should be noted that the tests were carried out for pellets,
but the results can also be used in the briquetting process, where temperature is not always taken
into account.

The results obtained and their juxtaposition with the literature data suggest that the number
of factors influencing the quality parameters of pellets will increase, which will be continued in
subsequent studies.

5. Conclusions

In this research, we followed the effect of material moisture content and compression pressure
on the final specific density and mechanical durability of pellets with a standardized particle size
distribution. This impact was followed by compaction of three materials: Giant miscanthus, Cup plant
and Virginia mallow. The results indicate that the pressure but also the moisture of the material have
a significant impact on the final density and mechanical durability of the pellets and it is different
depending on the tested material.

It turns out that to achieve Giant miscanthus pellets with the best parameters, just use a material
with a moisture content of 8% and compress it at a pressure of 196 MPa (for durability) and 262 for
density. Above this level of pressure, the differences are not so significant and this allows energy
saving in the processing processes.

For Silphium, the course of changes in DE and DU is slightly different. The highest DE values
were obtained for material with a moisture content of 8%. At a pressure of 262 pellets achieve values
close to the assumed threshold (1000 kg/m3), a further increase in pressure does not cause a significant
change in DE. In the case of DU, 14% moisture allows the best values of this parameter to be obtained
at a pressure of 132 MPa, compared to 11% and 8% moisture. At higher pressures, the influence
of moisture is negligible and the obtained DU value stabilizes at around 90%–93%. To obtain the
maximum values of both quality parameters it is therefore necessary to compact the material with a
moisture of 8% with a pressure of 262 MPa.

Similar properties were noted in pellets made of Cup plant. The material moisturize to 8% has the
highest density. The compaction pressure that gave the best result in terms of mechanical durability is
262 MPa. No significant differences in mechanical durability were noticed using the pressure of 327
MPa, so the lower level is completely sufficient and also allows for energy savings and thus a reduction
in production costs.

The results of the process of compression pellets made of Virginia mallow indicate that the best
level of moisture is 11%. However, the difference between the highest density for 8% and 11% moisture
at 372 MPa is not significant, but the same DE level can be obtained for a material with a moisture
content of 11% already at a pressure of 262 MPa. The lowest density was found in pellets made of
material with a moisture content of 14%. In turn, testing of mechanical durability showed that the
highest durability parameters were achieved by pellets made at a pressure of 327 MPa, while this
durability is not significantly different from the durability obtained at a pressure of 262 MPa. To obtain
the maximum values of both quality parameters, it is therefore necessary to thicken the material with a
moisture content of 11% to adjust 262 MPa.

Studies have shown that material of different origin shows differences in the results obtained and
moisture and pressure does not eliminate it. The expressive differences are between the grass-coated
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Miscanthus and the Cup plant and Virginia mallow which represents the dicotyledonous perennials.
Characteristic is the different course of DU changes with increasing moisture at a pressure of 132 MPa.
For Miscanthus, DU decreases as moisture increases, unlike for other materials.

In the future, it is planned to perform further tests enriched with factors such as: compaction speed
and temperature. It is also planned to demonstrate the effect of material moisture and compaction
pressure on the elastic spring-back of finished pellets.
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Abstract: Nowadays it is important to limit the use and combustion of fossil fuels such as oil and
coal. There is a need to create environmentally acceptable projects that can reduce or even stop
greenhouse gas emissions. In this article, we dealt with the objectives of energy policy with regard
to environmental protection, waste utilization, and conservation of natural resources. The main
objective of the research was to assess the possibility of the use of spent coffee grounds (SCG) as fuel.
As a part of the solution, the processing of coffee waste in the form of pellets, analysis of calorific
value and combustion in the boiler were proposed. The experiments were done with four samples of
pellets. These samples were made from a mixture of wood sawdust and spent coffee grounds with
ratio 30:70 (wood sawdust: spent coffee grounds), 40:60, 50:50 and 100% of spent coffee grounds.
The calorific values were compared with wood sawdust pellets (17.15 MJ.kg−1) and the best lower
calorific value of 21.08 MJ.kg−1 was measured for 100% of spent coffee grounds. This sample did
not achieve the desired performance during the combustion in the boiler due to the low strength of
the sample.

Keywords: spent coffee grounds; sawdust; pellets; calorific value; combustion

1. Introduction

In recent years, renewable energy has come to the forefront and biomass is the world’s fourth-largest
energy source. One of the main problems of biomass grown primarily for energy use is that it displaces
the cultivation of conventional crops intended to provide food to the population. Thus, the use of
waste biomass, for example, sawdust, straw, etc., is much more advantageous. Renewable energy
sources are a means of reducing greenhouse gases and alternative forms of biomass also fall into this
category. Generally, alternative biomass sources form unused residues of food processing, which
often end up unused as waste in landfills. Spent coffee ground is included in the category of waste
biomass. Therefore, the recycling of waste to energy and value-added products is one effective
way to solve the problem where many countries face a serious challenge in dealing with the huge
amount of waste generated daily due to their increasing populations, industrial growth, and human
consumption [1] as well as in dealing with the loss of valuable resources from waste and environmental
degradation [2]. Spent coffee ground (SCG) constitutes a large number of organic compounds (more
than 1000 individual compounds) such as proteins, carbohydrates, tannins, fibers, caffeine, cellulose,
non-protein nitrogenous, fatty acids, amino acids, polyphenols, minerals lignin and polysaccharides [1].
The lower heating value of wet SCG accounts for approximately 8.4 MJ.kg−1 [3] while the lower
calorific values of dried SCG range between 19.3–24.9 MJ.kg−1 [1].

Nowadays, there are a variety of options for the utilization of SCG in the field of agriculture
and numerous possibilities for converting SCG to biofuels. The most recent technologies for
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valorization of SCG include anaerobic digestion, pyrolysis, liquefaction or gasification, oil extraction,
fermentation [4] and other technologies for value-added products from SCG such as composting,
adsorbents, antioxidants and nutrients. Atabani et al. reported that SCG can be recycled in different
ways to produce various types of biofuels such as biohydrogen, biobutanol, biodiesel, fuel pellets,
bio-oil, bioethanol, biogas and hydrocarbon fuels, or value-added products such as bioactive
compounds for food, pharmaceutical, cosmetic and chemical industries and antioxidants and anti-tumor
activities, adsorbents, composting, co-composting, vermicomposting, nanocomposites, biopolymers,
creams-scrubs, soaps and detergents, odor control, textile, facile preparation of pyrolytic carbon as
anode in sodium-ion battery, inks and screen painting, yarn, and pulp and paper production [1].

The recent research studies underlined the valorization of SCG as a valuable source of phenolic
compounds and bioenergy [5], the integration of chlorogenic acid recovery and bioethanol production
from SCG [4], the co-production of biodiesel and bioethanol from SCG [6,7], the coffee oil extraction
from SCG using four solvents and prototype-scale extraction [8] and the production of bio-oil and
biochar from the defatted SCG by slow pyrolysis [6]. The high calorific value of spent coffee grounds
(SCG) has the potential for producing refuse-derived fuel (RDF), however the burning of pure SCG
pellets can lead to low boiler efficiency resulting in increased particle emissions, thus additional
material is required to produce good quality pellets [9]. Therefore, the research studies highlight the
utilization of waste paper and coffee residue for briquette production [8], production of the carbonized
briquettes from Rain tree (Samanea Saman) and SCG/tea waste [10], analysis of the effect of mixing
SCG and coffee silverskin (CS) on the quality of pellet fuel produced [11] and production of the eco-fuel
briquettes with 32% spent coffee ground, 23% coal fines, 11% sawdust to benefit lower toxic emissions
compared to fossil fuel [12].

Likewise, in the last decade, a great deal of research has been conducted to burn waste biomass
in various boilers, for example, for the analysis of the combustion tests in a commercial residential
wood pellet boiler with a pure SCG pellet, a blended pellet (50% SCG and 50% sawdust) and a pure
pine wood pellet [13], for the fuel and combustion test in a small boiler (6.5 kW) with SCG [2], the
combustion tests of wood pellet on a fixed bed reactor with various conditions [14], and the combustion
test of a fluidized bed boiler with fuel of a normal sold waste and mixing with animal wastes [15].
The combustion of straw, olives, tomatoes, cocoa beans, etc., achieved a relatively high boiler efficiency,
but the problem is the emerging ash with a relatively low melting point. It is necessary to limit the
clogging of the heat exchanger. Mixing these waste biofuels with wood becomes very advantageous,
thus avoiding this undesirable phenomenon. By burning this biofuel, we would be able to reduce
waste and obtain a renewable energy source at the same time.

Therefore, the study dealt with the objectives of energy policy with regard to environmental
protection, waste utilization and conservation of natural resources in order to assess the possibility for
the use of spent coffee grounds (SCG) as a fuel and to propose the processing of coffee waste in the
form of pellets, analysis of calorific value and combustion in the boiler. In this article, the technical
feasibility of producing biofuel from SCG is evaluated. Additionally, the experimental combustion of
produced samples with the content of SCG was performed and the measurement of emissions from
tests is examined.

2. Materials and Methods

In this research sawdust and SCG (Figure 1a,b) with moisture contents ranging from 45%–55%
were used as input material. There was a risk of degradation of SCG with such a high water content,
therefore, the moisture was reduced to 6.50% by drying in a laboratory oven at 100 ◦C for 12 h.
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Figure 1. Input material: (a) spent coffee grounds and (b) sawdust.

The SCG was mixed with an appropriate amount of sawdust and the prepared material was then
used to produce pellets in a vertical pellet press. The samples were made in the following proportions:
100% of spent coffee grounds, 50/50, 40/60 and 30/70 of SCG/sawdust, respectively.

Pelleting of each sample took approximately three minutes. Due to the low strength of the pellets,
the procedure was usually repeated three times. Approximately 5 kg of samples (pellets) were made
from each type of material mixture.

In the case of samples composed of 100% SCG, even after six repeated attempts and several moisture
changes, pellets of the desired shape were not formed. The samples were soft and disintegrating.
A similar result was obtained for the sample containing 50% of SCG and 50% of sawdust, but the
pellets had a better cylindrical shape compared to the sample with 100% SCG (Figure 2a,b).

Figure 2. Samples: (a) 100% spent coffee grounds (SCG), (b) 50/50 SCG/sawdust, (c) 40/60 SCG/sawdust
and (d) 30/70 SCG/sawdust.

Further, the SCG and sawdust were combined in the ratio 40/60, respectively, with an output
moisture of 15%. The produced pellets had a more cylindrical shape compared to the 50/50 sample, but
this sample did not have the required strength and durability. This was checked by hand compression
and compared to the strength of the wood pellets. The sample with a 30/70 SCG/sawdust ratio also
had the same moisture content of 15% of input material. The result showed that pellets have strength
properties close to the reference sample (wood sawdust pellets). Subsequently, the combustion tests
were carried out in an automatic boiler (type Lokca, model Uspor, power 18 kW).

3. Experimental Research and Results

3.1. Calorific Values

The calorific values of produced samples were measured using the LECO AC 500 device.
This calorimeter is intended for the determination of the higher calorific value (HCV) of solids and
liquids. The measurement of the HCV, the analysis of carbon, hydrogen, and nitrogen in the samples
was performed. Its objective was to determine the hydrogen content of the produced pellets and to
calculate the lower calorific value (LCV). The elemental compositions of the samples are given on a dry
basis in Table 1.
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Table 1. Ultimate analysis of produced samples.

Parameter 100% of SCG
50/50

SCG/Sawdust
40/60

SCG/Sawdust
30/70

SCG/Sawdust

Total Carbon (%) 54.56 52.69 52.13 51.29
Total Nitrogen (%) 17.78 46.87 50.64 61.66

Total Hydrogen (%) 7.44 6.99 6.89 6.74

The collected results of studies compare the C, H and N content of SCG (Table 2). It can be seen
that the concentration of carbon (54.56%) and hydrogen (7.44%) of tested SCG are in agreement with
reported ranges [1]. In the case of nitrogen, a higher content was recorded, compared to the values
presented in Table 2. The fertilization of soil contributes to a higher content of nitrogen and increases
its concentration in the coffee beans during growth.

Table 2. Comparison of ultimate analysis of SCG [3].

C (%) H (%) N (%)

SCG 46.42–71.6 6.04–8.99 2.03–15.5

Figure 3 shows calculated lower calorific values of samples; the highest value was obtained from
100% spent coffee grounds. As already mentioned, the LCV of dried coffee grounds ranges between
19.3–24.9 MJ.kg−1 [1] and the LCV of pure SCG in this study had 21.08 MJ.kg−1.

Figure 3. Lower calorific values of tested samples.

3.2. The Boiler Measurements

The boiler was placed on the scale and the supply of combustion air was provided by a ventilator.
Emission probes were inserted to the outlet of the boiler, as well as a thermocouple and a draft pressure
sensor. The actual boiler heat power was measured by a heat exchanger station and all data was
recorded by the data logger (Figure 4).
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Figure 4. Scheme of experimental setup: 1—fuel tank, 2—pellet boiler, 3—chimney, 4—blower, 5—
heat exchanger station, 6—flue gas analyzer and data logger, 7—scale, 8—draft pressure sensor, 9—
and 10—mission probes, 11—thermocouple, 12—cold water, 13—hot water.

3.3. The Analyses of Results

Five samples were tested and each measurement lasted around 60 min. Heat power and emissions
measurements were performed continuously throughout the experiment. The concentration of CO
and CO2 were measured in the flue gas and the results are shown in Figure 5a,b.

Figure 5. (a) Comparison of average CO emissions and (b) comparison of average CO2 emissions.

The highest CO concentrations were recorded in the 100% coffee ground samples due to low
pellet strength. This was checked by hand compression and compared to the strength of the wood
pellets. Most of the sample volume was coffee powder, so the combustion was incomplete. In the 50/50
samples, similar results were observed. Also, these pellets did not have the required strength and
therefore high CO emissions were recorded. In general, coffee pellets had incomparably higher CO
emissions compared to certified wood pellets. The standard STN EN 303-5 2012 gives a maximum CO
concentration of 3000 mg.m−3 and all of the produced samples meet this standard. In contrast to CO,
CO2 emissions were the lowest during 100% of SCG combustion, indicating precisely the incomplete
combustion. Thus, most of the carbon contained in the coffee grounds has left the combustion chamber
in the form of CO. Samples with ratios 40/60 and 30/70 had emissions comparable to wood pellets.

The formation of nitrogen oxides is accompanied mainly by high combustion temperature and
chemical composition of the fuel. During the test of the 100% SCG sample, incomplete combustion
occurred, the combustion temperature was low, and this was reflected in low NO values (Figure 6a).
Samples containing SCG and sawdust show comparable NO emissions since the nitrogen content in
SCG (17.78%) is higher than the concentration of nitrogen in wood pellets (0.3%).

The performance of the boiler is mainly related to the quality of the fuel and proper settings
of the heat source’s control system. As mentioned above, the durability of the pellets from 100% of
coffee grounds was low and the boiler heat power was four times lower compared to wood pellets
(Figure 6b).
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Figure 6. (a) Comparison of average NO emissions and (b) comparison of average heat power of
the boiler.

4. Discussion and Conclusions

The chemical properties of coffee waste take the top position among the different types of material
for wood pellet production and the short growing period for coffee beans is also an advantage of
SCG compared to trees. Lisowski et al. [16] confirmed that the chemical composition of the SCG is a
very good quality raw material for use as a biofuel, by highlighting that moisture had a greater and
nonlinear effect on the density and strength of pellets than the height of the pelleting die.

This study showed that compared to the other samples studied here, the highest LCV was
obtained from 100% SCG, due to the presence of a higher carbon content. The LCV of 100% SCG
sample yielded about 21.08 MJ.kg−1 while the LCV of SCG/Sawdust (30/70) sample yielded 20 MJ.kg−1.
However, the use of pure SCG can lower boiler efficiency along with an increase in particle and gas
emissions [1,15]. The SCG mixed with pine sawdust (50/50 wt%) could provide similar combustion
parameters (emissions and boiler efficiency) to wood pellets and satisfy the NF agro-pellets standard
(French standards), as stated by Atabani et al., 2019, Limousy et al., 2013 and Jeguirim, 2014 [1,13,17].

The study conducted by Kristanto and Wijaya [9] on the determination of the characteristics of
SCG and CS and the effect of mixing SCG and CS on the quality of pellet fuel showed that the physical
characteristics of CS were suitable for producing pellets with better density, durability, and combustion
levels, but large amounts of CS in pellets potentially produces particulate and NOx emissions during
combustion. Based on the German pellet standard DIN 51731, the sample with 75% SCG, 20% CS,
and 5% artificial adhesive has the highest durability and optimum water content. This kind of sample
had a constant flame and a decrease in temperature during the combustion process. The decrease in
temperature caused by mixing CS with SCG was relatively constant because the pellet density affects
combustion efficiency.

The aim of this research was to verify the potential of the coffee ground as an alternative fuel.
The samples from 100% SCG proved the highest value of LCV, reduced durability, and therefore the
results show low heat-power of the boiler and high CO emissions. The high concentration of carbon
monoxide can be a result of incomplete combustion and a carbon content higher than 50% of SCG. It has
been found that the combustion of pure SCG decreases boiler efficiency and increases the concentrations
of emissions, especially in the case of carbon monoxide [13]. Moreover, CO emission during combustion
of 100% SCG (2248 mg.Nm−3 at 10% O2) is lower than those obtained by Limousy et al. during pure
SCG combustion (3069 mg.Nm−3 at 10% O2) in a 12 kW boiler (Pellematic PES12—PVB 2000) [13].
Kang et al. combusted dried spent coffee ground and the results also confirmed the presence of the
highest concentration of CO among the measured emissions [3]. Pilusa et al. reported that carbon
monoxide from the combustion of already mentioned eco-fuel briquettes dominated in the flue gas [12].
Besides, CO is the most abundant gas in the flue gas and it is necessary to cut this emission. The 30/70
(spent coffee grounds/sawdust) sample appears to be the most ideal when compared to other analyzed
samples, taking into account the measured performance of the boiler and emissions. For practical use
of coffee grounds, it would be necessary to produce pellets with higher quality pelletizing machines in
order to improve their strength and durability [18–20]. These parameters affect the reported emissions
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and heat power of the boiler. The combustion of SCG could be one of the options for utilization of
coffee waste, based on its high calorific value [21], but according to the Paris Agreement, one of the key
targets for 2030 is to reduce greenhouse gases and therefore, there is a need to find an environmentally
acceptable solution.

Author Contributions: R.N.; experimental methodology, investigation, data collection, writing—original draft,
M.M.T.; preparation of the testing equipment, formal analysis, writing and editing, D.J.; analysis of the data and
validation. All authors have read and agree to the published version of the manuscript.

Funding: This research was funded by KEGA No. 038ŽU-4/2019 “Piping systems in heat supply” and VEGA No.
1/0479/19 “Influence of combustion conditions on the production of solid pollutants in small heat sources” and the
project: CZ.02.1.01/0.0/0.0/ 16_019/0000753.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Atabani, A.E.; Ala’a, H.; Kumar, G.; Saratale, G.D.; Aslam, M.; Khan, H.A.; Said, Z.; Mahmoud, E. Valorization
of spent coffee grounds into biofuels and value-added products: Pathway towards integrated bio-refinery.
Fuel 2019, 254, 115640. [CrossRef]

2. Tun, M.M.; Juchelková, D.; Raclavská, H.; Sassmanová, V. Utilization of biodegradable wastes as a clean
energy source in the developing countries: A case study in Myanmar. Energies 2018, 11, 3183. [CrossRef]

3. Kang, S.B.; Oh, H.Y.; Kim, J.J.; Choi, K.S. Characteristics of spent coffee ground as a fuel and combustion test
in a small boiler (6.5 kW). Renew. Energy 2017, 113, 1208–1214. [CrossRef]

4. Karmee, S.K. A spent coffee grounds based biorefinery for the production of biofuels, biopolymers,
antioxidants and biocomposites. Waste Manag. 2018, 72, 240–254. [CrossRef] [PubMed]

5. Zuorro, A.; Lavecchia, R. Spent coffee grounds as a valuable source of phenolic compounds and bioenergy.
J. Clean. Prod. 2012, 34, 49–56. [CrossRef]

6. Burniol-Figols, A.; Cenian, K.; Skiadas, I.V.; Gavala, H.N. Integration of chlorogenic acid recovery and
bioethanol production from spent coffee grounds. Biochem. Eng. J. 2016, 116, 54–64. [CrossRef]

7. Kwon, E.E.; Yi, H.; Jeon, Y.J. Sequential co-production of biodiesel and bioethanol with spent coffee grounds.
Bioresour. Technol. 2013, 136, 475–480. [CrossRef] [PubMed]

8. Somnuk, K.; Eawlex, P.; Prateepchaikul, G. Optimization of coffee oil extraction from spent coffee grounds
using four solvents and prototype-scale extraction using circulation process. Agric. Nat. Resour. 2017, 51,
181–189. [CrossRef]

9. Kristanto, G.A.; Wijaya, H. Assessment of spent coffee ground (SCG) and coffee silverskin (CS) as refuse
derived fuel (RDF). IOP Conf. Ser. Earth Environ. Sci. 2018, 195, 012056. [CrossRef]

10. Kansai, N.; Chaisuwan, N.; Supakata, N. Carbonized Briquettes as a Tool for Adding Value to Waste from
Rain tree (Samanea Saman) and Coffee Ground/Tea Waste. Eng. J. 2018, 22, 47–63. [CrossRef]

11. Patcharee, P.; Naruephat, T. A Study on How to Utilize Waste Paper and Coffee Residue for Briquettes
Production. Int. J. Environ. Sci. Dev. 2015, 6, 201. [CrossRef]

12. Pilusa, T.J.; Huberts, R.; Muzenda, E. Emissions analysis from combustion of eco-fuel briquettes for domestic
applications. J. Energy South. Afr. 2013, 24, 30–36. [CrossRef]

13. Limousy, L.; Jeguirim, M.; Dutournie, P.; Kraiem, N.; Lajili, M.; Said, R. Gaseous products and particulate
matter emissions of biomass residential boiler fired with spent coffee grounds pellets. Fuel 2013, 107, 323–329.
[CrossRef]

14. Arce, M.E.; Saavedra, Á.; Míguez, J.L.; Granada, E.; Cacabelos, A. Biomass fuel and combustion conditions
selection in a fixed bed combustor. Energies 2013, 6, 5973–5989. [CrossRef]

15. Moradian, F.; Pettersson, A.; Svärd, S.H.; Richards, T. Co-combustion of animal waste in a commercial
waste-to-energy BFB boiler. Energies 2013, 6, 6170–6187. [CrossRef]

16. Lisowski, A.; Olendzki, D.; Swietochowski, A.; Dabrowska, M.; Mieszkalski, L.; Ostrowska-Ligeza, E.;
Stasiak, M.; Klonowski, J.; Piatek, M. Spent coffee grounds compaction process: Its effects on the strength
properties of biofuel pellets. Renew. Energy 2019, 142, 173–183. [CrossRef]

109



Energies 2020, 13, 1235

17. Jeguirim, M.; Limousy, L.; Dutournie, P. Pyrolysis kinetics and physicochemical properties of agropellets
produced from spent ground coffee blended with conventional biomass. Chem. Eng. Res. Des. 2014, 92,
1876–1882. [CrossRef]
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Abstract: Model simulation allows to present the time-varying temperature distribution of the ground
source for heat pumps. A system of 25 double U-shape borehole heat exchangers (BHEs) in long-term
operation and three scenarios were created. In these scenarios, the difference between balanced and
non-balanced energy load was considered as well as the influence of the hydrogeological factors
on the temperature of the ground source. The aim of the study was to compare different thermal
regimes of BHEs operation and examine the influence of small-scale and short-time thermal energy
storage on ground source thermal balance. To present the performance of the system according to
geological and hydrogeological factors, a Feflow® software (MIKE Powered by DHI Software) was
used. The temperature for the scenarios was visualized after 10 and 30 years of the system’s operation.
In this paper, a case is presented in which waste thermal energy from space cooling applications
during summer months was used to upgrade thermal performance of the ground (geothermal) source
of a heat pump. The study shows differences in the temperature in the ground around different
Borehole Heat Exchangers. The cold plume from the not-balanced energy scenario is the most
developed and might influence the future installations in the vicinity. Moreover, seasonal storage can
partially overcome the negative influence of the travel of a cold plume. The most exposed to freezing
were BHEs located in the core of the cold plumes. Moreover, the influence of the groundwater flow
on the thermal recovery of the several BHEs is visible. The proper energy load of the geothermal
source heat pump installation is crucial and it can benefit from small-scale storage. After 30 years
of operation, the minimum average temperature at 50 m depth in the system with waste heat from
space cooling was 2.1 ◦C higher than in the system without storage and 1.6 ◦C higher than in the
layered model in which storage was not applied.

Keywords: finite element modeling; thermal imbalance of the ground source; small-scale thermal
energy storage; FEFLOW; ground source heat pump; Borehole Heat Exchanger (BHE)

1. Introduction

Increasing climate change awareness and the popularity of renewable energy sources are connected
with the increasing attention to geothermal energy and devices such as heat pumps. According to [1],
in 2050, electric heat pumps will become more common in most parts of the world. In 2017, there were
10,572,395 heat pumps units in operation in Europe [2]. This number is growing constantly. The main
advantage of a heat pump solution is the possibility of providing not only heating during cold periods,
but also space cooling during summer hot days. Ground source heat pumps (GSHP) are a popular
solution, especially for bigger installations. Several regional studies of the shallow geothermal potential
of heat pumps in different geological conditions have been conducted, for example, in Japan [3],
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Germany [4], and Finland [5]. The efficiency of the system and the economic advantage should be
estimated for each specific case [6].

The increase in popularity of geothermal source heat pumps may create future problems regarding
the space available for new ground sources and the negative influence of neighbouring heat exchangers
and their arrays on each other [7]. Therefore, evaluating of the thermal impact is crucial for high-density
Ground Source Heat Pumps (GSHP) [8].

Knowing hydrogeological conditions and the performance of the ground source system is very
important for its exploitation [9]. Thermal parameters and ground water flow can have a significant
effect on the development of borehole heat exchangers systems [10] and the temperature recovery
rate [11]. In cases in which the layout is sufficiently constructed, the ground water flow can improve
the long-term operation conditions [12]. The influence of groundwater flow on storage systems has
also been investigated [13].

Several studies considered the performance of the ground sources at different times of operation,
—for example [14]—during 15 years and the optimization of borehole heat exchangers (BHE) for both
deep [15] and shallow units [16]. Typically, the ground source heat pump itself is considered to
work for about 20 years [17]. However, the heat source may operate longer, for 30 or even 50 years.
Therefore, it is crucial to conduct long-term modelling [18] and measurements of such systems [19].
Ground temperature changes depend on the annual heat imbalance between injected and extracted
heat rate [20]. According to [21], the soil’s thermal imbalance provides problems like soil temperature
decrease, heating performance deterioration and a decline of the heating reliability. Moreover, there is
a risk of the influence of the remaining thermal imbalance on new installations. There is also a need to
provide more efficient heating/cooling applications. In this context, a seasonal thermal energy storage is
gaining attention. Several applications of thermal energy storage implement Borehole Thermal Energy
Storage (BTES) [22], often associated with solar [23] or waste heat [24] or developed for industrial
projects [25]. These research projects regard mostly larger installations.

This paper presents a case in which waste thermal energy from space cooling applications during
the summer months was used to upgrade the thermal performance of the ground source. Thirty years
of operation of the system was used for the simulation.

The aim of the study was to compare the different thermal regimes of BHEs’ operation and
examine the influence of small-scale and short-time thermal energy storage on ground source thermal
balance. In the study, three-dimensional modelling of 25 borehole heat exchangers (ground source) was
carried out in order to determine the performance of the system in long-term operation. It is assumed
that ground temperature partially regenerates during the summer months due to space cooling in
central Poland conditions.

The simulation allows to show the temperature distribution in the ground source for the heat
pump. The temperature distribution and the cold plume are affected by the ground water flow and its
nature as well as the balancing of the energy load. The central Poland study area was chosen because
of recent intensive deep geothermal research in this area [26]. An added value of this research is that it
provides another option to compare different geothermal applications in the area.

2. Materials and Methods

This study presents a hypothetical system of a ground source for heat pumps implemented for
central Poland conditions. To present the performance of the system according to its geological and
hydrogeological factors, a Feflow® software (MIKE Powered by DHI Software, Hørsholm, Denmark)
was used. The software provides Finite Element Modeling of Flow, Mass and Heat Transport in Porous
and Fractured Media. The nodes belong to the boreholes were coupled to the rest of the modelled
area [11]. Borehole heat exchangers (BHEs) were modeled according to [27]. A BHE is considered as a
specific fourth type of boundary condition (BC) [28] which applies a predefined extraction or injection
of thermal energy to a model [29].
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2.1. The Model

A non-uniform grid of the area was used. In the vicinity of wells, grid points were refined to
obtain a better accuracy (Figure 1). Optimal mesh refinement for nodes around BHEs were calculated
according to the Nillert method [27]. The total model dimensions were set to 240 × 240 × 105 m.
The mesh consists of 169,477 elements and 92,940 nodes.

Figure 1. Non-uniform grid model of the study area and 25 borehole heat exchangers (2D), cross-section
lines (green). Spatial discretization of BHE nodes (in frame) according to [27].

To minimalize the influence on the result and calculation time, the size of the model domain was
chosen after pre-calculations. Moreover, the second type of boundary conditions were applied to the
model’s northern and southern edges. A larger domain size does not affect the results. All boundary
conditions applied to the models’ domain are given in Figure 2. There were 3 types of boundary
conditions applied in this model: the 1st boundary condition (Dirichlet) is temperature applied at the
top surface; the 2nd boundary condition (Neumann) is heat-flux at the bottom surface and fluid-flux
applied at the edges or in the aquifer elements (in the 3rd scenario); the 4th boundary conditions are
borehole heat exchangers.

 
Figure 2. The scheme of boundary conditions applied to the model.

113



Energies 2020, 13, 1341

The multiple system considered consists of 25 borehole heat exchangers (BHEs). They are
in 5 × 5 layout with 10-m spacing. The spacing was chosen to fulfill the heat pump’s branch
recommendations [30]. The BHEs are not connected in arrays, all (equal) parameters are set for
single BHE. Each BHE is 100 m in length, which equates to 2500 m of heat exchangers’ total length.
The exchangers were of the double U-shaped type, which consist of two inlet pipes and two outlet
pipes surrounded by grout (Figure 3). A single BHE setting is provided in Table 1.

Figure 3. Double U-shaped pipe scheme.

Table 1. Borehole heat exchanger (BHE) settings.

BHE Geometry Double U-Shape

Borehole diameter 0.15 m
Inlet Pipe diameter 0.032 m

Refrigerant volumetric heat capacity 4 MJ/m/s/K
Refrigerant thermal conductivity 0.48 J/m/s/K

Computational method Eskilson & Claesson method
Power Variable, acc. to monthly energy load (Table 2)

Flow rate 53 m3/d

In the simulation, an Eskilson and Claesson [31] (quasi-stationary) method, which assumes the
local thermal equilibrium between all the elements of BHE during the whole time of the simulation,
was applied.

Table 2. Earth’s average temperature in the study area [32] and energy load during a year.

Month
Earth’s Surface

Temperature [◦C]
Average Energy per BHE [kWh]

1st scenario 2nd scenario 3rd scenario
I −3.5 558 558 558
II −2.2 504 504 504
III 2.3 558 558 558
IV 9.2 360 360 360
V 15.3 186 186 186
VI 18.3 0 −180 (cooling) 0
VII 20.9 0 −372 (cooling) 0
VIII 20.6 0 −186 (cooling) 0
IX 14.7 0 0 0
X 8.6 186 186 186
XI 1.8 540 540 540
XII −2.5 558 558 558
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The difference in thermal energy per time between inlet and outlet of BHE is variable. It was set
according to energy demand on a given day. The BHEs did not work longer than 6 hours a day. Their
power was variable, from 0 to 3 kW. Each simulation was run for 30 years (262,800 h).

2.2. Thermal and Hydrogeological Settings

The model is considered as fully saturated. The initial temperature condition across the model
was set to 9 ◦C (referenced ground temperature in the central Poland area). To show the thermal regime,
heat flux from the ground during the year was set to the top surface according to the change of the
earth’s surface monthly average temperature (Table 2). Earth’s temperature for the central Poland area
is provided. These values were set as the first type of boundary conditions. Moreover, a geothermal
heat flux of 0.06 W/m2 assessed for this area was applied to the base surface of the model.

The BHE system was operating according to the assessed monthly load, as shown in Table 2.
In order to compare different operating regimes, three scenarios were taken into consideration:

• 1st scenario: homogeneous parameters of the ground source, not balanced energy load (only
heating in winter)

• 2nd scenario: homogeneous parameters of the ground source, partially balanced energy load
(heating in winter and cooling in summer)

• 3rd scenario: parameters according to different layers of the model, not balanced energy (only
heating in winter).

The hydrogeological and thermal parameters are shown in Table 3. The initial conditions of the
models were obtain by applying the simulation in steady-state conditions first.

Table 3. Ground and water initial parameters.

Parameter 1st Scenario 2nd Scenario 3rd Scenario

Porosity 0.3 0.3 0.18–0.2;
0.3 in aquifer

Volumetric heat capacity
of groundwater

4.2 106 J/m3/K 4.2 106 J/m3/K 4.2 106 J/m3/K

Volumetric heat capacity
of solid phase

2.52 106 J/m3/K 2.52 106 J/m3/K 2.52 106 J/m3/K

Thermal conductivity of
groundwater

0.65 W/m/K 0.65 W/m/K 0.65 W/m/K

Thermal conductivity of
solid phase

2 W/m/K 2 W/m/K according to layer
(Figure 4)

Fluid flux 4000 mm/a 4000 mm/a 4000 mm/a in aquifer

Groundwater
conductivity

2.5 10−4 m/s 2.5 10−4 m/s 1.0 10−4 m/s; 2.5 10−4 m/s
in aquifer

The area was poorly recognized in the field of shallow geothermal energy and this study reflects
some assumptions according to thermal and hydrogeological parameters in the area. The model is
considered as the confined one. Aquifers have good flow conditions. The fluid flow direction is from
the south to the north, as the fluid flux speed is constant, being limited by groundwater conductivity.
Other borders of the model are defined as impermeable. The geological settings of the model are based
on variability observed in boreholes located in the vicinity of Poddebice town, central Poland [33].

In the 1st and 2nd scenarios, the whole model had good porosity and permeability conditions
and the groundwater flowed throughout the model. In the 3rd scenario, the permeability conditions
worsened and the water flow was mostly limited to an aquifer of 10 m. The aquifer layer has better
conditions of thermal and fluid conductivity (Figure 4).
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Figure 4. Thermal conductivity in the 3rd scenario model. The numbers refer to lithological layers (1:
medium sands, 2: brown-gray marl, 3: brown-gray marly mudstone, 4: light gray marly mudstone, 5:
sandstone, 6: beige mudstone, 7: marly claystone).

3. Results and Discussion

In this project, three sets of simulations were run to verify different scenarios for the performance
of heat pump geothermal heat exchangers. For each simulations, two check-points were selected: after
10 and 30 years of the system operation, at 87,600 and 262,800 h, respectively.

3.1. First Scenario: Homogeneous Parameters of the Ground Source, Not Balanced Energy Load

According to the simulation, the temperature of the ground decreased with time. At the beginning
stage, the drop of temperature was most visible in the centre between BHEs. The difference in
temperature between the points of the minimum temperature and the surrounding domain after the
first year of operation is ca. 4.5 ◦C. Later, the influence of the water flow was more visible in the model
and since the second year of the system operation, the points with minimum temperature shifted
towards the north. At the same time, different BHEs started to work on different ground parameters.
In Figure 5, the temperature model is presented for a depth of 50 m (the mid-section of the BHE). After
10 years of system operation (A), an increase in the cold plume can be observed. The range of the
model zone where the temperature dropped to 5 ◦C was ca. 45 m from the centre of the BHE system
and ca. 24 m from the BHE on the edge. During this time, the minimum ground temperature dropped
to 0.1 ◦C.
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(a) (b) 

Figure 5. Results of the simulation of ground temperature after 10 years (a) and 30 years (b) of heat
pump operation within the 1st scenario (homogeneous model). Two-dimensional view of the surface at
a depth of 50 m.

After 30 years of system operation (B), the decrease of temperature was even more visible and the
cold plume travelled further north due to the fluid flow conditions. The minimum average temperature
at the same surface of 50 m depth was −0.7 ◦C, which implies the risk of ground freezing. Particularly,
the refrigeration fluid temperature in several BHEs can even drop to −3.5 ◦C. After 30 years of system
operation (B), the range of the model zone in which the temperature dropped to 5 ◦C was ca. 100 m
from the centre of the BHE system and ca. 75 m from the BHE on the north edge. The distribution of
temperature in 3D view is shown in Figure 6.

(a) (b) 

Figure 6. Results of 3D simulation of ground temperature after 10 years (a) and 30 years (b) of heat
pump operation within the 1st scenario (homogeneous model); the view from the north-west.

In the most affected BHEs, the average working fluid’s temperature decreased significantly during
the first 15 years of operation. Then, the drop of the temperature was rather small as time passed
(Figure 7). The difference between the warmest and the coldest BHE’s average temperature in this
layout is 4.5 ◦C after 30 years of operation.
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Figure 7. Average temperature of BHEs within the 1st scenario (system without space cooling) during
30 years of operation.

The ground water flow provides the differences in temperature. The temperature in some BHEs (in
the centre and north) dropped due the cold plume travelling. However, water of a higher temperature
moved from the south to the BHE system. The southern edges of BHE system, which recover faster,
have a higher temperature. In fact, the average temperature in the southern BHEs was almost constant
after the initial first few years. For example, the minimal average temperature of the BHE on the
southern edge stayed at level of ca. 4 ◦C after the fifth year.

The vertical distribution of temperature is given in Figure 8. In cross-sections A-A’ and B-B’, it is
clearly visible that the northern side of the BHE system has a significantly lower temperature than the
southern one. The BHEs’ had an influence on each other and there was a decrease in temperature in
the central BHEs.

3.2. Second Scenario: Homogeneous Parameters of the Ground Source, Balanced Energy Load (Heating in
Winter and Cooling in Summer)

A balanced energy load affects the drop in the system’s temperature less. The average temperature
of the system did not drop below 1 ◦C during the 30 years of operation.

At the beginning stage, the drop in temperature is the most visible in the centre, between BHEs.
The difference in temperature between the points of the minimum temperature and the surrounding
domain after the first year of operation is ca. 4.4 ◦C.

Starting from the second year, different BHEs started to work on different ground parameters due
to the interaction between the BHEs and water flow. In Figure 9, the temperature model is presented
for a depth of 50 m (the mid-section of the BHE). After 10 years of system operation (A), the zone with
a temperature of 5 ◦C was concentrated near BHEs and was not present outside of the BHEs layout.
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Figure 8. The temperature distribution as cross-section views for the 1st scenario. The cross-section
lines are the same as those in Figure 1.

The distribution and layout of the temperature in the 3D model is provided in Figure 9. After 10
years of operation, the minimum ground temperature dropped to 1.9 ◦C at a 50-m depth.

After 30 years of system operation (Figure 10), despite the partly balanced energy load, there is a
cold plume observed to be travelling north, according to the fluid flow direction. However, its shape
is more slender than those observed in the first scenario. The range of the model zone in which the
temperature dropped to 5 ◦C is ca. 50 m from the centre of the BHE system and ca. 30 m from the
BHE on the north edge. The minimum average temperature at the surface of a 50 m depth was 1.4 ◦C,
which dismiss the risk of ground freezing.

119



Energies 2020, 13, 1341

(a) (b) 

Figure 9. Results of the simulation of ground temperature after 10 years (a) and 30 years (b) of heat
pump operation within the 2nd scenario (homogeneous model). Two-dimensional view of the surface
at a depth of 50 m.

(a) (b) 

Figure 10. Results of the 3D simulation of ground temperature after 10 years (a) and 30 years (b) of
heat pump operation within the 2nd scenario (homogeneous model); the view from the north-west.

In the most affected BHEs, the temperature decreased significantly during the first 15 years of
operation. Then, the drop in temperature was rather small over time (Figure 11). The difference between
the warmest and the coldest BHE’s average temperature was ca. 3.1 ◦C after 30 years of operation.

Figure 11. Average temperature of BHEs within the 2nd scenario (system with space cooling) during
30 years of operation.
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The vertical distribution of the temperature is given in Figure 12. In cross-sections A-A’ and
B-B’, smaller difference between the northern and southern site can be observed compared to the first
scenario. The influence of the system into the neighboring ground is lower than in the first scenario
(C-C’, D-D’). As the groundwater flow was set as homogenous, the BHEs in the centre were the most
affected by the heat withdrawal.

Figure 12. The temperature distribution as cross-section views for the 2nd scenario. The cross-section
lines are the same as those used in Figure 1.
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3.3. Third Scenario (Layered Model): Parameters According to Different Layers of the Model, Not Balanced
Energy (Only Heating in Winter)

In Figure 13, the temperature of the ground source is shown after 10 and 30 years of the simulation
at a 50-m depth. After 10 years of system operation, the temperature at a depth of 50 m was 2.7 ◦C.
The cold plume is rather round-shaped and did not shift significantly towards the north (it was not
affected by the ground water flow).

(a) (b) 

Figure 13. Results of the simulation of ground temperature after 10 years (a) and 30 years (b) of heat
pump operation within the 3rd scenario (layered model). Two-dimensional view of the surface at a
depth of 50 m.

After 30 years of operation, the cold plume travelled slightly north and was slightly more visible
in the permeable layers. At a depth of 50 m, the range of the model zone in which the temperature
dropped to 5 ◦C was ca. 45 m from the centre of the BHE system and ca. 25 m from the BHE on the
northern edge. The most visible decrease of the temperature is observed inside the BHEs’ system
layout (Figure 14).

(a) 

Figure 14. Cont.
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(b) 

Figure 14. Results of 3D simulation of ground temperature after 10 years (a) and 30 years (b) of heat
pump operation within the 3rd scenario (layered model); view from the north-west.

In the northern BHEs, there is a risk of ground freezing, while the ground temperature can drop
to −0.2 ◦C (layers with the worst thermal conditions). At the same time, the average temperature of
the refrigerant can be as low as −2 ◦C at the coldest time of the season (Figure 15). The figure shows
the average temperature of BHE’s working fluid temperature within the 3rd scenario (system without
cooling) within a single year. This was for the last and 30th year considered in the simulation.

 
Figure 15. Average temperature of BHEs within the 3rd scenario (system without cooling) during the
30th year of operation.
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Figure 16 depicts differences in the vertical distribution of temperature around BHEs. Some
sections or layers interfered more strongly than the others due to the different hydrogeological and
thermal parameters of the layers. The influence of the groundwater flow in the aquifer is less significant
to the system.

Figure 16. The temperature distribution as a cross-section view for the 3rd scenario. The cross-section
lines are the same as those used in Figure 1.
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Figure 17 shows the comparison between the cold plumes that appeared after 30 years of operation
for the different scenarios. A temperature value of 5 ◦C was arbitrary chosen as the cold plume
boundary. Normally, heat pumps can work on temperatures below 5 ◦C; however, lower temperatures
are no clearly visible in these 3D models.

Figure 17. Cold plumes in 3D models for 3 different scenarios (1st scenario, 2nd scenario and layered
model (3rd scenario)) after 30 years of system operation.
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The cold plume from the 1st scenario is the most developed in length and width. It travelled
further to the north according to the ground flow direction. This BHE system might threats future
installations in the vicinity.

In the 2nd scenario, due to the balanced energy load and energy storage, the range of the cold
plume is definitely smaller, even also directed to the north (groundwater flow). Moreover, thermal
energy storage (understood here as cooling of space in summer) can partially overcome the negative
influence of traveling of a cold plume.

The most exposed to freezing are BHEs from the north edge of the system located at the core of
the plumes. In the 1st and 2nd scenario, the influence of the groundwater flow on the thermal recovery
of the southern BHEs is clearly visible. They worked with a higher temperature regime the whole time.

In the 3rd scenario, where the best groundwater conditions are limited to the aquifer, the heat
conductions have a greater influence on the system (more rounded shape of the plume). There was no
significant thermal recovery in the south. The cold plume travelled much more slowly to the north
(similarly to the 2nd scenario with a balanced energy load) and the cold plume shift was slight.

The model allows to simulate the time-varying temperature of the ground source for heat pumps.
The temperature regime is important for proper heat pump operation. Even the ground source heat
pumps can work with a temperature below 0 ◦C; this temperature is associated with the freezing of the
ground and water in the BHE vicinity, which can have a negative impact on the BHE itself (cracks, air
presence, etc.) [30]. It was observed that after 15 years, the system’s temperature stabilized and the
system’s elements worked with similar parameters. However, after that long period of exploitation,
there is a risk of ground freezing in several locations. It is important to determine how the cold plume
location changes, how it propagates and how BHEs interfere with each other and with the cold plume.

In the layered model, the influence of the groundwater flow was limited to the aquifer and
provided lower temperatures in the centre BHEs. The thermal parameters’ diversity in each section of
the BHE have a lower influence on the thermal layout of the whole system than the balanced energy
load. This balance can be obtained by small-scale and short-time thermal energy storage, which
requires the use of waste heat from space cooling during the summer months. In the system with
small-scale energy storage, the zone of a temperature of 5 ◦C is two times smaller and the cold plume
does not travel as far as in the system without storage.

The proper energy load of the geothermal source heat pump installation is crucial, and it can
benefit from small-scale storage. After 30 years of operation, the minimum average temperature at a
50-m of depth in the system with waste heat from space cooling was 2.1 ◦C higher than in the system
without storage and 1.6 ◦C higher than in the layered model where storage was not applied.

The groundwater flow influences the improvement of parameters of BHEs located in the south (in
the model). At the same time, it shifts the cold plume to the north, which negatively influences the
northern BHEs. BHEs that are the most affected by the cold plume or by interference with other BHEs
can be found thanks to the simulation.

Balanced energy load (including e.g., summer cooling) can increase system efficiency by providing
higher temperatures. The study shows differences in the temperature in the ground around BHEs.
Therefore a proper layout of the BHE system can be adopted prior to the system construction.

4. Conclusions

Geological and hydrogeological conditions have a great impact on BHEs’ system performance.
Thus, good recognition of the parameters and suitable long-term simulation are necessary prior to
installing a sustainable ground source for heat pumps. Installations with seasonal storage (if possible)
are preferred for long-time operation due to their better ground thermal recovery which causes a
higher effectiveness of heat pumps’ installation and prevents ground freezing. FEM modelling of such
installations would answer the question of whether a given heat pump and BHE’s installation can
work efficiently in specific conditions and locations of installation.
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26. Sowiżdżał, A.; Hajto, M.; Hałaj, E. Thermal waters of central Poland: A case study from Mogilno–Łódź
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Abstract: For biomass compaction, it is important to determine all aspects of the process that will
affect the quality of pellets and briquettes. The low bulk density of biomass leads to many problems
in transportation and storage, necessitating the use of a compaction process to ensure a solid density
of at least 1000 kg·m−3 and bulk density of at least 600 kg·m−3. These parameters should be achieved
at a relatively low compaction pressure that can be achieved through the proper preparation of the
raw material. As the compaction process includes a drying stage, the aim of this work is to determine
the influence of the drying temperature of pine biomass in the range of 60–140 ◦C on the compaction
process. To determine whether this effect is compensated by the moisture, compaction was carried
out on the material in a dry state and on the materials with moisture contents of 5% and 10% and for
compacting pressures in the 130.8–457.8 MPa range. It was shown that drying temperature affects the
specific density and mechanical durability of the pellets obtained from the raw material in the dry
state, while an increase in the moisture content of the raw material neutralizes this effect.

Keywords: drying; compaction; biomass; pellets; mechanical durability; specific density; Scots pine

1. Introduction

Cell walls are the main structural elements of plant biomass. The composition and structure
of cell walls vary depending on the plant species [1], cell function and response to environmental
conditions [2]. However, from a chemical point of view, the cell walls of most plants consist of three
main components, namely cellulose, hemicellulose and lignin. The biomass of this composition is
called lignocellulose biomass [3–5]. Additionally, this natural composite may also contain extractives
and a mineral fraction. The most common extractives are simple sugars, fats, waxes, proteins, phenols,
gums, terpenes, saponins, pectin, resins, fatty acids and essential oils that mainly fulfill a protective
function for the plants [6].

Chemically, lignocellulose biomass contains mainly about 50% of carbon and hydrogen—on
average 8% [7,8]. This is why it is mainly used as a biofuel. Besides this, there are investigations into
the use of biomass as a raw material for hydrogen production from biomass gasification [9–12].

From the point of view of energy use of biomass, most of the energy accumulated in a given
biomass is found in cellulose, hemicellulose and lignin. An elementary analysis of several types of
biomass has shown [7] that the differences between cellulose and hemicellulose are insignificant, so
that their energy parameters are similar. The cellulosic heat of combustion is 17.6 MJ·kg−1 and that for
hemicellulose is 17.9 MJ·kg−1, whereas lignin has higher energy parameter values. The lignin heat of
combustion depends on the type of biomass from which it was extracted. For example, the heats of
combustion for lignins from hazelnut shells, olive pomace, walnut shells, spruce and beech wood are
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in the 27–28 MJ·kg−1 range [13,14]. Additionally, much higher heats of combustion of 35 MJ·kg−1 are
obtained for the extractives [6]. Thus, the biomass heat of combustion depends mainly on the relative
contents of cellulose and hemicellulose on the one hand and lignin on the other hand. While the highest
heat of combustion is found for extractives, particularly those containing large amounts of resins and
terpenes, their small content in biomass (not exceeding 9.5%) [15–17] does not give rise to a significant
increase in the heat of the combustion value of the raw material. The highest concentration of the
extractives is found in the wood of coniferous plants, making the heat of the combustion values of these
materials slightly higher compared to the wood of deciduous plants or herbaceous biomass [15,18,19].
Nevertheless, the main factor determining the high value of heat of combustion is the proportion of
lignin in relation to holocellulose. It has been shown that, for certain biomass groups, this relationship
is linear [7,17] (Figure 1). Therefore, despite the different levels of lignin, cellulose and hemicellulose
in different types of biomass [15,20–23], their heat of combustion values lie within a narrow range of
18–22 MJ·kg−1 [24–27].

 

Figure 1. Heat of combustion of dry, ash-free and extractive-free biomass of different plant species seed
coatings as a function of the lignin content [17].

This relatively energy-homogeneous raw material has a wide range of sources such as coniferous
and deciduous wood, grasses, dicotyledonous perennials, shells, and stones, and forms such as log
wood, saw dust, chips, straw, and pomace. Therefore, biomass materials exhibit a wide range of
specific and bulk density values. Most typical biomass raw materials used for pellet production
have low specific densities in the approximately 200–450 kg·m−3 range for the herbaceous type of
biomass materials, and in the 350–720 kg·m−3 range for the woody type of biomass materials [3,28,29].
According to EN ISO 17225-1:2014 standard [30], the main types of biomass for solid biofuel production
are woody, herbaceous and fruity biomass (less common is so-called water biomass). This means that
a very wide range of species are already used for this purpose and the range of the different plant
species is being continuously extended as a result of research conducted at many scientific institutions
worldwide [27,31–39].

This variability of biomass materials gives rise to many inconveniences related to the logistics and
combustion of biomass. To fully exploit the energy potential of biomass and avoid these problems,
biomass materials are densified, obtaining a higher energy density, and lower transportation and
storage costs. Standardization of solid biofuels (pellets and briquettes) allows the automatization
of feeding and burning processes in domestic and industrial-size boilers that is impossible for
low-processed biomass. For pellets that represent the most compacted biofuels, quality standards
EN ISO 17225-2:2014 standard [40], require the specific density (DE) to be equal to or greater than
1000 kg·m−3 and mechanical durability (DU) to be equal to or greater than 97.5% (A1 quality class).
To obtain these parameters, it is necessary to properly prepare the raw material and properly set
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the parameters of the pressure compaction process to the requirements of the processed material.
Many factors influence the compaction process. Pressure and compaction temperature, type, degree of
fragmentation, friction coefficient and moisture content of the raw material are the most important
factors [41–47].

The moisture content of the raw material is one of the most important factors that affect the
compaction process, and is in the range of 6%–17% for most biomass materials [43]. In most cases,
the biomass raw material has a moisture content higher than this level, so that a drying stage is
almost always used in the granulation process. This process is carried out in a wide temperature
range 40–200 ◦C or more [48–53]. According to the literature, the main components of the biomass
such as lignin, cellulose, and hemicellulose can be transformed as a result of the temperature
effect [49,54,55], which may affect the compaction process. During the drying of coniferous tree
biomass, terpenic compounds that act as binders and energy carriers are also released [51]. It is
known that the high temperature in the 150–300 ◦C range used in the torrefaction process also affects
the compaction. This leads to an improvement in the raw material grindability but complicates the
compactions process, mainly due to the decomposition of lignin, which acts as the binder during the
densification [56–62].

Lignin plasticizes at temperatures of about 150 ◦C [15,63]; plasticization can occur at lower
temperatures of 75–90 ◦C with the presence of moisture in the material [42,64]. A promising way of
activating the properties of lignin as a binder is steam explosion [65,66]. It causes structural changes in
biomass fiber and, under some pretreatment conditions, lignin in biomass cells comes out of the fiber.
During the agglomeration process, lignin melts both on the particle surface and between particles.
This results in the creation of a cover layer around pellets and bonds inside them [67]. The durability
of such pellets is significantly higher than pellets from conventional materials [68].

The aim of this study was to investigate the effect of drying temperature on the process of Scots
pine biomass compaction. Scots pine was chosen in this study because it is a typical biomass material
that is widely used for the production of fuel pellets.

2. Materials and Methods

The research in this work was carried out according to the procedure shown in Figure 2.

 

Figure 2. Flowchart of the procedure used for the investigations in this work.
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2.1. Materials

Because it is the most popular raw material for fuel pellet production, Scots pine (Pinus sylvestris
L.) biomass was used for the present study. According to the biomass classification [30], this
material represents woody biomass. After the growth season, Scots pine stems were collected,
debarked and chipped.

A set of analytical sieves with a diameter of 400 mm and hole sizes of 16 and 8 mm (Morek
Multiserw, Marcyporęba, Poland) and a sieve shaker (LPzE-4e, Morek Multiserw, Marcyporęba, Poland)
were used to separate the particle size fraction that passes through the sieve with the hole size of 16 mm
and remains on the sieve with the hole size of 8 mm in order to ensure that the material is geometrically
uniform prior to the drying stage. Pine chips were divided into three samples and were dried in a
laboratory dryer (SLW 115, Pol-Eko, Wodzisław Śląski, Poland) to the dry state at the temperatures of
60, 100 and 140 ◦C.

After drying, all three samples were ground to obtain particles with a size of<1 mm using a hammer
mill (PX-MFC 90D Polymix, Kinematika, Luzern, Switzerland). According to the literature [66,69–73],
grain size and grain size distribution has a significant impact on the biomass agglomeration process.
Therefore, in order to exclude this effect, the grain size distribution of all samples was standardized
to the grain size distribution of the biomass sample dried in 60 ◦C. Samples were divided into four
dimensional fractions, (sieve classes): C1: 0.1—grain diameter d ≤ 0.1 mm, C2: 0.25—grain diameter
between 0.1 < d ≤ 0.25 mm, C3: 0.5–0.25 < d ≤ 0.5 mm and C4: 1–0.5 < d ≤ 1 mm. The standardized
grain size distribution of all samples is contained in Table 1.

Table 1. Standardized particle size distribution of samples.

Sieve Classes (mm) C1: 0.1 C2: 0.25 C3: 0.5 C4: 1

Share [%] 8.2 16.1 38.2 37.5

The sample dried at 60 ◦C was also analyzed in terms of energy properties. The values of
determined parameters are shown in Table 2.

Table 2. Characterization of raw material—all values refer to the dry state of sample.

Parameter Unit Value Standard

Heat of combustion MJ/g 20.9 EN ISO 18125 [74]
Ash content % 0.2 EN ISO 18122 [75]

Volatile matter % 79.8 EN ISO 18123 [76]

Each sample of dry, ground and size standardized material was divided into three subsamples,
giving a final total of nine test samples. Three of the samples (dried at the examined temperatures)
were left in the dry state, and from the remaining six samples, three samples were moisturized to
5% and three samples were moisturized to 10%. Based on the literature, these moisturization values
were considered to be most suitable for investigating the effects of the moisture content on the pine
pellet quality parameters [46,47,77]. The samples in the dry state were treated as controls (Figure 3).
The materials were moisturized and conditioned in a climate chamber with controlled temperature
and humidity (KBF-S 115, Binder, Tuttlingen, Germany). This allowed us to maintain a stable moisture
content during the experiments, which was highly important for the accuracy of the investigations.

132



Energies 2020, 13, 1809

   

Figure 3. Samples ready for densification: from left to right, the samples of the raw material dried at
60, 100, and 140 ◦C, respectively, in the dry state are shown.

2.2. Samples Densification

The biomass compacts (test pellets) were produced using a compaction stand (hydraulic press
P400, Sirio, Meldola, Italy) with a special appliance. The components of this stand are shown in
Figure 4. The main parts of the stand are the compaction unit that consisted of hardened steel and a
cylindrical die (with an internal die channel diameter of 12 mm and length of 110 mm). The unit also
contains a piston and bottom (diameter of both was 11.9 mm). The compaction unit is placed between
the press plate and pressure is applied by the pistons.

 

Figure 4. Lab-scale compaction stand for test pellets production: (a) hydraulic press, (b) samples of
compacts, and (c) die, piston and bottom.

Using the compaction stand, we obtained precise information regarding the pressure used for
sample densification. Based on the previous studies reported in the literature [3,78,79], six pressure
values were selected, namely 130.8, 196.2, 216.6, 327, 392.4, and 457.8 MPa (14.5, 21.7, 29, 36.2, 43.5,
50.7 kN, respectively),

The mass of the sample (approximately 1 g) allowed us to obtain compacts with heights that were
smaller than their diameters (approximately 8–10 mm). A total of 54 combinations of the different
dry temperature, moisture content and pressure values were investigated in this work. To ensure the
quality of the obtained results, for each set of conditions we examined three test pellets, even though
the standards for DU and DE require the use of only two samples [80,81]. Thus, a total of 162 test pellets
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were produced. After compaction, the samples were placed into individual labeled compartments to
prevent moisture change and human error during further measurements.

2.3. Pellets Quality Parameters Analysis

After waiting for 24 h after the compaction, the height, diameter and mass of the test pellets
were measured using a caliper with an accuracy of 0.01 mm and a scale (AS 160.R2, Radwag, Radom,
Poland) with an accuracy of 0.1 mg. The DE of each pellet was calculated according to the values of
the specific densities, as shown in Equation (1)

DE =
m24

V24
(1)

where DE is the specific density, m24 is the mass of the sample 24 h after compaction and V24 is the
volume of the sample 24 h after compaction.

The mechanical durability (DU) was also determined for these samples. Hardness and durability
are very important parameters for logistics. While many standards refer to DU [57], the requirements
for energetic pellets are described in the EN ISO 17831-1:2015 standard [81] dedicated standard. In
this case, where only a few granules were produced, some modification of this method was necessary.
This is because the standard procedure requires the use of approximately 500 g of pellets per test. In this
research, only three granules were made, and the equipment described in the EN ISO 17831-1:2016-02
standard was used to simulate the damages incurred by the particles during logistics operations.
The main experimental apparatus is a cuboidal chamber with two baffles inside that rotates at a rate of
50 rpm for 10 min.

The requirement for the 500 g mass of the sample was met by using ballast material in which three
tested pellets were placed (Figure 5). For the volume of the ballast sample to be comparable to that of
the classic sample, the ballast material should have a specific density similar to that of a typical pellet
(approximately 1000 kg·m−3). Therefore, polystyrene with a specific density of 1070 kg·m−3 was used.
The grains forming the ballast material had a sphere-like shape with a diameter of 5 mm (Figure 5).
Some of the samples were made from the biomass in the dry state, which means that the strength of
some compacts was low and, therefore, in order not to cause their complete disintegration during the
test, it was decided to reduce the time of rotation. Based on previous research, the time of rotations
was reduced to 5 min [3].

  
(a) (b) 

Figure 5. Test pellet sample: (a) the ballast material placed in the testing chamber, (b) after test with
the visible crumbling zones.

After the test, the compacts were removed from the box, and weighed (scale AS 160.R2, Radwag,
Radom, Poland with accuracy of 0.1 mg), and using Formula 2, the DU values of each sample were
obtained. The obtained values are only compared for the materials used in this research, but further
research on this method is in progress in order to compare the results obtained using this method for a
variety of materials.

DU =
mA
mE
·100 (2)
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where DU is the mechanical durability, mA is the mass of the sample after the test and mE is the mass
before the test.

The last modification to the basic procedure was the mode used for the calculation of the compact
material’s mechanical durability (DU). In the standard, the DU result is related to the mass of the sample
as a whole, while in the case of the conducted tests, the durability of each individual granule was
determined, so that the result had to be related to its mass. The cylindrical granule was crushed only
along the circumference of its base, while the central part of the cylinder side remained undamaged
(Figure 5b). Thus, although the mass of the fines for two granules with the same diameter but different
heights is comparable, when using the classic formula for DU, different calculated durability values
are obtained for these two granules because the mass of the longer granule is greater than that of the
shorter granule. To make the calculation of DU independent of the granule height, the mechanical
durability of the equivalent DU10 granules with a constant height of 10 mm h10 was calculated as

DU10 =
mA10

mE10
·100 (3)

where DU10 is the mechanical durability of the substitute compact, mA10 is the mass of the substitute
compact after the test and mE10 is the mass of the substitute compact prior to the test.

Due to the use of equivalent granules, the mechanical durability value does not depend on the
height of the granules, enabling comparison of the DU10 results regardless of the height of the granules.
The height of the granules was between 8 and 10 mm, and a more detailed description of the procedure
use in this work can be found in a previous report [3].

3. Results

Figure 6 shows the changes in the pellets’ specific density (DE) due to the effects of the raw material
drying temperature and the increase in the densification pressure. Figure 6a shows the changes for the
material in the dry state and Figure 6b,c show the changes for the materials with moisture contents of
5% and 10%, respectively. For the dry materials, the applied pressure results in the pellets with DE
values in the 794–1100 kg·m−3 range. The threshold value of 1000 kg·m−3 (the dividing line between
the red and green part of the density variation area) was reached most rapidly for the material that
was dried at 60 ◦C. This was achieved at the pressure of 261 MPa, whereas for the materials dried at
100 and 140 ◦C, the threshold values were achieved at pressures of 319 and 333 MPa, respectively.

For a test material moisturized to 5%, the area of the specific density variation over the entire
range of the test pressures was shifted up and the DE values of the resulting pellets were in the
930–1120 kg·m−3 range. The density threshold value was obtained in this case at 169 MPa, showing a
lower value than that of the material in the dry state. As the drying temperature increases, this value
increases slightly to 187 MPa, suggesting that the drying temperature of the raw material is less
important in this case, while the increase in humidity has resulted in an increase in the pellet DE.
The increase in the moisture content to 10% caused the whole pressure range to reach specific density
values above the threshold value for all pellets. Similar evolutions of the density values were observed
for all drying temperatures, showing that the density changes do not depend strongly on the raw
material drying temperature. At first pressure level (130.8 MPa), the specific density was 1070 kg·m−3.
This values increased with pressure, and was 1110 kg·m−3 for 196.2 MPa and 1130 kg·m−3 for 261.6 MPa.
A further increase in the compaction pressure did not lead to an increase in the pellet specific density.

Changes in mechanical durability (DU) for the same pellets are shown in Figure 7. The DU
threshold value was set at 97.5% (this value is required for wood pellets of class A1 according to
standard EN ISO 17225-2:2014 [40]). This is a theoretical value because the DU of the tested compacts
was determined by the modified method. For the pellets obtained from raw material in the dry state
(Figure 7a), the DU threshold level of the obtained pellets was obtained at a pressure of 392.4 MPa,
and compacts fabricated at 130.8 MPa had a DU of only 65. No effect of the drying temperature
was observed.
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(a) (b) 

 
(c) 

Figure 6. Pellet specific density (DE) changes as a function of the raw material drying temperature and
densification pressure: (a) raw material in the dry state, (b) with 5% moisture content, and (c) with 10%
moisture content.

An increase in the raw material moisture content up to 5% causes the DU threshold value to
be reached for pressures greater than 196.2 MPa, regardless of the raw material drying temperature
(Figure 7b). At the lowest pressure, the DU of pellets was approximately 91%, which is much higher
than that of the dry pellets. A further increase in the moisture content of the raw material to 10% led to
an increase in the mechanical durability of the compacts above the threshold value, regardless of the
applied pressure. (Figure 7c).

To confirm the significance of the discussed evolution of DE and DU, a statistical analysis was
carried out for the obtained results. A detailed statistical analysis was performed for two hypotheses:

• The drying temperature of the raw material significantly affects the DE and DU values of the
pellets obtained at the tested levels of pressure and raw material moisture content;

• The increase in the raw material moisture content compensated the influence of the drying
temperature on the quality parameters (DE and DU) for the tested pressure levels.
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(a) (b) 

 
(c) 

Figure 7. Pellet mechanical durability (DU) changes as a function of the raw material drying temperature
and densification pressure: (a) raw material in dry state, (b) 5% moisture content, (c) 10% moisture content.

In this work, ANOVA analysis was carried out, and the normality of the decomposition was
checked using the Shapiro–Wilk test. It was found that the distribution was normal for all cases.
Then, the assumption of the equality of variance was also examined using the Brown–Forsythe test.
For all cases, this equality was met. Then, ANOVA and post-hoc analysis (Scheffé’s test) were carried
out to determine whether there were statistically significant differences between the groups.

Figure 8 shows the results of the three-factor ANOVA examining the effects of the drying
temperature, moisture content and pressure on the specific density. The graphs show the compaction
profiles derived from the mean values together with the standard deviations.

Post-hoc analyses have shown that for the dry material, there are significant differences between
the specific density values of the pellets produced from the material dried at 60 ◦C and those produced
from the material dried at 100 and 140 ◦C. These differences exist for each of the examined pressures
with the exception of 261.6 MPa and 457.8 MPa, for which the change in the drying temperature from
60 and 100 ◦C does not have a significant effect on the specific density of compacts. For each tested
pressure, the differences in the specific density values between the pellets obtained from the materials
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dried at 100 and 140 ◦C were insignificant. As mentioned above, the specific densities of the pellets
decreased as the drying temperature increased from 60 to 100 ◦C. This means that the drying of raw
material at 100 and 140 ◦C leads to a decrease in the densification ability of the raw material.

 
Figure 8. Changes in the specific density (DE) of the pellets as a function of the compaction
process parameters.

For the materials moistened to 5% and 10% moisture content, the effect of the drying temperature
on the obtained DE values was insignificant in the entire examined pressure range. This means that
moistening the material even to the level of only 5% eliminates the influence of the drying temperature
and at the same time allows us to obtain pellets with higher DE compared to those obtained from the
material in the dry state.

A similar analysis was performed for DU. Figure 9 shows the result of the three-factor ANOVA
examining the effects of the drying temperature, moisture content and pressure on the DU values.
The graphs show the compactibility profiles derived from the average values together with the
standard deviations.

Post-hoc analyses showed that, for the dry material, there are significant differences between
the DU values of the pellets produced from the material dried at 60 ◦C and those produced from the
material dried at 100 and 140 ◦C. These differences are observed only for pressures lower than 261.6
MPa, while for higher pressures, the differences are insignificant. At a pressure of 130.8 MPa, the
significant difference occurs between the drying temperature of 60 and 100 ◦C, at 196.2 and 261.6 MPa
a significant difference is observed between the samples obtained using drying temperatures of 60
and 140 ◦C. The differences in mechanical durability between the pellets made of the materials dried
at 100 and 140 ◦C were insignificant in the entire pressure range. Similar to the specific density
results, DU decreased with increasing drying temperature for the dry materials, while for the materials
moistened to the 5% and 10% moisture content, the influence of the drying temperature on the obtained
mechanical durability values was insignificant in the entire range of tested pressures.
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Figure 9. Changes in the mechanical durability (DU) of the pellets for different compaction
process parameters.

Thus, the conducted tests show that the drying temperature significantly influences the obtained
values of the specific density of the pellets produced from the material in a dry state in the whole pressure
range, while for DU, the changes were significant only in the 130.8–261.6 MPa range. Significant changes
occur between the drying temperature of 60 ◦C on the one hand, and the drying temperature of 100
and 140 ◦C on the other hand, while the differences between 100 and 140 ◦C are not significant. An
increase in the moisture content to 5% and 10% eliminates the influence of the drying temperature
and leads to an increase in the values of the tested quality parameters. What is remarkable is that
this range of moisture content is optimal for the pelletization process and meets the quality standard
requirements [40,82]. In order to obtain high parameters of DE and DU, it is not necessary use the
maximum tested pressure values and that these pressure are lower than the pressure occurring in the
real process of pelletization up to 750 MPa [83].

4. Discussion

Higher values of the quality parameters obtained for the pellets produced from the material dried
at 60 ◦C compared to those produced from the materials dried at 100 and 140 ◦C (compacted in dry
state) may be explained by the fact that, at this temperature, only water is removed from the material
and other components such as terpenes, resins, and essential oils (generally called volatile substances)
remain in the material, while when the drying temperature exceeds 100 ◦C, these substances are also
gradually released. This phenomenon is confirmed by studies performed by Stahl et al. [84] comparing
the drying process on industrial systems. They have shown that the highest terpene emissions occur in
dryers with high drying temperatures (above 100 ◦C) and long material residence times in the dryer.
The type of dryer also affects the emission of terpenes – steam dryers cause less emission compared to
rotary drum dryers. Moreover, the Englund and Nussbaum research [85] confirms that the emission of
terpenes at a drying temperature of 60 ◦C is lower compared to emission at 110 ◦C.

Generally, these substances act as binders, and also play the role of binder in the material dried at
60 ◦C. For the pellets produced from the biomass dried at 100 and 140 ◦C, the removal of the binder
substances from the material results in a decrease in the DE and DU values. For the material with 5%
and 10% moisture content, the water contained in the material plays the role of a binder and its higher
agglomeration capacity compared to the volatile substances leads to the better connection between
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the material particles, resulting in an increase in the DE and DU values. At the same time, water
eliminates the weaker impact of volatile substances, as evident from the absence of the significant
effect of the drying temperature on the obtained values of DE and DU at this raw material moisture
content. The increase in the water content in the raw material to the level of 10% results in an increase
in the number of bonds between the particles (so-called interparticle bridges) [3,86], which further
increases the DE and DU values. This is probably caused by the increase in the moisture content of the
raw material. This has a significant effect on the plasticization of lignin. This is probably the main
reason for the mentioned increase in the number of bonds between the particles.

A different course of DE and DU changes was observed by Filbak et al. [83] during a study on the
influence of drying methods for Scots pine raw material on pellets’ DE and DU. Pellets made of raw
material dried at 75 ◦C had a higher DU value compared to those made of material dried at 450 ◦C.
An opposite relationship was observed for DE. In these studies, the pellets were made on an industrial
line where, apart from moisture content, the main factor influencing the agglomeration process is
temperature changes occurring during the process [19].

Similar to most lignocellulose materials, pine wood has a spatial porous structure.
Therefore, the specific density of dry pine wood is approximately 490 kg·m−3, while its absolute
density is approximately 1470 kg·m−3 (lignocellulose material without any pores) and its bulk density
is approximately 180 kg·m−3 [3]. During compaction, the applied pressure is responsible for reducing
the external (between material particles) and internal (inside material particles) pores. Drying at 60
◦C removes the water from the inner pores of the material, while an increase in the temperature to
100 and 140 ◦C also leads to the removal of the volatile components, increasing the volume of the
pores. The pressure reduces the volume of the pores (both external and internal), and the degree
of pore reduction is greater for the material dried at 60 ◦C. Upon the moistening of the material to
5% water content, the water infiltrates the wood and the material becomes plasticized, making a
lower pressure sufficient for compacting it. Then, a further moisturization leads to an increase in the
plasticity and a further increase in the density at lower pressures. The maximum obtained specific
density values oscillate at 1130 kg·m−3. A value of DE equal to the absolute density (1470 kg·m–3)
cannot be achieved due to the expansion of the material when the pressure stops. The value of this
parameter depends on the elasticity of the material and the amount and strength of the joints between
the particles formed during the compaction. In this case, the best results were achieved by moisturizing
the material to the 10% water content and compacting at the pressure 261.6 MPa, and a further increase
in the pressure did not increase the achieved DE. For DU, 130.8 MPa and 10% moisture content is
sufficient to obtain the maximum value. Although these studies have shown that the influence of the
drying temperature on the compaction process is important for the material in a dry state, and while
moistening to 5% and 10% water content eliminates this influence, it is an open question as to whether
this dependence is also found for other materials used in solid biofuel production. While a classic
material that can be easily agglomerated was tested in this work, materials that are difficult to compact,
e.g., straw, miscanthus, and reed canary grass, may be more sensitive to the influence of the drying
temperature. Our investigations showed that the drying temperature changes the properties of the
raw material. This means that these differences can affect other stages of raw material processing, such
as grinding. The fact that the moisture content reduces this effect during pelletization is important
because it means that, for the compaction stage, it is possible to use raw material dried over a wide
temperature range without affecting the main quality parameters. If further investigations confirm
that the drying temperature affects the grinding process, then the drying temperature can be selected
so that grinding can be carried out with minimum effort and without fear of losing the quality of
the final product. The drying temperature may affect the energy parameters of the raw material.
High temperature causes a loss of extractives, which may decrease the pellets’ combustion heat and
change the combustion process [51,85]. The study of these relationships will be taken into account in
further research.
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5. Conclusions

The aim of this study was to determine the effect of the drying temperature of the raw material
on the compacting process of pine biomass. This effect was determined for three different material
moisture contents and six different compaction pressures. Based on the presented data, the following
key results were obtained:

• The drying temperature significantly affects the specific density of the compacts over the entire
pressure range when the compacted material is in the dry state;

• For DU, the influence of the drying temperature is significant in the pressure range of
130.8–261.6 MPa for the materials in the dry state;

• An increase in the drying temperature leads to a decrease in the DE and DU values (dry material);
• Significant differences are observed between the material dried at 60 ◦C and the materials dried at

100 and 140 ◦C, while the differences between the materials treated at the drying temperatures of
100 and 140 ◦C are not significant;

• An increase in the moisture content of the raw material to 5% eliminates the influence of the
drying temperature on the obtained values of DE and DU and increases the obtained DE and DU
values relative to those of the dry material;

• An increase in the moisture content to 10% results in a further increase in DE and DU;
• Assumed threshold values of specific density and mechanical durability were obtained for each

drying temperature and moisture content level. As the moisture content of the raw material
increases, the pressure necessary to obtain the threshold DE and DU decreases.

These results reveal an effect that has not been described in previous reports in the literature.
Further research on the effects of the drying temperature on the other biomass raw materials and
the stages of the biomass compaction process should be carried out to improve the understanding of
this topic.
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Abstract: Increasing production of waste has compelled the development of modern technologies for
waste management. Certain fractions of municipal solid wastes are not suitable for recycling and
must be utilised in other ways. Materials such as refuse-derived fuel (RDF) fractions are used as fuel
in cement or CHP (combined heat and power) plants. The low bulk density leads to many problems
pertaining to transportation and storage. In the case of biomass, these problems cause reduction
in pelletisation. This paper therefore presents a comprehensive study on RDF pellet production,
which is divided into three major areas. The first describes laboratory-scale tests and provides
information on key factors that affect pellet quality (e.g., density and durability). Based on this, the
second part presents a design of modified RDF dies to form RDF pellets, which are then tested via a
semi-professional line test. The results show that RDF fraction can be compacted to form pellets using
conventional devices. Given that temperature plays a key role, a special die must be used, and this
ensures that the produced pellets exhibit high durability and bulk density, similar to biomass pellets.

Keywords: refuse-derived fuel; refuse-derived fuel (RDF); pellets; durability; density; die; design

1. Introduction

The current model for waste management in Poland assumes that waste is pre-sorted at, or near,
its place of production. Polish and European laws regulate the possible application of waste-derived
materials. Figure 1 shows the waste hierarchy where prevention (i.e., reduction) takes the highest
level of priority. Re-use and recycling of waste as well as energy recovery are ranked next [1]. Finally,
landfilling ranks last, being the least favoured method of waste processing. Energy recovery is realised
by incineration plants, cement plants, and CHP (combined heat and power) plants [2–7]. Incineration
plants are usually equipped for the waste stream produced by communities. By contrast, cement
and CHP plants are more challenging because they require high-quality fuel. In particular, they
require conditions of high HHV (higher heating value) as well as low moisture, chlorine, and sulphur
content. In Poland, approximately 30% of material, classified as refuse-derived fuel (RDF) or solid
refused fuel (SRF), is applied to cement plants [8,9]. The remaining stream is incinerated. Solutions
for recovery from municipal solid waste (MSW) streams with energetic potential and processing are
needed. It is important that the resulting fuel is attractive to other sectors of the energy economy,
especially specialised CHP plants [10–12].

Mechanical–biological treatment (MBT) plants produce most of the Polish RDF fraction from
municipal solid waste (MSW) [13]. These units use a combination of separation, drying, and biological
processes for the treatment. The first process involves sieving of the particles on drum screens, with
various mesh sizes (from 50 to 100 mm), which enables separation of fine particles. The oversized

Energies 2020, 13, 910; doi:10.3390/en13040910 www.mdpi.com/journal/energies147
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fraction (particles remaining on the drum screen) can be dried (if necessary) and processed. The
undersized fraction contains a significant amount of organic matter. In most cases, this fraction is
composted or undergoes other forms of biological treatment, while the oversized fraction is sent for
energy recovery [14]. Previous studies have shown that the morphological composition of this fraction
can vary. Even in a single region, it can vary based on the time of year [2]. MSW comprises organic
matter, minerals (including glass), plastics, textiles, paper, and cardboard. The last four materials are
mainly present in the oversized fraction. These are materials with high energy parameters (low ash
content and high calorific value) favourable for waste-based fuel.

 

Figure 1. Waste hierarchy schematic [15,16].

According to literature [17–20], the mixed MSW fraction in Poland is very inhomogeneous. This
material is dependent upon regional characteristics and residents’ customs. Urban areas, characterised
by highly dense social and economic infrastructure, account for the highest production of RDFs/SRFs.
From 1000 g of MSW, it is possible to achieve approximately 500 g of RDF/SRF. Areas with a high
proportion of single-family houses can generate up to 380 g, whereas rural areas can produce only
270 g per kg of MSW.

The growing interest in using MSW as an energy source is limited by homogenisation and low
bulk density. A comparison between the bulk densities of RDF and other popular materials is shown
in Figure 2. These issues, in the case of biomass, are overcome by densification processes [21,22]. These
processes increase the bulk density by producing pellets or briquettes. Such fuel is more favourable for
transport and storage. Literature describes that the usage of pellet instead of loose RDF would improve
the production of cement [23]. It also appears to be a sought-after fuel for CHP plants [24]. Due to
the higher bulk density, such fuel will be more beneficial in other thermal treatment processes such
as gasification [25], pyrolysis [26,27], or even torrefaction [28]. Pellet production also leads to quality
uniformity of the produced fuel. Like biomass, RDF fuel can also be compacted, but it requires special
attention. The morphology of the MSW-based material is different from that of biomass. Biomass
is composed of natural polymers: cellulose, hemicellulose, and lignin, and lignin acts as a natural
binder during the densification of biomass [29–33]. However, such binders do not occur in RDF, so its
potential for densification must be checked. The introduction of artificial binders is not desired, and
may moreover be impossible to achieve. Such substances can change the fuel quality parameters and
increase the cost of the fuel [34,35].
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Figure 2. Comparison of bulk densities of fuel materials [32,36–38].

Other important factors for densification are grindability and grain size distribution
(after milling) [39]. An oversized fraction is troublesome during conventional milling. Owing
to the high share of elastic and fibrous materials, dedicated devices are needed, a requirement that
is often realised upon using several knife mills working in a cascade mode. However, the achieved
material is still not as fine as biomass grist, as illustrated in Figure 3. The grain size distribution is
a major parameter that affects pellets production [40]. During biomass pelletisation, the rollers that
move across the die also grind the particles. Given that biomass is more brittle than RDF, this process
should not pose a significant issue. Another factor is moisture content, which is a major parameter in
the densification of biomass. In both cases, drying is used. Based on literature, the levels of moisture
range from 10% to 20%, with respect to mass [41–43]. Many studies have covered the agglomeration of
biomass [44–46]. However, only a few have covered the problems connected with MSW-based pellet
production [47]. The die temperature is often above 100 ◦C and is a result of dissipated energy from
friction between the die, rollers, and material [48]. High friction results in higher temperatures, up to a
limit. When the temperature becomes too high, carbonisation occurs on the pellet surface, which is
specific to the material used. Given that the temperature is a result of die geometry, in general, it is not
a point of interest for manufacturers. Friction increases with the die thickness or channel entry angle,
which both affect the resistance generated during the pressing of material through the matrix channels.

Figure 3. Grain size distribution comparison of biomass and refuse-derived fuel (RDF) grists from
a knife mill [49]. Payne, 2006 is optimal grain size distribution to produce high quality biomass
pellets [40].

Based on this, the main aim of this study was to develop an effective technology to produce pellets
from RDF. We assumed that the majority of this product will go to CHP plants. Thus, larger pellet
diameters are acceptable, such that the final product will be pellets with diameter greater than 6 mm
(typical size of biomass pellets).

As in the case of biomass, it is important to determine all aspects of the process that affects
product quality. The main challenge is to reduce the importance of feedstock patchiness, so the
difference in morphology, grain size distribution, or even moisture content must be considered.
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Thus, rigorous research is needed. First, we conducted our analysis based on the selected process
parameters: durability and density. Next, we carried out a small-scale test on a modified die. Then a
semi-professional line test was carried out, to verify all aspects of this study.

2. Materials and Methods

For all research phases, the oversized MSW fraction was obtained from a local MBT plant
(Kraków, Poland). This material was collected in spring, 2018. This was a high-quality fraction, which
is used as RDF for a cement plant after milling. The morphological structure of this material is detailed
in [2]. Given that MSW is composed of bulky materials, such as plastic elements or textile cloths, it
must be shredded. For this, we used a knife mill (MF-4, Protechnika, Poland) with a mesh size of
10 mm, which is typical for RDF. Before grinding was performed, all hard materials, such as rocks,
metal elements, or glass, were removed. The produced grist was then sieved to determine grain size
distribution. This was assessed using a sieve shaker (LPzE-4e, Multiserw-Morek, Poland) equipped
with 6, 3.15, 2, 1.4, 1, and 0.5 mm sieves (Multiserw-Morek, Poland). Next, the material was conditioned
in the constant climate chamber (KBF-S 115, Binder, Germany) under controlled temperature and
humidity conditions. This allows us to acquire consistent moisture content throughout the study.
According to literature [42], we chose 18% as the most suitable moisture content value.

2.1. Laboratory-Scale Densification

For the laboratory-scale densification, we used the universal testing machine (EDZ 20 Type, VEB
“Fritz-Heckert”, Germany) with special appliance. This appliance consists of several elements, as shown
in Figure 4. The main component consists of the die and piston, which can be changed for different
pellet diameters. In this study, we employed three diameters: 16, 18, and 20 mm. With the testing
machine, we obtained precise information about the force used to compress the material. This value is
converted to pressure, using the piston base area. In the laboratory test, according to the literature,
we selected five pressure levels: 80, 100, 120, 140, and 160 MPa. Table 1 presents the calculated force
values needed to achieve the desired pressure levels. The heating band, mounted on the outer sleeve,
heats up both the sleeve and die. The high mass of this assembly (approximately 5 kg), results in
high thermal inertia, which stabilises the temperature during tests. A proportional-integral-derivative
system controls the temperature, using two thermocouples. Based on literature and our assumptions,
we selected three temperature levels: 80, 100, and 120 ◦C. The upper temperature value is limited
by both the melting point of the plastics and the die temperature achieved during normal pellet
production [32,50].

 

Figure 4. Laboratory-scale compaction stand for pellet production.
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Table 1. Compaction pressure levels with forces for different die diameters.

Die Diameter

Pressure 16 mm 18 mm 20 mm

Force, kN

80 MPa 16.08 20.36 25.13
100 MPa 20.11 25.45 31.42
120 MPa 24.13 30.54 37.7
140 MPa 28.15 35.63 43.98
160 MPa 32.17 40.72 50.27

A total of 45 combinations of die diameter, pressure, and temperature were tested. To ensure
quality of our results, we produced five sets of granules for each test. This resulted in the production
of 225 pellets in total. All samples were produced from a similar mass of 4 g of RDF grist.

2.2. Laboratory-Scale Analysis

After densification, we measured the height, diameter, and mass of the individual granules. After
this, we placed the samples into individually labelled compartments to prevent any misidentification
during later measurements.

All samples were left for 24 h, to determine the relaxation (expansion) factor R, which is a popular
quantity for biomass pellets. It provides information about the height changes after 24 h as it is normal
for biomass granules to expand after densification [51]. It is given by

R =
h24 − h0

h0
(1)

where R is the expansion coefficient, h0 is the pellet height immediately after the production process,
and h24 is the pellet height after 24 h. This quantity gives information how strong bonding forces
between particles are. For elastic materials, R will have higher values than rigid ones.

Mechanical durability is a crucial parameter concerning transport and logistics. Many standards
refer to this quantity [52]. In general, as described in methods, we required about 500 g of pellets per
test. In laboratory scale we produced only five granules (20 g) in each condition. The small number
of samples was dictated by their time-consuming production. Assuming that two people worked
at this stage, it took about 2–4 min to produce one pellet. This gives an average of 12 man-hours
for one full series of samples (500 g), which in our case was a total of 45 combinations. That is why
we could not use such methods without modifying them. We used equipment described in the ISO
17831-1:2016-02 [53] standard, as shown in Figure 5, which simulates the damage to particles during
transportation. The main component is a cuboidal chamber with two baffles inside. The box rotates at
50 rpm for 10 min. Given that we used only five granules, we filled the box with ABS (acrylonitrile
butadiene styrene) balls 5 mm in diameter, to meet the 500 g noted in the standard [54]. ABS balls
were chosen, as they are durable, and have similar specific density to RDF pellets. The principle of
operation of the balls should be similar to that used for smoothing the edges of metal castings. After
the process, we removed and weighed the granules. The mechanical durability DU is given by

DU =
mA

mE
·100 (2)

where mE and mA is mass of the sample before and after testing, respectively [53]. Please note that this
value is only for comparison within this study, so reference with other pellets is not possible. Further
research on this method is in progress.
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(a) (b) 

Figure 5. Mechanical durability machine: (a) measurement box schematic [53] and (b) image of samples
immersed in ABS (acrylonitrile butadiene styrene) balls.

The specific density of the obtained agglomerates was measured using a quasi-fluid pycnometer
(GeoPyc 1360, Micromeritics, USA). The device measures the volume of a sample placed in the
measuring chamber, using the DryFlo (Micromeritics, USA) quasi-fluid agent. Using a dry agent,
instead of a liquid, eliminates the wetting phenomenon (i.e., soaking) of the tested material. This makes
it possible to test very absorptive materials. The pycnometer is shown in Figure 6a. First, the device
determines the volume of agent placed in the chamber (Figure 6b) of known diameter, based on the
piston travel measurement. Then, the sample is added, and the total volume is determined. The
volume of the sample is determined by the difference between the total volume and the agent volume.
The device also automatically calculates the density, given that the mass and volume are known. It
is possible to set the precise force that the piston will apply to press the material inside the chamber,
which enables determination of the volume of substances with low compressive strength.

 

Figure 6. GeoPyc 1360 pycnometer: (a) general view and (b) measuring chamber.

2.3. Die Design

As RDF differs from biomass, a special die geometry must be proposed. The laboratory-scale tests
confirmed that temperature plays a key role in the densification process. To determine the temperature
of the standard biomass die, when RDF is used as the feedstock, we used an infrared (IR) camera
(T600 Series, FLIR, USA). As the die moves at high rpm, temperature measurement techniques are
limited. Thus, a camera was used to visualise the temperature of the die. In this application, we
only need information about the range of temperature. A picture of the element is taken after several
minutes of stable operation, to ensure that all parts reach their working temperature. We carried out a
similar test for the modified die. From the acquired thermographs, we redefined the die dimensions.
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2.4. Test on Professional Machinery

Data taken during the laboratory-scale test were used for the new die design, which should enable
the production of high-quality RDF pellets. The redesigned matrix was then tested on a small-scale flat
die pelletiser (MGL 200, KovoNovak, Czech Republik). For reference, we used a normal die for biomass
pelletisation. We analysed the bulk density and mechanical durability, using the relevant standards.
The determination of bulk density (BD) was carried out following the ISO 17828:2015 standard [55].
We used containers of volume 0.005 m3 for pellets, and 0.05 m3 for RDF grist. These results were used
to determine how the bulk density changes during the process. For a better understanding of the
process, we also took tomographic pictures using the IR camera. The temperature of the die’s surface
and pellets were monitored during operation. Data from the thermographs were used to confirm the
effects of the design process.

The final tests were on a semi-professional line, based on ring-die pelletiser, which was equipped
with all unit operations needed for pellet production. This includes drying, milling, storage,
densification, and separation processes. The semi-professional line was equipped with our new
die design. Due to strength issues, we were not able to produce dies with the same channel diameter.
The small part width reduced the largest possible diameter to 8 mm. All other concepts, such as
channel length to diameter ratio, were maintained. In this test, we were also able to acquire bulk
density and durability information.

3. Results

3.1. Raw Material Analysis

Figure 7 presents the morphology of the waste stream we used in this study. The high share of
plastics is normal because the RDF is formed of the oversized fraction. Before any further analysis,
all visible elements of glass, metal, and minerals that could damage the mill elements were removed.
Grain size analysis, before and after milling, is shown in Figure 8. It confirms what has been suggested
in the literature; that RDF is a difficult material for milling. The dominant fraction is over 6 mm. These
were thin and flexible plastic foils and textiles, which are very hard to cut in the knife mill.

5.09%

87.44%

2.60%
1.56%

0.64%
0.49%

2.18%

Paper
Plastics
Textiles
Bio
Glass
Metal
Other

Figure 7. Morphology of the material used in this study.

 
(a) (b) 

Figure 8. Comparison of RDF grain size distribution after milling (a), and before (b).
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3.2. Laboratory-Scale Densification

Owing to the small number of pellets produced from each series, all granules were treated with
care. Figure 9 shows the specific density for all pellets grouped by diameter and temperature. Each
box represents an average value of the five samples grouped by pressure. The average value for the
group is also indicated in each plot. The best pellets should have the highest specific density. The
results show that it is hard to achieve granules with stable density value, even in recurring laboratory
conditions. Analysis of the average values provides initial information about the trends.

 
Figure 9. Variation of specific density with compaction pressure, temperature, and pellet diameter.
The grey line in each plot represents the average value of each group. Top and bottom of each box
represents range of values deviation.

After 24 h, the expansion coefficient of the samples was considered according to height change.
Exemplary pellets with our quality criterion are shown in Figure 10. We have attributed high-quality
pellets as having an expansion coefficient less than or equal to 5%. The appearance of the samples and
the ranges used in this test are shown in Figure 10. The cumulative results are shown in Figure 11. As
for Figure 9, average values are also indicated by grey lines. As for the density analysis, values for the
same pressure group vary.

 

R = 5-10% - permited

R > 10% - unsufficient

R ≤ 5% - appropriate

Figure 10. Pellet quality criterion based on the expansion coefficient.

The mechanical durability results, based on our modified method, are shown in Figure 12.
According to biomass pellets standards, all samples with durability higher than 96% were considered
to have high quality.
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Figure 11. Variation of the expansion coefficient with compaction pressure, temperature, and pellet
diameter. The grey line in each plot represents the average value of each group. Top and bottom of
each box represents range of values deviation.

 

Figure 12. Variation of the mechanical durability with compaction pressure, temperature, and
pellet diameter.

3.3. RDF Die Design

Before designing the new die, we tested the standard biomass die, to determine die temperature
and pellet quality. We used a standard biomass die, with a channel diameter of 8 mm, a thickness
of 35 mm, and an entry angle of 19.6◦. The results, shown in Table 2, show that this type of channel
geometry is inappropriate for RDF. Figure 13 shows images of pellets formed using this die. They
are short and there are large amounts of fine particles. Thermographic analysis of the die and pellets
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temperatures are shown in Figure 14. For biomass material, the die temperature should be nearby
100◦C [56,57]. For RDF, these temperatures are lower, reaching only 80 ◦C. This results in pellet
temperatures at the 60 ◦C level. According to the laboratory-scale results, these values are too low.
This was considered for the new die design.

Table 2. Pellet quality and raw materials.

ID BD, kg/m3 DU, %

Raw RDF 143 -
Pellets BM 411 85.1

Pellets RDFMFLAT 665 98.6
Pellets RDFMRING 669 98.9

BM: biomass die; RDFMFLAT: flat RDF die; RDFMRING: ring die; BD: bulk density; DU: mechanical durability.

 
(a) (b) (c) 

Figure 13. (a) Images of the raw RDF grist, (b) pellets from biomass die, and (c) from modified RDF die.

  
(a) (b) 

Figure 14. Thermographs from the infrared (IR) camera using the biomass die: (a) view of die and
rollers, and (b) view of pellet output.

Details of the geometry, in comparison to biomass die, are shown in Figure 15a. Due to construction
issues, we reduced the channel diameter to 12 mm (for details see the discussion section). The modified
construction is also up to two times thicker (Figure 15b).
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(a) (b) 

Figure 15. (a) Modified die (blue) compared to standard biomass die (green), and (b) modified die
mounted into the pelletiser.

3.4. Flat Die and Semi-Professional Line Results

The standard, used for biomass densification and redesigned for the RDF dies, was compared.
From this test, we acquired information about bulk density and mechanical durability of the pellets.
The results are presented in Table 1.

Thermographic analysis (with the IR camera) is shown Figure 16. It is clear that the die and
pellet temperatures are higher. These increases meet assumptions made during the design process.
In addition, Table 2 shows that based on a comparison of BD and DU for modified and standard dies
to biomass, pellets from modified dies are of higher quality.

  
(a) (b) 

Figure 16. Thermographs from IR camera while using the modified RDF die: (a) view of die and rollers,
and (b) view of pellet output.

The final stage was verification of our design incorporated in other types of pelletisers (i.e., ring
die), which are the most popular in high yield installations. The ring die was modified based on
previous assumptions. Table 2 presents results from the semi-professional line equipped with a
modified ring die. The bulk density and durability values confirm that produced pellets are of
high quality.

4. Discussion

The results show how difficult RDF is, especially in terms of agglomeration. However, several
aspects must be considered. First, there is the morphology of the waste stream. Composition can vary
within the year, and it is dependent on many factors. This problem is described in many studies [2,17].
Based on the average composition, we could define parameters that can be tailored to materials
like RDF. Low amount of binders in a pre-densified mixture in connection with high content of

157



Energies 2020, 13, 910

plastics requires special geometry. This will ensure a sufficiently high die temperature, exceeding
100◦C. Such temperature for small scale production of pellets (laboratory scale) was not found in the
literature [42,47].

A comparison of the specific density values leads to some issues connected with this material. In
the laboratory-scale testing, it was difficult to form each sample with the same composition. This is the
main reason there are such noticeable differences within a single series. As can be seen in Figure 10,
some samples have many cracks, which reduces the measured density. In addition, there were some
sections of hard and dense plastics (e.g., polyamide), so the granule density would be higher. Despite
this, we were able to evaluate some general trends. The highest granule density was obtained with
the smallest channel diameter: 16 mm. At this stage, it is difficult to determine why this dependency
has occurred. The literature describes many density and pellet diameter analyses. In most cases,
specific density depends on the type of material, although there is no clear dependency with pellet
diameter [57].

The expansion factor provides information about the shape stability of pellets. Here, we specified
that good quality pellets should not exceed an expansion coefficient greater than 10% (Figure 11). In
this case, temperature plays a major role, as only a few granules exceeded the value of 5%. The averages
for all diameters at this temperature were at a similar level (from 2.1% to 2.4%). The lowest expansion
coefficient, occurring at the highest temperature could be explained by the melting of plastics on the
outer surface of the granule. The produced shell then stabilises the shape. Slightly higher values, in the
case of the 16 mm die, can be explained by the fact that all granules have similar mass. Thus, a small
die diameter will result in higher quality pellets, and compressed material will act like a spring.

Given that the density of RDF-based pellets depends on composition, it is difficult to correlate
this value with durability. For higher specific densities, higher durability is generally expected. For
inhomogeneous material, such as MSW, this rule may not apply. Figure 17 shows that, in our case,
these parameters do not correlate at all. Thus, this needs further investigation. More important is the
earlier assumption that temperature plays a key role in pellet quality. This is confirmed in Figure 12.
The durability of the pellets increases with temperature. For pellets of diameter 16 mm, we also observe
a dependency with pressure. At 80 ◦C, durability is low, compared to other diameters. A similar
problem occurs at higher temperatures. Higher temperature pellets have a tendency to break during
the test, which should explain this phenomenon. Almost all samples at the temperature of 120 ◦C have
a durability higher than 96%. This value is noted as a limit value for good quality biomass pellets [32].
It is hard to compare laboratory test results with pellets from real production, as we used a modification
of the standardized method [53]. Nevertheless, this type of test seems to be more representative than
the compressive strength analyses which can be often found in the literature [42,58–60]. The lower
durability of the longer pellets can be explained in a different way. The closed chamber compaction
has some limitations. The material, during densification, does not move with respect to the channel
walls. The friction between the walls and materials is very low, and heat transfer is not very intense.
Lower heating rates will result in less meltdown formation. Meltdowns form the plastic shell, which
maintains the shape of the pellet. More heat transferred to pellet will result in a thicker shell. For long
pellets, with a thin meltdown layer, the overall strength of the structure will be weaker. Thus, a thick
meltdown layer or short pellets seems to be crucial for springy material like RDF.

Considering all aspects from the laboratory-scale test, the RDF die should generate high
temperatures and high compression. Higher expansion of the pellets, with smaller diameter, provides
information on how to modify the geometry of the entry channel. For the biomass die, the entrance
angle is usually about 20◦. The conical section height is equal to, or higher than, the pellet diameter.
This ensures good compression and arrangement of the particles. As a result, durable and long pellets
will be produced. Different materials require modifications to the channel geometry. For RDF, this
angle would be greater, as longer pellets will have greater expansion. To avoid forming long pellets,
the conical section should be shorter than the channel diameter. This would result in the compaction of
small portions of the material. Given that energy to heat up the die is generated from frictional forces,
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it was important to optimise this factor. The rollers moving on the die, and material squeezing through
a channel, generates the most heat. Table 2 shows that under-heated die results in low-quality pellets.
In addition, we do not observe meltdowns on the outer surface. This was one of the key conclusions
from the laboratory-scale test. Therefore, in the prototype design, we decided to double the thickness
of the die, increasing it to 70 mm. This would ensure that the material is exposed to high temperatures
so that the meltdown of plastics occurs. It is clear the produced pellets show a different outer surface.
For the biomass die, meltdowns do not occur, while the modified die produces a well-melted shell.
This also improves the durability and bulk density of the pellets. This result confirms that temperature
plays a major role in the pelletisation of the MSW-based materials. However, there are other crucial
parameters to consider. Die geometry, especially the entry channel angle, is also important. Increasing
this dimension generates good quality pellets. The die thickness also had a clear impact on durability.
A longer residence time results in a thicker layer of molten plastics on the outer surface. This principle
occurs with both the flat and ring die.

Figure 17. The relationship between mechanical durability and specific density. Average values for
series (five granules). Size represents compaction pressure and colours are in connection to temperature.

The comparison of bulk densities of the raw RDF and pellets gives clear information how this
process affects fuel quality. Figure 18 shows that in case of RDF the BD of pellets can be up to five times
higher in relation to raw material. At shown in literature [32,36,50,61,62] these values are achieved
for soft biomass materials, with low bulk density. This will improve economics of transportation and
logistics [36,50].

Figure 18. Improvement in bulk densities (related to raw material) of RFD samples, in connection to
literature, respectively [32,36,61].

5. Conclusions

This study aimed to determine the major factors that affect RDF-based pellet production. Our
results show that RDF is a difficult material to work with. The key conclusions are as follows:

• Low bulk density of the raw RDF provides high potential in densification operations.
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• Negligible content of natural binders enforces redesign of die.
• It was proven that temperature significantly affects pellet quality.
• The temperature condition of 120 ◦C results in the most durable pellets for all variations of

compaction pressure and channel diameter. This is a result of the melting of plastics.
• Dies dedicated for RDF pelletisers should be thicker (double the thickness or more), compared

to those for biomass pelletisers. This will ensure the formation of the outer shell from the
melted plastics.

• Improvement in bulk density (by more up to five times), results in the reduction of transportation
and storage costs.

Our results are relevant to many fields, which are not described in the literature. The majority of
the tests undertaken on a small scale (when several pellets are formed), present compressive strength
results. Such a test does not give information on how such material will behave during handling and
other logistics processes. The modified method of determining mechanical durability proposed in
the paper seems to be more representative than the compression strength test used in many analyses.
However, it still needs to be analysed in detail, and this will be done in the near future. Additionally,
further research on channel dimensions may be useful for improving this topic. This will require the
design of a new type of laboratory-scale attachment, which should enable analysis on the influence
of both the entry angle and channel length on pellet quality. A similar device is presented in the
literature [63].
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Abstract: Slaughterhouse waste management is an important technological, economic, and
environmental challenge. Recently, more and more attention has been paid to the possibility of
obtaining biogas from waste generated by slaughterhouses. The aim of the paper was to examine the
effect of an emulsifier addition in the form of a carboxymethyl cellulose solution to create animal waste
fermentation media based on the quantity and quality of the generated biogas. The adopted research
goal was achieved based on a laboratory experiment of methane fermenting poultry processing
waste. The waste was divided into two fractions: soft (tissue) and hard (bone). A fat emulsifier
in a concentration of 1%, 2.5%, 5%, and 10% of fresh weight of the substrate was added to each
substrate sample made from the above fractions. The emulsifier used was a 55% carboxymethyl
cellulose solution, since this emulsifier is most commonly used in food production. The experiment
was conducted in order to determine how the addition of an emulsifier (55% carboxymethylcellulose
solution) affects the hydration of fats during methane fermentation, as demonstrated on poultry
slaughterhouse waste. The samples were subjected to static methane fermentation, according to
the methodology of DIM DIN 38414(DIN Deutches Institut für Normung). The experiment lasted
30 days. The total amount of biogas obtained after fermentation was 398 mL·g−1 for the soft
fraction and 402 mL·g−1 for the hard fraction. In the case of the soft waste fraction, the addition of
carboxymethylcellulose at 1% of the mass to the biogas process increased the amount of obtained
biogas by 16%. In the case of the hard fraction, no effect of the addition of emulsifier on the total
amount of biogas obtained was identified. In each case, the biogas from substrates with added
emulsifier contained less methane and slightly more carbon. The emulsifier added to the soft fraction
of slaughterhouse waste from poultry processing allowed cutting the process of methanogenesis by
over 50% while maintaining the efficiency of biogas production. In the case of biogasification of bone
tissue, no unambiguous effect of the addition of emulsifier on the improvement of process efficiency
was identified.

Keywords: biogas; renewable energy; poultry slaughterhouse waste; management

1. Introduction

Production of energy from biomass or organic waste materials is becoming increasingly important
in developed countries. The policy on reducing greenhouse gas emissions, as well as the need to
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diversify energy sources, has become the foundation for the development of biomass fuel production
technology [1]. One method of obtaining energy from biomass is to transform it in the process of
anaerobic methane fermentation [2]. This allows obtaining energy in the form of gas, which can be used
as a heat source or as a substrate for the production of electricity [3,4]. In most modern biogas plants,
the input material is primarily various mixtures of manure and plants specially grown for this purpose,
with the largest share of corn silage. However, the production of energy plants associated with the
need to use large amounts of energy for agrotechnical treatments, to produce and use fertilizers and
plant protection products, and to harvest and prepare the substrate. Therefore, the use of intentionally
cultivated energy crops may be characterized by low energy efficiency and significant greenhouse gas
emissions per unit of energy obtained. Therefore, the focus has recently shifted to the energy use of
animal waste [5–8]. Thus far, the most common way to utilize such materials is thermal processing.
However, this process is not very efficient, from both an energy and environmental point of view.
The aspect of production optimization in terms of energy efficiency and environmental impact is an
integral element of all modern quality management systems in primary production [9,10]. Obtaining
energy from waste is a strategic element of sustainable waste management. The ecological aspect
of the transformation of waste biomass using methane fermentation processes relates not only to
obtaining energy from renewable sources but is also associated with the rational utilization of this
waste. Moreover, it contributes to the reduction of greenhouse gas emitted from stored slaughterhouse
waste and balances the production of energy from conventional sources [11,12]. The byproduct of
methane fermentation is the post-fermentation sludge, which can be a valuable source of elements
for plants if introduced into the soil. The use of digestate for fertilizing increases the level of carbon
sequestration in the soil and is a factor supporting effective management of soil fertility. Structural and
organizational changes in agriculture have led to a reduction in the use of organic fertilizers. In research
related to the use of food industry waste for fertilizing purposes, special attention is paid to phosphorus,
whose global resources will be exhausted by the late 21st century [13]. The use of this waste for
biogas production, followed by the use of the obtained digestate for fertilization, may constitute
an important link in the circulation of elements in agroecosystems as part of the implementation of
rational agricultural production methods [14–16]. Improving the properties of the soil and enriching it
with macro- and microelements reduces the demand for mineral fertilizers, the production of which
also involves the emission of greenhouse gases. As a result of the methane fermentation process,
the resulting digestate is free of pathogens of Salmonella and Escherichia coli bacteria, viruses, fungi,
and parasites. The rate and effect of the disappearance of pathogens are affected by the parameters,
such as pH, temperature, time, and level of volatile fatty acids. The sanitary aspect is an important role
when the digestate is to be used for fertilizing [17].

For aquafarming and marine animal products, there is an increased risk of excessive accumulation
of trace elements [18]. An important instrument supporting the development of methods of obtaining
energy from waste is the EC (European Commission) legal acts, among which the most important
is the Landfill Directive (1991/31/EC) [19], which imposes reduction of the amount of biodegradable
waste sent to landfills, and the Framework Directive on waste (2008/98/EC) [20].

Based on the Regulation of the European Parliament and Council No. 1069/2009/EC of 21 October
2009 (1069/2009/EC 2009) [21], waste of animal origin is considered an animal byproduct. The regulation
distinguishes three categories of waste in terms of animal and public health risk. Waste classified in
Category 1 must be subjected to thermal utilization. Categories 2 and 3 are waste that can be used for
biogas production. Waste generated during slaughter of poultry intended for food purposes is classified
in Category 3. By law, such waste can be used for biogas after pasteurization at 70 ◦C for 60 min. The Act
passed on 14 December 2012 on waste [22] does not include the provisions of the said Regulation, with
the exception of products that are “intended for the landfill, for thermal transformation, or for use in
a biogas plant or composting plant, in accordance with the said Regulation.” That is why waste of
animal origin intended for utilization, e.g., in a biogas plant, is still considered waste under the Act.
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The aim of the paper was to examine the effect of the addition in the form of a carboxymethyl
cellulose solution to create animal waste fermentation media, based on the quantity and quality of
biogas generated during methane fermentation.

2. Materials and Methods

The adopted research goal was achieved based on a laboratory experiment of methane fermenting
slaughterhouse waste under certain technological conditions. The waste mass used in the experiment
was a waste from poultry processing, code 02 02 03, in accordance with the Regulation of the Minister of
the Environment on the waste catalog [23,24]. The waste used in the experiment belonged to category
3, animal byproducts, recognized as the category not posing a safety risk to people or the environment.
The waste samples were divided into two groups: hard and soft tissue. The first included bone tissues
(legs, heads) and cartilage and the second included stomach contents, fat, digestive tract, epithelial
tissues, and muscles. The collected mass of waste was approximately 40 kg. The collected waste
was homogenized, and its moisture content and dry organic matter content were determined. In soft
tissues, the content of dry mass was 25.8% and in hard tissues, 31.55%. Organic dry mass in soft
tissues was 83%, compared to dry mass, and in hard tissues, 79.5%, compared to dry mass. A fat
emulsifier in a concentration of 1%, 2.5%, 5%, and 10% of fresh weight of feedstock was added to each
substrate prepared based on these samples. The biomass was hydrated to 90% humidity, which is the
optimal humidity for wet methane fermentation, and then placed in 2 dm3 fermentors, along with
the inoculum. The support material was digestate from an agricultural biogas plant. The content in
each of the fermentors was identical, i.e., 10% of the dry matter. Tests with such a fermentor content
applied ensured that each organic molecule was surrounded with water. Each batch prepared with the
addition of 55% carboxymethylcellulose solution was placed in four fermentors. The fifth fermentor,
including only the inoculum, acted as the reference fermentor, against which the output from each of
the four fermentors (with a batch containing the emulsifier addition in the form of 55% carboxymethyl
cellulose solution) was compared.

Thus, prepared fermentors were placed in a chamber with temperature control. Next, the samples
were subjected to static methane fermentation, according to the methodology of (DIN Deutches Institut
für Normung) DIM DIN 38414. It consisted of a single introduction of substrates into the fermentation
chambers, carrying out the process until its completion. The pH in the fermentors was maintained at
5.8–6.2 due to the alkalinity of the fats present in the fermented biomass. The appropriate pH was
maintained due to the inoculation additive. Such a pH resulted from the chosen input medium, i.e.,
a digestate from an agricultural biogas plant, because the use of batches made from slaughterhouse
waste and the fat emulsifier addition would then be tested by the authors on an industrial scale.
Humidity of the digestate was approximately 96%, and its pH was approximately 6. Generally speaking,
the optimum temperature of hydrolysis is between 30–50 ◦C and its optimum pH ranges between 5
and 7, although there is no evidence of improved hydrolytic activity below a pH of 7 [17]. The methane
fermentation process lasted 30 days. The gas resulting from methane fermentation was collected in
variable volume tanks for each fermentor. The NANO SENS 60 m was used to measure the moisture
content of the produced biogas and to determine its chemical composition. The results of the parameters
of the process carried out were read daily at the same time and automatically saved to the computer
disk using a measuring software.

The Properties of the Tested Raw Materials

The components used in the research contained large amounts of protein and fats. In the raw
waste of the soft fraction, the fat and protein content was 38.44 and 22.45, respectively, calculated
per dry matter (Table 1). The hard fraction contained 34.39% protein and 13.22% fat. The ratio of
the C:N content in the methane fermentation process is very important from the point of view of
the efficiency of the methanogenesis process. The overall C:N ratio in the input material used in
the methanogenesis process was 9.96 for soft tissue and 9.32 for hard tissue; the optimal C:N ratio
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in the methane fermentation feedstock material. The most optimal carbon to nitrogen value in the
methanogenesis process ranges from 10–30:1. Values of this parameter for feedstock used in our own
research were slightly below the optimal.

Table 1. Properties of the biogas process feedstock in individual research objects [%].

Emulsifier
Additive

C% Fat% N% Protein% C:N C% N% Fat% Protein% C:N

Soft Fraction (Tissue) Hard Fraction (Bone)

0 44.52 22.45 4.69 38.44 9.49 40.01 4.395 13.82 34.39 9.10
1 43.20 22.21 4.534 38.24 9.53 39.81 4.241 13.56 34.18 9.32

2.5 39.92 21.65 4.359 37.88 9.16 38.65 4.025 13.07 33.98 9.30
5 39.52 21.15 4.190 37.32 9.43 37.36 4.111 12.76 33.54 8.11
10 38.79 20.35 3.336 36.08 11.63 36.54 3.869 11.44 32.7 8.79

3. Results

The results of the conducted research indicate that the addition of a fat emulsifier had a positive
effect on the total biogas yield in the methane fermentation process, both in the fermentation of soft
tissue and hard tissue, containing bone fraction, with a greater impact observed in the fermentation of
the former. All the results shown in the graphs are the average of the four identical batches compared
against the standard batch fermentor, in which only the inoculum was fermented. The standard
deviation for all tested batches was 5 mL·g−1 TS. Such a low standard deviation is due to the fact that
all the repetitions were made at the same time and under the same environmental conditions and that
the batch was prepared uniformly and divided into four fermenters, according to the DIM DIN 38414
methodology. ANOVA (ANalysis Of Variance) was applied to analyze the results. The significance of
mean differences among the objects was tested with the multiple comparison procedure, and Tukey’s
range test was applied at a significance level of α = 0.05. Analysis was performed using the statistical
software package Statistica v. 12.0. The Tukey’s test was used to identify samples with homogeneous
biogas yields (StatSoft Inc., Tulsa, OK, USA).

In the case of soft tissue, 398 mL of biogas per gram of dry weight of waste was obtained during a
30-day fermentation process (Figure 1). The addition of an emulsifier at 1% of the waste mass increased
the total biogas yield by 16%. In this object, 465 mL of biogas per gram was obtained. Increasing
the amount of emulsifier to 2.5% of the weight of the feedstock did not improve the efficiency of the
process, and with the largest amount of emulsifier added, the amount of biogas was lower than in the
control object. In the case of bone tissue, a smaller effect of the carboxymethylcellucose addition on the
total amount of biogas obtained during methanogenesis was found (Figure 2). The total amount of
biogas obtained under different amounts of the carboxymethyl cellulose addition was at a similar level.
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Figure 1. Total biogas yield in soft fraction objects. * Different letters mean statistically significant
differences at the significance level p = 0.05.
A delay of fermentation was observed in both waste groups of objects without the added

emulsifier (Figures 1 and 2). Only from the 6th day, the acceleration of the biogas production process
was observed. This was probably due to the start of fat emulsification in the soft fraction objects.
The use of carboxymethylcellulose as a technological additive to the biogasing of slaughterhouse
waste cut the methanogenesis process. On day 12 of the process, a biogas yield of 449.1 mL·g−1 of
dry waste was obtained in the object with the 1% emulsifier added. In this period, only 294.7 mL·g−1

dry waste of gas was obtained from the control object. In the following days, no increase in biogas
production was observed in the object, in which the technological additive was used. It can be assumed
that, in the object with the smallest addition of emulsifier, the end of the methanogenesis process
occurred on the 12th day. In the case of a control object, biogas production was observed until day 23,
when the total biogas yield was 395.3 mL·g−1 dry weight of the waste. The results of the conducted
experiment indicate that the use of a technological additive, carboxymethyl cellulose, allowed to cut
the methanogenesis process of slaughterhouse waste by over 50%. In the case of the hard fraction, the
addition of the emulsifier did not have such a pronounced effect on the length of the methanogenesis
process. At the initial stage of the process, the process was delayed in the object with no emulsifier
added, but on the 13th day of the process, the biogas yield in individual research objects was at a
comparable level, regardless of the amount of emulsifier added.
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Figure 2. Total biogas yield in hard fraction objects. * Different letters mean statistically significant
differences at the significance level p = 0.05.

The methane content is the most important parameter impacting the quality of produced biogas.
The results of the conducted research indicate that the highest methane content was obtained in biogas
produced from waste without the addition of an emulsifier. For both types of waste, the biogas content
on the last day of the process was 75%. In the case of objects with emulsifier additives, the methane
content was approximately 50%, regardless of the amount of emulsifier added (Figures 3 and 4). From
the point of view of the quality of the obtained biogas, the best effects were observed on day 12 of the
process. The methane content in the biogas obtained in the object without the added emulsifier was
approximately. 81% at the time, while in the experimental object with 1% emulsifier added the value
was approximately. 70% (Figures 3 and 4). With larger emulsifier additions, a lower methane content
in biogas was found on the 12th day of the process, which was determined as the completion of the
methanogenesis process in objects with the addition of carboxymethylcellulose.
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Figure 4. Methane content in soft fraction objects in the methane fermentation process.

The dynamics of carbon dioxide content in individual research objects was similar, regardless of
the amount of additive. The content of this gas in the obtained biogas decreased until the 9th day of
the process. Afterwards, its amount increased slightly until the end of the experiment. The lowest
content of this gas was found in the biogas obtained from waste without a technological additive,
while the highest was identified in the object with a 1% addition of carboxymethyl cellulose (Figures 5
and 6). There were slight differences in the carbon dioxide content in individual technological variants.
On the 12th day of the process, which was considered strategic for the assessment of the proposed
biogas technology, 20% CO2 was identified in the biogas from the control facility, while in the object
with added carboxymethyl cellulose, this value was 23%. For bone tissue, the lowest amount of CO2

on the 12th day of the process was found in the object with 2.5% carboxymethyl cellulose addition per
feedstock weight and in the control object, 21%, respectively. In biogas obtained from the object with
1% emulsifier, this value was 22%. The carbon dioxide content impaired the quality of biogas both
from the energy point of view and in terms of the process’ carbon footprint.
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Figure 6. Carbon dioxide content in hard fraction objects in the methane fermentation process.

4. Discussion

Waste of animal origin is characterized by a high content of protein and fats. Fermentation of
fat-containing waste is associated with technological problems affecting the methane fermentation
process [25]. The inhibition of the methane fermentation process of slaughter waste may be impacted
by long chain fatty acids, which may have a detrimental effect on the development of methanogenic
bacteria, especially acetogens and methanogens, responsible for the dynamics of the process [26,27].
Long chain fatty acids exhibit surfactant properties, inhibiting the fermentation process by adsorbing the
microorganisms that are involved in it. Due to the low solubility of fat-containing waste, there is a risk
of clogging of fermentation chambers and the formation of foams during the fermentation process [28].
Luostarinen et al. [29] confirm that methane fermentation of animal waste can be problematic, but the
possibility of using such waste as a co-substrate should be considered [30]. In terms of efficiency of the
animal waste management process, mixing it with a plant substrate is not beneficial. Animal waste
comes from slaughterhouses or other meat processing plants, which are often distant from the sources
of agricultural substrates. In addition, the use of a digestive created from a biogased animal-derived
substrate may be subject to specific legal or technological requirements [31,32]. In the past, animal
waste was mostly processed into bone meal. For sanitary reasons, these possibilities are currently
limited, and, therefore, the main method of utilizing bone meal is currently to combust it with hard
coal. From the point of view of energy yield, this is a good raw material, which is pointed out by
Fryda et al. [33] and Vilvert et al. [34]. This way of managing animal waste leads to loss of elements that
are contained in it. Ash from coal combustion with an organic component added is generally not used in
agriculture. Animal products contain large amounts of plant nutrients and organic carbon compounds,
so attempting to reuse them in the production process of plants is recommended. Proper fertilization
is one of the most important factors affecting soil fertility and the quality of plant products [1,9].

The rise of anaerobic digestion research was facilitated by a drive for environmentally sustainable
methods for waste management, and anaerobic digestion has already demonstrated its promise as
a technology with a diverse range of applications from food waste and agriculture to wastewater
treatment [35,36].

Due to the aforementioned complications affecting the independent process of methane
fermentation of animal waste, it is necessary to introduce measures to increase its efficiency.
Wang et al. [5] indicate a significant potential to increase the efficiency of the animal waste
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methanogenesis process by using two-stage biogas and the use of technological additives improving
the physical properties of the feedstock. In our own research, it was proposed to use technological
additives responsible for emulsifying fats contained in the used substrates, which should also improve
the physical parameters of the process. Many authors point to the significant potential of using
slaughterhouse waste as a source of biogas, while stressing the need to use process modification to
optimize it. Bücker et al. [37] stated that waste from fish processing can be a valuable input to the
methanogenesis process. These authors obtained 540.5 mL of methane from 1 g of fish processing waste
and 426.3 mL CH4 from 1 g of fish oil. The authors found no inhibitory effect of large amounts of fat in
the feedstock within the accepted system boundaries. Amounts smaller than the above were reported
by Sikora et al. [7] who biogased waste from carp processing. The authors identified a methane yield
of 475 mL of biogas, with an average of 67.45% methane content in biogas. Bulak et al. [38] conducted
research on the biogasing efficiency of mealworm waste. The process feedstock had a very low C:N
value, 7.77, as well as a protein content of 31.98% and fat content of 4.13%, with the possibility of
biogasing. Under the above conditions, the authors obtained a biogas yield of 451 mL of methane
from 1 g of waste mass and an average methane content of 53.6%. Our own research found biogas
yield similar to that of the authors in the object with 1% emulsifier. The results of the conducted
experiments indicate a positive effect of carboxymethylcellulose on the amount of biogas obtained from
the methanogenesis process. Wang et al. [39] proposed optimization of the methanogenesis process of
slaughter waste with large amounts of fat by adding bamboo carriers. Due to the improvement in the
conditions for microorganisms, i.e., the available surface, the efficiency of the process increased by
104%. With the introduction of a process innovation, i.e., the use of bamboo carriers, the maximum
yield of biogas from blood reached 651 mL·g−1. The value of the C:N ratio for blood subjected to
methanogenesis was 4.1. These authors emphasize that the use of bamboo carriers improved the
ability of microorganisms to break down fat. Martí-Herrero et al. [40] increased the efficiency of biogas
production from slaughterhouse waste by over 100% by increasing the surface of the walls of tubular
fermentors. Earlier thermal processing may be a factor in improving the efficiency of the anaerobic
digestion of animal waste [41–48]. These authors reported an approximate 300 mL methane yield in
biogas from poultry slaughterhouse waste processing. Thermal processing of the feedstock at 190 ◦C
resulted in an approximately 25% increase in biogas production efficiency. In our own research, the
total amount of biogas in the control for the soft fraction was approximately 314 mL of methane per 1 g
on the 30th day of the process, while for the hard fraction this value was 300 mL of methane per 1 g.
With the addition of 1% carboxymethyl cellulose per weight of the feedstock, the total methane yield
for the soft and hard fraction calculated on day 12 of the process was 315 and 216 mL·g−1 of CH4 per
dry weigh of the waste, respectively. In the case of biogasing the soft fraction of slaughterhouse waste,
the use of carboxymethyl cellulose enabled the process to be cut by 18 days while maintaining the
methane yield. In the case of the hard fraction, cutting the process resulted in a reduction of the total
amount of methane produced by 28%.

5. Conclusions

1. The total amount of biogas obtained after methane fermentation of slaughterhouse waste was
398 mL·g−1 for the soft fraction and 402 mL·g−1 for the hard fraction.

2. In the case of the soft waste fraction, the addition of carboxymethylcellulose at 1% of the mass
to the biogas process increased the amount of obtained biogas by 16%. In the case of the hard fraction,
no effect of the addition of emulsifier on the total amount of biogas obtained was identified.

3. The addition of an emulsifier reduced the methane content of biogas and increased the
amount of carbon dioxide after the eighth day of fermentation, but in the media, including the
carboxymethylcellulose addition, the highest daily increase of biogas was observed in the first 10 days.
This decrease was caused by the mixing of nutrients for microorganisms.

4. Introduced to the soft fraction of slaughterhouse waste from poultry processing, the emulsifier,
in the form of a carboxymethylcellulose addition, allowed cutting the process of methanogenesis by
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over 50% while maintaining the efficiency of biogas production. In the case of biogasification of bone
tissue, no unambiguous effect of the addition of emulsifier on the improvement of process efficiency
was identified.

5. The best biogas production effects were obtained with the addition of an emulsifier at 1% per
dry weight of the feedstock. Larger concentrations of the addition did not affect the efficiency of the
process or it slightly decreased it.
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Fiber and Conjugated Fatty Acids as Functional Food Ingredients against Overweight and Obesity. Nat. Prod.
Commun. 2018, 13, 1073–1082. [CrossRef]

17. Weiland, P. Biomass digestion in agriculture: A successfull pathway for the energy production and waste
treatment in Germany. Eng. Life Sci. 2006, 6, 302–309. [CrossRef]
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Chem. 2020, 99, 581–584. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

176



energies

Article

The Efficiency of Industrial and Laboratory Anaerobic
Digesters of Organic Substrates: The Use of the
Biochemical Methane Potential Correction Coefficient

Krzysztof Pilarski 1, Agnieszka A. Pilarska 2,*, Piotr Boniecki 1, Gniewko Niedbała 1,

Karol Durczak 1, Kamil Witaszek 1, Natalia Mioduszewska 1 and Ireneusz Kowalik 1

1 Institute of Biosystems Engineering, Poznań University of Life Sciences, Wojska Polskiego 50, 60-637 Poznań,
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Abstract: This study is an elaboration on the conference article written by the same authors, which
presented the results of laboratory tests on the biogas efficiency of the following substrates: maize
silage (MS), pig manure (PM), potato waste (PW), and sugar beet pulp (SB). This article presents
methane yields from the same substrates, but also on a technical scale. Apart from that, it presents an
original methodology of defining the Biochemical Methane Potential Correction Coefficient (BMPCC)
based on the calculation of biomass conversion on an industrial scale and on a laboratory scale. The
BMPCC was introduced as a tool to enable uncomplicated verification of the operation of a biogas
plant to increase its efficiency and prevent undesirable losses. The estimated BMPCC values showed
that the volume of methane produced in the laboratory was overestimated in comparison to the
amount of methane obtained under technical conditions. There were differences observed for each
substrate. They ranged from 4.7% to 17.19% for MS, from 1.14% to 23.58% for PM, from 9.5% to
13.69% for PW, and from 9.06% to 14.31% for SB. The BMPCC enables estimation of biomass under
fermentation on an industrial scale, as compared with laboratory conditions.

Keywords: laboratory-scale efficiency; industrial-scale efficiency; biomass conversion; Biochemical
Methane Potential Correction Coefficient; loss prevention

1. Introduction

The intensive development of agriculture causes an increase in the supply of organic waste. Waste
matter disposal technologies are often based on the anaerobic digestion (AD) process, which takes
place in biogas plants. In order to increase the efficiency of the installation, plants with high content of
organic matter are added as a substrate [1,2]. Target crops are grown for this purpose—mainly maize
and grass, which are used to produce silages [3]. Animal waste [4,5] and food waste [6,7] are also
used as substrates. Biogas plants produce biogas, which is classified as a source of renewable energy
because it contains methane. The resulting gas, which is an energy carrier, can be easily converted into
electricity and heat.

The AD process is one of the most adequate and prospective methods of organic waste disposal
and it is also a source of biofuel [8,9]. However, the process must be economically viable and stable.
The main factors which affect AD-process efficiency are as follows: the chemical composition of the
substrates, pH, temperature, the substrates mixing process, dry residue, the content of organic matter
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in the substrate, the digester load, and the concentration of inhibitors [10–12]. These parameters are
controlled both in the laboratory-scale and industrial-scale process.

A slight change in the conditions of the methane digestion in a biogas plant may upset the process
or halt it completely. Temperature is one of the factors that significantly affects the course of the
digestion process. Small changes in temperature and the retention time affect bacterial activity [13].
As a consequence, biogas production is reduced. In Poland, the digestion process is usually carried
out under mesophilic conditions at a temperature of about 39 ◦C. In Europe, mesophilic installations
are predominant, but there are also thermophilic conditions, where more heat energy is used by
the plant to sustain the process [14,15]. As mentioned before, pH is also important for methane
fermentation. It should range from 6.8 to 7.5 because this guarantees optimal conditions for bacterial
life and reproduction during all four phases of the methane fermentation process [16,17]. The biogas
yield decreases when the pH value is higher than 7.5 or lower than 6.8.

When biomass is applied to digestion chambers with high-protein substrates, excessive amounts
of ammoniacal nitrogen are usually formed. Excess ammonia significantly slows down the biogas
production process. As temperature increases, so does the effect of ammonia, inhibiting methane
fermentation [18,19]. Some substrates are rich in sulphur and they cause excessive amounts of this
element in the digester. The element may occur in the form of ions dissolved during the liquid
phase, or it may be found in hydrogen sulphide in a mixture of liquid and gas. Higher temperature
increases the solubility of hydrogen sulphide, which results in its higher concentration during the
liquid phase [20]. At the initial stage of operation of a biogas plant, it is very important to supply small
portions of substrates with a homogeneous composition. This affects the overall normal digestion by
individual bacteria at each stage of the fermentation process [21]. During the operation of a biogas
plant, it is necessary to observe the retention time for individual organic substrates. This is the time a
given substrate should spend in the digester until it achieves an appropriate level of degradation. These
are the most common problems encountered in practice, which directly affect the actual production
of biogas.

The pursuit of more efficient use of biomass to generate energy requires detailed verification
of methane fermentation technologies. Detailed analysis and the selection of appropriate biogas
production technologies gives investors a real opportunity to manage biogas plants effectively. Apart
from that, more efficient and effective installations give a chance to reduce the financial and social
costs of every kilowatt hour (kWh) of energy produced, as compared with the countries regarded
as pioneers in this field. Poland is still a developing country, as it is attempting to catch up with the
standard of Western European countries. Therefore, it should effectively control the expending of
funds on solutions implemented in the field of renewable energy sources [1,12,22].

At the beginning of the development of biogas installations in Poland, i.e., between 2008 and 2009,
investors were ready to expend money on large plants capable of generating a power of 2 MW or
more [23]. However, the market very quickly verified these plans and showed that it was the wrong
trend because it involved high costs of transport (it was necessary to supply thousands of tonnes of
substrates). The dispersion of Polish agriculture was not taken into consideration either. After about
3 years, investors began to prefer biogas plants capable of generating a power of 0.5–1 MW. They
were usually located on large farms [24] because it was necessary to provide a continuous supply
of substrates and to solve the deodorisation problem. However, this method was also unsuccessful
because the actual fermentation efficiency was much lower than the forecast. The energy consumption
for fittings was higher than assumed, mostly due to the increased and unstable operation of the mixing
systems in the installation [23]. These problems are still topical. Therefore, the proposed technologies
should be analysed in detail and adjusted to national and local requirements. Scientists and biogas
plant owners struggle with these problems not only in Poland but also in other countries [25–28].

So far, researchers have not prepared the assumptions that would clearly and easily verify the
operation of a biogas plant. This verification system is more and more wanted by current and future
investors. As seen in reference publications, most studies conducted by scientific institutions both
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in Poland and other countries usually refer to laboratory conditions [29–31]. The authors of most
of these studies did not analyse the operation of biogas installations, which converted biomass into
biogas/methane. However, these results directly translate into the economic and ecological effect of
bioelectric plants. In general, scientific reports very rarely provide information about the efficiency of a
particular technology proposed by researchers in terms of the relation between the amount of biogas
generated in a laboratory and the potential efficiency of this technology applied on a technical scale.
If any information is given, it is usually insufficient.

This study compares the efficiency of the anaerobic digestion technology applied on an industrial
scale with its efficiency on a laboratory scale. The comparison was made for the same substrates. The
study also verifies the level of significance of the determinants affecting the efficiency of operation of
the biogas installation. The following substrates were used in the research: maize silage (MS); and
agri-food waste, including pig manure (PM), potato waste (PW), and sugar beet pulp (SB). In view of
the fact that numerous dependencies can be observed during the AD process in a biogas plant—and due
to the fact that reference publications do not assess the efficiency of biomass conversion on an industrial
scale—the Biochemical Methane Potential Correction Coefficient (BMPCC) was defined [23]. The
coefficient provided information about the efficiency of organic matter decomposition into methane in
a biogas plant and enabled comparison of these results with the AD process conducted in a laboratory.

2. Materials and Methods

2.1. Materials

Green substrates—maize silage (MS) and agri-food waste, pig manure (PM), potato waste (PW),
and sugar beet pulp (SB) were used in the study. The waste materials were acquired from a farm and a
sugar factory in the Wielkopolska region, Poland.

Maize silage was stored in silos, where it was ensilaged. Pig manure was supplied directly from a
pig farm. Potato waste was also supplied directly after being customised. Sugar beet pulp was stored
in silage sleeves. The degree of maize compaction in the ensilage process, the weather conditions,
and storage time were the factors affecting the physicochemical properties after storage.

2.2. Physicochemical Analysis of Materials

The following standards were used in physicochemical analyses of the substrates (used organic
materials) and samples (harvested fermentation mixture): pH—the potentiometric method, PN-EN
12176: 2004; dry residue—the weight method, PN-EN 12880: 2004; roasting losses (roasting residue)
—the weight method, PN-EN 12879: 2004; sampling for chemical and physical tests, PN-EN ISO 5667-13:
2011; carbon, EN ISO 16948: 2015; hydrogen, EN ISO 16948: 2015; nitrogen, EN ISO 16948: 2015;
oxygen, based on calculations; sulphur, PN-EN ISO 11885: 2009.

2.3. Laboratory-Scale Biogas Production

The anaerobic digestion process was conducted in a periodic mode of operation of digesters,
under mesophilic conditions. The authors of this study presented a detailed diagram and described
the construction and operation of biodigesters in their previous publications [32–34].

2.4. The Construction and Operation of an Industrial Installation

The biomass conversion tests were conducted for 6 months in an agricultural biogas plant. The
facility was fed with the substrates listed above. Samples of the substrates were collected at monthly
intervals because their physicochemical properties may have changed during storage.

The biogas plant consisted of two main digesters (F1 and F2) and a third tank, where digestate
pulp was stored. The first tank (F1) was used for primary digestion, and the second tank (F2) was
used for secondary digestion. The installation was also equipped with a primary tank (PT), into which
waste potatoes were fed because they may have been contaminated with soil. Pig manure, which was
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the agent liquefying the entire fermenting mass, was also fed into this tank. The annual production
capacity was about 3.5 million m3 of biogas. The installation was equipped with a cogeneration system,
whose power was 1 MWel.

2.5. Collection of Samples for Tests

Samples for tests were collected once a month. Six samples of each substrate were tested during
the six-month experiment. The following aspects were taken into account when collecting the samples:
access to the sampling point, the possibility to safely interrupt the stream of material when samples were
collected manually, and the type of construction of the fermentation chamber—due to the stratification
of the material collected for tests. The safest and most practical station for manual sample collection
was selected. The practicality of this location was analysed in terms of the representativeness of the
material collected for tests. Each time, at least 3 samples were collected to increase confidence in the
representativeness of the material collected.

2.6. Qualitative and Quantitative Analysis of Biogas

The quality and quantity of the biogas produced was analysed once a day. In order to make
effective measurements of the biogas quality, a minimum quantity of 0.4 L had to be produced daily.
When a smaller amount of biogas was produced, the chemical composition was not analysed. The
measurement methodology was adopted from the German standard DIN 38414/S8, which was modified
by the author in order to reduce measurement errors [35]. The qualitative composition of biogas was
analysed by measuring the content of CH4, CO2, NH3, and H2S.

The quality and quantity of the biogas produced in the installation under real conditions was based
on the measuring systems in place. These systems were permanently installed and met the German
standard DIN 38414/S8. There were no breakdowns during the entire period under study. When
estimating the uncertainty of measurement in this article, the procedures followed Polish standards
and German standard [35–37].

2.7. Biochemical Methane Potential Correction Coefficient (BMPCC)—Calculation Methodology Based on

First, the yield of biogas from the substrate was measured (m3·Mg−1 fresh matter (FM)) in a
laboratory. Simultaneously, the composition of biogas was analysed by measuring the content of CH4

and CO2 (the concentrations of NH3 and H2S were omitted). Then, the biogas composition was used
to calculate the volume of methane. At the next stage, the mass of methane contained in the biogas
was measured under laboratory conditions (the mass of methane in the biogas obtained from the
fresh matter of the substrate under laboratory conditions, MMB-L). The third stage involved analysing
the substrate for dry residue, roasting losses, and the content of carbon, hydrogen, oxygen, nitrogen,
and sulphur. Then, knowing the content of C, H, O, N, and S, the amount of methane that could
theoretically be obtained was calculated (theoretical methane mass, TMM) according to the principle
of mass conservation.

The fourth stage involved calculation of the conversion of organic matter contained in the biomass
under laboratory conditions (conversion of organic matter under laboratory conditions—the laboratory
degree of biomass conversion, COM-L). The following Equation (1) was used:

COM− L =
MMB− L

TMM
. (1)

The fifth stage involved calculation of the conversion of organic matter contained in the biomass
under the operating conditions of the installation (conversion of organic matter in the installation—the
industrial degree of biomass conversion, COM-I). The following Equation (2) was used:

COM− I =
MMB− I

TMM
. (2)
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At the last stage, the BMPCC of each substrate was calculated as the ratio between the mass of
methane produced in the installation and the mass of methane produced under laboratory conditions.
The following Equation (3) was used:

BMPCC = 100− COM− I
COM− L

× 100. (3)

3. Results

3.1. Physicochemical Parameters of Substrates—Laboratory-Scale Measurements

3.1.1. pH of Substrates

The pH of maize silage used for the tests ranged from 4.21 (1MS) to 4.39 (3MS). The pH values
of pig manure were similar during the entire test and ranged from 7.22 (5PM) to 7.56 (1PM). They
were similar to data provided in reference publications [38,39]. The concentration of hydrogen ions in
waste potatoes ranged from 7.44 (3PW) to 7.78 (4PW). As seen in results from the research on methane
fermentation of waste potatoes conducted by [40], the pH of the substrate was 7. The pH of beet pulp
ranged from 5.01 (1SB) to 5.18 (3SB). Table 1 shows the pH values of the substrates.

Table 1. Physicochemical properties and the laboratory-scale biogas efficiency of the substrates with
the uncertainty of results, based on [1].

Substrate pH (-) TS (%) VS (%)
Biogas

(m3·Mg−1 FM)
Biogas

(m3·Mg−1 TS)
Biogas

(m3·Mg−1 VS)
CH4 (%)

1MS 4.21 ± 0.06 32.68 ± 0.51 95.15 ± 1.76 188 ± 3.6 575 ± 12.6 605 ± 13.4 51.2 ± 1.29
2MS 4.28 ± 0.06 32.21 ± 0.50 94.61 ± 1.75 183 ± 3.5 568 ± 12.4 601 ± 13.4 52.3 ± 1.31
3MS 4.39 ± 0.06 32.11 ± 0.50 94.21 ± 1.75 181 ± 3.5 564 ± 12.3 598 ± 13.3 50.4 ± 1.27
4MS 4.31 ± 0.06 31.86 ± 0.50 93.65 ± 1.74 178 ± 3.4 559 ± 12.2 595 ± 13.2 50.9 ± 1.28
5MS 4.35 ± 0.06 31.45 ± 0.49 94.83 ± 1.76 180 ± 3.5 572 ± 12.5 604 ± 13.4 51.6 ± 1.30
6MS 4.28 ± 0.06 31.06 ± 0.48 93.88 ± 1.74 184 ± 3.5 592 ± 12.9 631 ± 14.0 50.4 ± 1.27

1PM 7.56 ± 0.10 4.86 ± 0.08 76.16 ± 1.41 17 ± 0.3 350 ± 7.6 459 ± 10.2 52.6 ± 1.32
2PM 7.44 ± 0.10 4.32 ± 0.07 76.88 ± 1.43 19 ± 0.4 440 ± 9.6 572 ± 12.7 51.1 ± 1.28
3PM 7.31 ± 0.10 4.94 ± 0.08 78.49 ± 1.46 20 ± 0.4 405 ± 8.9 516 ± 11.5 51.8 ± 1.30
4PM 7.28 ± 0.10 4.65 ± 0.07 81.32 ± 1.51 22 ± 0.4 473 ± 10.3 582 ± 12.9 51.4 ± 1.29
5PM 7.22 ± 0.10 5.06 ± 0.08 80.11 ± 1.49 21 ± 0.4 415 ± 9.1 518 ± 11.5 51.3 ± 1.29
6PM 7.36 ± 0.10 5.01 ± 0.08 79.84 ± 1.48 18 ± 0.3 359 ± 7.8 450 ± 10.0 50.8 ± 1.28

1PW 7.36 ± 0.10 21.31 ± 0.33 94.87 ± 1.76 68 ± 1.3 319 ± 7.0 336 ± 7.5 51.6 ± 1.30
2PW 7.41 ± 0.10 21.33 ± 0.33 94.61 ± 1.75 69 ± 1.3 323 ± 7.1 342 ± 7.6 50.7 ± 1.27
3PW 7.44 ± 0.10 21.45 ± 0.33 94.83 ± 1.76 67 ± 1.3 312 ± 6.8 329 ± 7.3 51.4 ± 1.29
4PW 7.78 ± 0.11 21.85 ± 0.34 95.01 ± 1.76 70 ± 1.3 320 ± 7.0 337 ± 7.5 51.1 ± 1.28
5PW 7.65 ± 0.10 21.78 ± 0.34 95.12 ± 1.76 71 ± 1.4 326 ± 7.1 343 ± 7.6 52.2 ± 1.31
6PW 7.71 ± 0.10 21.86 ± 0.34 95.92 ± 1.78 70 ± 1.3 320 ± 7.0 334 ± 7.4 51.8 ± 1.30

1SB 5.01 ± 0.07 23.88 ± 0.37 94.16 ± 1.75 99 ± 1.9 415 ± 9.1 440 ± 9.8 50.2 ± 1.26
2SB 5.08 ± 0.07 23.44 ± 0.36 94.02 ± 1.74 97 ± 1.9 414 ± 9.0 441 ± 9.8 50.8 ± 1.28
3SB 5.18 ± 0.07 23.58 ± 0.37 93.88 ± 1.74 96 ± 1.8 407 ± 8.9 434 ± 9.6 51.4 ± 1.29
4SB 5.16 ± 0.07 23.41 ± 0.36 93.32 ± 1.73 93 ± 1.8 397 ± 8.7 426 ± 9.5 52.1 ± 1.31
5SB 5.11 ± 0.07 23.67 ± 0.37 93.46 ± 1.73 94 ± 1.8 398 ± 8.7 425 ± 9.4 50.7 ± 1.27
6SB 5.09 ± 0.07 23.33 ± 0.36 94.12 ± 1.74 95 ± 1.8 407 ± 8.9 433 ± 9.6 51.5 ± 1.29

3.1.2. Total Solids in Substrates

The content of total solids (TS) in the maize silage used in the installations ranged from 32.21%
(2MS) to 31.06% (6MS). The TS content in the pig manure ranged from 4.32% (2PM) to 5.06 (6PM) and
was consistent with the data provided in reference publications [41]. The TS content in the potato
waste ranged from 21.33% (2PW) to 21.86% (6PW). The TS content in the beet pulp ranged from 23.33%
(6SB) to 23.88% (1SB). The results were comparable with the data published in the study by [42]. Table 1
shows the TS content in the substrates.
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3.1.3. Volatile Solids in Substrates

The content of volatile solids (VS), i.e., roasting losses, was another parameter under analysis.
Substrates with high content of organic matter are a valuable raw material for biogas installations.
There are three basic groups of organic matter in substrates: carbohydrates, protein, and fats. The
materials used in this study mainly contained sugars and protein. The roasting losses for maize silage
ranged from 93.88% (6MS) to 95.15% (1MS). The VS content in the pig manure ranged from 76.88%
(2PM) to 81.32% (4PM). These values were similar to the data reported in reference publications [43,44].
The quality of liquid manure depends on the animals it comes from, their diet, and the degree of
dilution with water. The VS content in the potato waste ranged from 94.61% (1PW) to 95.92% (6PW).
Due to the content of carbohydrates in sugar beet pulp, this material positively influences the methane
fermentation efficiency per digester volume unit. The VS content in the material used in the tests
ranged from 93.32% (4SB) to 94.16% (1SB). Table 1 lists the results of this experiment.

3.2. Laboratory-Scale Biogas Efficiency of Samples

3.2.1. Volume of Biogas Obtained from Substrates per Fresh Matter

The yield of biogas obtained from maize silage amounted to 183 m3·Mg−1 FM. The biogas volumes
obtained in the experiment were consistent with the data provided by other researchers [33]. The
yield of biogas obtained from liquid manure amounted to 20.1 m3·Mg−1 FM. It was lower than the
data provided in reference publications [45]. The volume of biogas obtained from waste potatoes
amounted to 69.2 m3·Mg−1 FM. The volume of biogas obtained from the fresh matter of sugar beet pulp
amounted to 96.4 m3·Mg−1 FM. There were similar values reported in reference publications [46,47].
Table 1 provides data on the volume of biogas obtained from the substrates.

3.2.2. Volume of Biogas Obtained from Substrates per Total Solids Content

Literature data provide the volume of biogas obtained in the AD process as the number of total
solids contained in the samples so as to standardise the results without water. In this study, similar
calculations were also performed. The volume of biogas obtained from maize silage at individual
sample collection terms ranged from 559 (4MS) to 592 (6MS) m3·Mg−1 TS. The yield of biogas obtained
from pig manure per TS in individual samples ranged from 350 (3PM) to 473 (4PM) m3·Mg−1 TS. In
reference publications, there are big differences in the data on the biochemical methanogenic potential
of pig manure obtained per TS [48]. The yield of biogas obtained from waste potatoes ranged from 323
(3PW) to 326 (5PW) m3·Mg−1 TS. The biochemical methanogenic potential of sugar beet pulp ranged
from 397 (4SB and 5SB) to 415 (1SB) m3·Mg−1 TS. The volume of biogas obtained in this study was
lower than in the study by [46]. The data on the volume of biogas per total solids content are shown in
Table 1.

3.2.3. Volume of Biogas Obtained from Substrates per Volatile Solids Content

The yield of biogas obtained from maize silage per VS ranged from 595 (4MS) to 631 (6MS) m3·Mg−1

VS. The results of this experiment were in line with the data presented by [44]. The yield of biogas
obtained from pig manure ranged from 450 (6PM) to 582 (3PM) m3·Mg−1 VS. The biogas volume
was comparable to the results presented by [45]. The volume of biogas obtained from waste potatoes
ranged from 329 (3PW) to 342 (2PW). The volume of biogas obtained from beet pulp ranged from 425
(5SB) to 440 (1SB and 2SB) m3·Mg−1 VS. The values reported in reference publications were lower
than the results presented by [46], where the biochemical methanogenic potential of sugar beet pulp
amounted to 504 m3·Mg−1 VS. The range of the results is given in Table 1.

The volume concentration of methane in the biogas obtained from the maize silage ranged from
50.4% (3MS) to 52.3% (2MS), see Table 1. The concentration noted in the presented experiment was
identical with the data reported by [44]. The methane content in the biogas obtained from pig manure
ranged from 50.8 (2PM) to 52.6% (5PM). According to the authors of scientific studies, the methane
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fraction in the biogas obtained as a result of the methane fermentation of pig manure was above
53% [48]. The concentration of methane in the biogas obtained from waste potatoes ranged from
50.7% (2PW) to 52.2% (5PW). These values were similar to the data presented by [49]. The volume
concentration of methane in the biogas obtained from beet pulp ranged from 50.2% (1SB) to 52.8%
(4SB). According to [50], the concentration is usually about 52%.

The pH range corresponding to the maize silage proved that the ensilage process was successful.
During storage, the total solids as well as volatile solids of this substrate were reduced. It is most likely
that it was caused by microorganisms responsible for the conservation of MS. However, despite the
decrease in the MS organic matter, the amount of biogas produced in the following months was not
reduced. The physicochemical properties of pig manure depend on the way animals are fed and their
age. This significantly affects the biomethane efficiency of this material. It is similar with potato waste,
which is a waste material but is not cultivated for energy purposes. However, as the table shows, this
did not affect the values of the parameters corresponding to this material. Slight differences in the
biogas yields of the sugar beet pulp were caused by the fact that there were various sugar beet species
in this substrate.

3.3. pH—Industrial-Scale Measurements

In the PT tank, waste potatoes were comminuted and solid contaminants were removed. They
were mixed and liquefied with pig manure (see Section 2.4). During the entire experiment, the pH in
the PT tank ranged from 6.91 (3PT) to 7.34 (6PT). Samples were continuously fed from the PT tank to
F1 and F2 (primary and secondary digestion), where all the substrates used in the experiment were
mixed and underwent primary (F1) and secondary digestion (F2). There were the following pH values
in the digesters: ranging from 7.02 (6F1) to 7.23 (1F1) in the first tank and from 7.19 (5F2) to 7.21 (6F2)
in the secondary tank, as shown in Figure 1.

Figure 1. Industrial-scale pH measurements in each month of the experiment.

3.4. Temperature—Industrial-Scale Measurements

The large volume of liquid manure fed into the predigester significantly reduced the temperature,
which was the lowest in this tank. This tank was not intended for the methane fermentation process.
The temperature ranged from 12.4 ◦C to 18.2 ◦C for preliminary tank. The temperature in the first tank
ranged from 38.4 ◦C to 40.3 ◦C, whereas in the secondary tank it ranged from 39.4 ◦C to 40.4 ◦C.

3.5. The Actual Amount of Substrate Fed each Month

The amount of substrates to be fed into the installation was planned on the basis of the results of
laboratory tests. The amount was sufficient to generate a power of 1 MWel. Depending on the month,
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the mass of maize silage fed into the installation ranged from 1668 Mg to 1910 Mg, pig manure—from
4540 Mg to 5160 Mg, waste potatoes—from 62 Mg to 186 Mg, and beet pulp—from 165 Mg to 217 Mg.

3.6. The Mass of Methane Produced from Each Substrate Each Month

Methane is one of the most important components of the biogas mixture as it is responsible for its
calorific value.

Figure 2 shows the mass of methane obtained from each substrate in each month of the study.

Figure 2. The mass of methane produced from the substrates in each month of the experiment.

The installation was equipped with devices that measured the volume of biogas produced and its
percentage (volumetric) composition. The biogas volume was converted into mass. The resulting mass
of methane refers to each month of the experiment. The average methane content in biogas ranged
from 50.4% to 52.1%. These are standard values for substrates used in biogas installations.

3.7. Biomass Conversion in Laboratory

The degree of biomass conversion into biogas (methane and carbon dioxide) is important for
the efficiency of the process. The content of methane in biogas is important because this compound
determines its calorific value. The higher the methane volume concentration is, the less biogas is
needed to produce the same amount of energy. It also reduces the demand for substrates because a
smaller amount of inert gas (carbon dioxide) is necessary for the combustion process. Therefore, it is
important to optimise the process in terms of the methane content in biogas. By testing the biochemical
methanogenic potential of a particular organic material, it is possible to select the right amount of
substrates for installations capable of generating a specific power.

Figure 3 shows the degree of biomass conversion into biogas (calculations based on Equation (1)).
The maize silage was characterised by the best values of its conversion into biogas in the laboratory.
However, the distribution of this biomass varied in individual periods of analysis and ranged from
78.8% (2) to 84.2% (6). The highest data amplitude was noted for pig manure, i.e., from 59.8% (6) to
76.9% (4). This indicates that the pig manure used in the test was not homogeneous and contained
chemical compounds inhibiting the methane fermentation process, e.g., antibiotics and heavy metals
from the feed provided to animals. The lowest degree of biomass conversion into biogas was noted for
waste potatoes, i.e., from 43.54% (3) to 45.49% (2). Such poor results indicate that the potatoes may
have contained residues from plant protection products, which inhibited biodegradation processes.
Moreover, the potatoes were stored in open ground, which caused their decomposition. The degree
of the conversion of beet pulp into biogas ranged from 55.90% (4) to 58.86% (2). This percentage of
conversion was caused by the composition of organic matter contained in the pulp.
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Figure 3. Biomass conversion in a laboratory.

3.8. Biomass Conversion under Industrial Conditions

In order to verify the degree of biomass conversion under the operating conditions of the
installation, the amount of biogas obtained from each substrate was measured. It is easy to calculate
the amount of methane from the biogas composition (Figure 4).

Figure 4. Biomass conversion under industrial conditions.

The values of biomass conversion conducted on a technical scale (Equation (2)) were lower than
the results noted in the laboratory. This situation was caused by the fact that model tests are conducted
in laboratories. However, by analysing the results of biomass conversion on an industrial scale, it is
possible to verify the operation of the installation and implement a recovery plan to improve its
efficiency. This procedure protects the owners of biogas plants from financial loss because each tonne
of biomass which has not been converted into biogas/methane generates additional handling costs.
The industrial-scale conversion of maize silage into biogas ranged from 66.44 (2) to 76.46 (6). For pig
manure, it ranged from 52.10 (1) to 67.40 (4). Similar to the laboratory tests, the lowest conversion was
obtained for waste potatoes, i.e., from 38.41 (2) to 40.27 (4). The conversion of beet pulp into biogas
ranged from 49.17 (5) to 51.88 (6). Figure 5 shows the values of biomass conversion into biogas during
the operation of the installation.

As resulted from the BMPCC values (Equation (3)), in comparison with the amount of methane
obtained under technical conditions, the volume of methane produced in the laboratory was
overestimated. There were differences noted for each substrate (see Figure 5). They ranged from 4.7%
(6) to 17.19% (2) for maize silage, from 1.14% (4) to 23.58% (1) for pig manure, from 9.5% (4) to 13.69%
(2) for waste potatoes, and from 9.06% (3) to 14.31% (5) for beet pulp.
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To sum up, the biochemical methanogenic potential of the substrates used in the laboratory
investigations was comparable to the data provided in reference publications [51–54]. The values of
biogas and methane obtained in the industrial-scale production were lower than in the laboratory
tests due to the disturbances that occurred in real installations. However, biogas plant owners should
attempt to achieve a comparable efficiency of their facilities to the amounts obtained in laboratory tests.
Model tests are used to estimate the amount of batch for the installation and the economic result of the
project. Excessive losses of industrial-scale production cause owners to bear additional costs due to the
need to purchase additional substrates.

Figure 5. Values of the Biochemical Methane Potential Correction Coefficient for the substrates tested.

4. Conclusions

The BMPCC enables estimation of the industrial scale under fermentation of biomass compared
with the laboratory conditions. Thus, it is possible to analyse the operation of the installation more
accurately and eliminate the substrates that may inhibit the methane fermentation process. Waste
potatoes seemed to be such a substrate in the installation analysed in this study because they were
poorly converted in the laboratory. They may have been contaminated with the substances that
weakened the methane fermentation process. When the substrate was fed into the digestion chambers,
it may have reduced the process efficiency. In consequence, the biomass conversion in the entire
bioreactor was affected, as was proved by the BMPCC.

The Biochemical Methane Potential Correction Coefficient is a solution that can be used as a
system diagnosing a methane fermentation plant in a specific (selected) time interval. It can also be
used to verify the biochemical methanogenic potential of individual substrates.
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Abstract: The article presents the basic conceptual assumptions of a photobioreactor with a
complementary lighting system. The cylindrical bioreactor has three independent, interconnected,
and fully controlled lighting systems. A characteristic feature is the combination of the lighting
system with the measurement of photosynthetically active PAR (photosynthetically active radiation)
and the optical density of the culture medium. The entire lighting system is based on RGBW (“red,
green, blue, white”) LED and RBG (“red, green, blue”) LEDs. The pilot study was conducted on a
simplified prototype of a photobioreactor designed for the distribution and optimization of light
in algae cultures designed for energy purposes. The study was carried out on microalgae Chlorella
Vulgaris BA0002a from the collection of marine algae cultures.

Keywords: cylindrical LED light coat; tracking lighting; photosynthetic microorganisms;
photobioreactor; algae

1. Introduction

By definition a renewable resource, biomass remains an important aspect of the search for
sustainable energy sources [1]. This includes not only refuse and energetic wood plantations, but
also specially grown algae [2]. Algae-derived biomass may be used for energy production, whether
by simple firing or co-firing with refuse-derived fuels, other biomass, or non-renewable fuels, or
through production of biofuels [3]. The algae-derived biofuels may take the form of pyrolytic solid
fuels [4], burnable gases such as hydrogen and methane [5], or liquid hydrocarbons and biodiesel [6,7].
Other chemical components, such as ammonia, may as well be produced through algae cultivation [8].
As photosynthetic organisms consume carbon dioxide in the process of photosynthesis, algae breeding
also presents a desirable side-effect of carbon sequestration [9,10].

Like other autotrophic organisms, algae grow best when certain optimal conditions are reached.
This makes outdoor algae farming impractical in colder climates, as the conditions for growth occur
only through a part of the year at best; in addition to this, the natural conditions are subject to
modification to a highly limited extent. However, unlike most multicellular plants, algae do not require
soil and have a limited need for space. As a result, algae can be grown in specially prepared vessels
or photobioreactors. This arrangement not only allows for year-round breeding of algae, but also
for the adjustment of conditions such as, e.g., light wavelength [11] or light intensity, or even vessel
geometry [12], in search for the optimal growth rate. Moreover, industrial photobioreactors must also
allow for practical removal of algal matter without interrupting their operation. Therefore, research
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into algal growth conditions and photobioreactor construction remain an important and promising
segment of renewable energy research.

As mentioned above, light is one of the most important factors affecting the rate of growth of
photosynthetic organisms. The influence of light energy varies for different processes and different
species. Both excessive lighting and lack of light adversely affect the production of biomass. Within
a photobioreactor, the conversion of available light depends on the concentration of biomass, and
thus on the optimal distribution of radiant energy, so that all cells receive the appropriate amount.
It is assumed that the optimal value of the density of the photon flux for algae is in the range of
100–600 μmol·m−2·s−1 and is characteristic not only for a given species, but even for a given type [13].
In addition to the above, the microalgae cells reduce the intensity of light within the photobioreactor.
Located farther from the source of light, they will receive less radiation as a result of mutual occlusion,
which results in a decrease in the rate of growth. There is a process of absorption and dispersion
called the effect of shading [14]. As the cell density increases, the intensity of light in the reactor is
suppressed. Excessive lighting also acts as a brake causing the so-called photoinhibition phenomenon,
i.e., a situation in which a photosynthetic microorganism is exposed to a greater amount of radiant
energy than the one it is able to process. Thus, the second-order photositemator is damaged [15–17].
The situation usually takes place in the early stages, just after the establishment of the breeding.

Numerous constructional solutions of photobioreactors, such as columnary photobioreactors or
cylindrical bubble columns made of light-transparent materials, with aeration culture of aerated algae
in different gas mixtures mounted in them [18,19], can be found in the literature. Such solutions due to
the large area of exposure and the price are ideal for outdoor farming, used on an industrial scale for
the production of algae [20]. Tubular photobioreactors combined in a series are also used in outdoor
cultures. The bundles of pipes directed towards the sun maximize the effect of solar radiation [21].
In artificial lighting cultures for illuminating photobioreactors, LED diodes are most often used due to
the emission of radiation with narrow wavelength ranges and the ability to easily select the color of
light. The research suggests that the growth of algae is largely influenced by the spectrum of red light,
favoring their faster multiplication and growth. On the other hand, the spectrum of blue light causes
cell growth [22].

Commonly used types of PBRs (photobioreactors) are flat panels used outdoors in conditions of
natural surroundings. Due to their design and location, they are characterized by a perpendicular
arrangement of the longest side of the bioreactor in relation to lighting, or a constant incapable of
changing the inclination angle in relation to the radiation incidence plane [23]. These reactors do not
allow for optimal exposure conditions for the photoautotrophic biomass located in them and thus do
not allow control of the intensity of light falling on the surface of the photobioreactor. In the case of
excessive intensity of lighting, the known solutions are used to inhibit the growth of biomass, which
directly translates into the result of productivity. In the above systems it is also difficult to control
temperature or gas removal [24,25]. There is also an example of a Polish photobioreactor solution
contained in patent specification PL 224183 regarding a flat panel intended for growing microorganisms
in the natural environment. The invention relates to the construction of a system following natural
light. In respect to the method of gas introduction and the shape of the vessel, the air lift type of PBRs
has seen interest. The reactors are divided into the light and the dark zone, while the driving force is
provided by the air-lift module responsible for the circulation of the biomass and therefore the uniform
exposition of algae cells to the light [26,27].

Another solution are photobioreactors made of a transparent film forming cultured reservoirs
permeable to light [28]. Devices of this type are economically advantageous due to the possibility of
easy assembly in places where it is possible to use, for example, waste carbon dioxide [14,29,30].

Laboratory solutions for photobioreactors of various constructions, fully automated, performing
the task of breeding, research and optimization in multiplication processes of photoautotrophic
microorganisms, despite the fact that they meet the tasks set before them, show a number of
imperfections, including those related to the distribution of light. A number of solutions implement the
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radiant energy in an artificial way, hence the light structures are arranged both inside photobioreactors
and outside the units [13,24,31]. The above solutions, however, do not ensure that the breeding facilities
are illuminated from below. They also do not allow symmetrical and homogeneous illumination
of cultures in a cylindrical bioreactor and thus do not provide a steady and uniform intensity
of photosynthetically active radiation (PAR) reaching the cylindrical reactor, which can provide a
cylindrical light jacket. They do not measure the radiation inside the reactor during real-time cultivation
and do not compensate for changes related to the uneven distribution of radiation inside the reactor or
the phytotron chamber. The aim of the article is to present an innovative concept of a photobioreactor
prototype for the cultivation of photosynthetic microorganisms, in particular, the integrated follow-up
lighting system. The model has been extended with additional elements by installing a circulating
pump forcing the circulation of cultures so that all cells receive the same amount of light energy that
directly affects their growth.

Taking the above into account, as part of research on photosynthetic microorganisms, a simplified
photobioreactor model for studying the influence of light and other parameters on microalgae
cultures was designed and built at the Department of Mechanical Engineering and Agrophysics.
The photobioreactor prototype with the follow-up lighting system was submitted to the Patent Office
and is currently assigned a number (P.429507) [32]. The invention relates to a specialized device
for cultivating microorganisms, including microalgae, both in a continuous and periodic system.
The solution for continuous production is intended for industrial needs, whereas the solution for
periodic farming is for the needs of scientific research and to pilot optimization of breeding.

In order to ensure uniform and sufficient distribution of light along with dynamically changing
conditions during cultivation, a photobioreactor prototype was designed with a follow-up, or
lagging, lighting system. The key role in the lagging lighting system is played by a fully controlled
and programmed unit, coupled with a measurement of the productivity of the farm and PAR
(photosynthetically active radiation, a range of wavelengths of light in the range of 400–700 nm) [33]
in the medium, enabling change of the lighting parameters relative to the changing culture
conditions during the process. The entire lighting system is implemented by using LED RBGW
and LED RBG lamps, selected in terms of wavelengths so that they best match the natural needs of
photosynthetic microorganisms. LED lighting during operation generates less heat and is energy-saving.
The controllers enable independent, smooth control of the intensity of colored LED panels, in individual
modules, in the full power range together with the measurement of PAR radiation. The use of this type
of lighting allows for smooth adjustment of light intensity and tunability of color intensity. In addition,
the unit allows you to set independent brightening or blanking speeds of individual lighting modules
with different time increments. The intensity of radiation is coupled with PAR measurement inside
the reactor.

Functionally, the system has been divided into three basic lighting modules. A characteristic
feature of the lighting system is a cylindrical light jacket ensuring an even illumination of the medium
around the perimeter of the reactor. In addition, the system includes lighting for the bottom of the tank
and lid. Thanks to the multidirectional illumination of cylindrical reactors, a large, developed light
surface for breeding is obtained.

2. Materials and Methods

2.1. Construction of the System

A glass cylindrical reaction vessel (photobioreactor), transparent to solar and artificial radiation,
ensures the transmission of as much energy as possible to the absorbing surface. The reactor consists of
three lighting modules with control and registration system, feeding, mixing and sampling. The glass
cylinder of the photobioreactor is placed in the light jacket, covered from the top with an airtight
cover together with holes for taking samples, through which the feeding, mixing, venting, and
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transporting systems of the culture medium pass. The photobioreactor’s lighting consists of the
following lighting modules:

• module I—the cylindrical jacket panel inside which the reactor is placed,
• module II—lower lighting panel, implemented by lighting from the bottom of the reaction tank

—the light source is lighting,
• module III—the panel of the illuminated reactor tank cover.

All light modules are coupled together and allow for full regulation and control of both color and
intensity, duration of lighting time, and the possibility of setting independent speeds of simulating
sunrises and sunsets or applying pulsed radiation of the required color. The lighting system is intended
for cylindrical units with various L/d modules (aspect; height divided by diameter). The lighting
is controlled by a computer (MCU), which selects the optimal parameters based on the sensor of
the photosynthetic active PAR radiation intensity and the time of day and night. Knowledge of the
distribution of radiation energy density and degradation in the PBR and energy absorption by algal
biomass is necessary for the analysis and optimization of cultures in photobioreactors with artificial
lighting. The control parameters are selected empirically and saved to the MCU in the form of patterns.
The sensor of the intensity of photosynthetic PAR radiation can be moved additionally along the radius
of the cylinder, which allows the measurement of the intensity of PAR radiation in the reactor space.

The upper light panel, which at the same time constitutes the reactor cover, ensures the supply and
drainage of media necessary for culturing. In addition, the entire photobioreactor unit is equipped with:

• a sensor for measuring PAR (linear, point),
• a real-time optical density meter for breeding,
• a diffuser for the CO2 feeding system and feeding of other process gases, equipped with an inlet

nozzle with a shut-off valve and a meter to measure the amount of gas fed,
• a biomass mixing and sampling system—a suction and delivery pump with a discharge connector

for removing biomass with a shut-off valve,
• a temperature measurement sensor,
• a system for measuring filtration and UV disinfection and nutrient solution,
• an inoculum delivery and nutrient replenishment system, and
• a cooling and heating system—a thermostabilization system for breeding.

The photobioreactor according to the invention works in strictly controlled and programmed
conditions, suitable for use at a semi-industrial and industrial scale. The scheme of the photobioreactor
is shown in Figure 1.

The photobioreactor (1) is a glass, cylindrical reaction vessel with a dm3·d−1 module (0.3–2.0),
transparent in the visible and invisible spectrum for photosynthetically active radiation and embedded
inside a lighting system that includes a cylindrical light jacket (2), lower light panel (3), and upper
light panel (4) (constituting the reactor cover). The photobioreactor system is equipped with a suction
and force pump (5), quantum immersion sensor for measuring photosynthetic radiation PAR (6),
temperature sensor (7), CO2 feeding system, and the introduction of other process gases (8). Moreover,
the entire photobioreactor system also includes a biomass pickup system (9), UV measurement and
disinfection unit of the filtrate (10), nutrient solution and inoculum (11), and heating-cooling system (12).

All systems, meters, and sensors are connected to the microcomputer controller (13), to which the
lighting controls of the three light panels are also connected.

A simplified prototype was made at the University of Agriculture in Krakow. During the
experimentation of cultivation, the Chlorella Vulgaris strain BA0002a obtained from the Collection of
Baltic Sea Cultures of the University of Gdańsk (CCBA) was used. The first experiments were carried
out in a prototype glass photobioreactor with an active volume of 4 dm3. Before the experiments were
started, the photobioreactor was sterilized and inoculated with 2 ml of microalgae in the medium.
The experiments were carried out at a temperature of 23–25 ◦C and at a pH of 6.5–7.0. The culture was
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fed with carbon dioxide fed to the interior of the photobioreactor by means of a diffuser. Circulation of
the culture medium was ensured using a circulating pump with an average capacity of 80.0 dm3·h−1.
The lighting was a follow-up lighting system using LED RBGW diodes, with the number of lighting
points being not less than 1500 RGBW LEDs and RGB LED per m2, in the form of a cylindrical light
jacket and a lower panel lighting system and illuminated cover.

Figure 1. A photobioreactor scheme with a follow-up lighting system; source: own studies. Symbols
described in text.

2.2. Methodology for Measuring the Intensity of Lighting

Preliminary pilot studies were carried out on the designed prototype of the photobioreactor.
Measurement of the PAR radiation intensity inside the culture medium was carried out with the
Quantum Meter MQ-100 Apogee Instruments measuring probe (Figure 2b) for measurements in an
aqueous environment with a spectral range of 410–655 nm. The measuring device consisted of a
digital meter with a quantum sensor. The tests were carried out during breeding, inside the culture
medium with a directional probe set to the light source. Measurements were made along measurement
path I marked on the diagram and on the axis of the photobioreactor (WWTP). The meter sensor was
mounted on a tripod rail and moved vertically every 10 mm ± 1.0 mm along the marked measurement
lines (Figure 2a). The measurements made will ultimately form the measurement grid of the PAR
radiation intensity in the active volume of the reactors with a different lighting system.

The tests were carried out for the dual cylindrical light jacket switched on and the low light panel
also switched on. LED directional lighting placed from the bottom contained 30 points of light of
about 18 W, 1100 lm, 3000 K (warm white color), and 230 V, while the double light jacket consisted
of: module I—150 LED RBG type LED lights with 36 W, 12 V, controller, white on; module II—300
points of light—18 W 950 lm, with a color temperature of 3100 K (warm white), 12 V power supply.
The lighting worked in the day/night 14/10 system. The geometrical dimensions of the cylindrical light
jacket were: diameter (24.5 ± 1.0) mm, height (19.5 ± 1.0) mm.
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Figure 2. Diagram of PAR radiation measurement paths in the reactor (a) and Quantum Meter
MQ-100 meter by Apogee Instruments (b); source: own work.

Growth of microalgae Chlorella vulgaris BA0002a from the collection of Baltic algae cultures at
the CCBA (Culture Collection of Baltic Algae) was carried out in a sterilized cylindrical glass reactor
with an dm3·d−1 module equal to 0.985 and 4.16 dm3, including an active capacity of 4 dm3 on nutrient
medium about the composition of Table 1.

Table 1. Composition of culture medium.

Component Concentration, mg·dm−3

N 184.5
P 49.2
K 192.0

The medium of 4 dm3 was inoculated with 2 ml of microalgae inoculum. Figure 3 presents graphs
from pilot measurements of the intensity of photosynthetically active radiation, using a measuring
probe whose head was directed towards the light jacket and was moved along measuring path I and
on the axis of the reactor. Measurements of PAR radiation intensity were made for two different optical
densities of the cultured 4.23 McF and 7.35 McF media, determined using a DEN-1B densitometer, in
the McF degrees (0–180·104 cell·dm−3).

 
Figure 3. Characterization of photosynthetically active radiation distribution for optical density 4.23
McF (“OŚ” denotes a path along the reactor axis).
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3. Results

Measurements of PAR intensity were made by means of a directional probe adjusted to one light
source which was a double cylindrical light jacket. The probe was displaced every 10 mm along the
reactor axis. It is easy to observe that for lower optical density the distribution of light inside the reactor
has similar characteristics along measuring path I and along the PBR axis (Figure 3). The photon flux
density in the reactor axis was the smallest and, about 25 mm from the bottom, decreased to values
close to zero. In the case of the measurement along path I, the radiation reaching the reactor wall from
about 50 mm from the bottom maintained a constant level of about 110 μmol·m−2·s−1. The richest zone
with the highest radiation density in the set system was the bottom zone along the reactor wall.

Comparing the radiation distribution pattern inside the reactor at the optical density of 7.35 McF,
we can notice a large uneven distribution of radiant energy in the reactor space (Figure 4). The radiation
in the reactor axis is at zero, while immense unevenness and chaos of the photon flux prevails inside
the culture medium in the measurement carried out according to path I. Both at the bottom and near
the reactor cover there are larger values, because here the radiation from the cover module and the
bottom panel is reaching the culture, while at the middle height of the tested system, the radiation
reaching the culture is suppressed by 50%.

 

Figure 4. Characterization of photosynthetic PAR vector radiation distribution for optical density
7.35 McF.

4. Conclusions

The presented solution is innovative in terms of its comprehensiveness and multi-functionality and
provides a fix for the problem of light distribution inside a PBR. The real-time light radiation intensity
compensation using measured parameters can compensate for the deficits of uneven distribution of
light and thus optimize the conducted breeding. The values set at the beginning of the cultivation
during the production of biomass, after obtaining the feedback signal from on-line measurements, can
be changed in real time, automatically as well as manually, during the process. There is a possibility of
adjusting the amount of radiation to the increasing concentration of microorganisms based on PAR
measurements obtained in real time from the inside the farm. None of the known solutions compensate
for differences in light distribution in real time on the basis of photon flux density measurements
reaching the breeding medium, which in this case is an innovation in the technical solution. The same
applies to the administration of nutrients in periodic cultures. Pilot study results showed significant
differences in the distribution of available light energy in the reactor space, which varies with the
increase in biomass.
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Abstract: Optimization of plant fertilization is an important element of all quality systems in primary
production, such as Integrated Production, GLOBAL G.A.P. (Good Agriculture Practice) or SAI
(Sustainable Agriculture Initiative). Fertilization is the most important element of agricultural
treatments, affecting the quantity and quality of crops. The aim of the study was to assess greenhouse
gas (GHG) emissions in the cultivation of Chinese cabbage, depending on the technological variant.
The factor modifying the production technology was the use of fertilizers with a slow release of
nutrients. One tonne of marketable Chinese cabbage crop was selected as the functional unit.
To achieve the research goal, a strict field experiment was carried out. Calculation of the total amount
of GHG emitted from the crop was made in accordance with ISO 14040 and ISO 14044. The system
boundaries included the production and use of fertilizers and pesticides, energy consumption for
agricultural practices and the emission of gases from soil resources and harvesting residue. The use
of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to conventional
fertilizers. The results of the research indicate a significant potential for the use of slow-release
fertilizers in reducing agricultural emissions. From the environmental and production point of view,
the most favourable variant is the one with 108 kg N·ha−1 slow-release fertilizers. At a higher dose of
this element, no increase in crop yield was observed. At this nitrogen dose, a 30% reduction in total
GHG emissions and a 50% reduction in fertilizer emissions from the use of per product functional
unit were observed. The reference object was fertilization in accordance with production practice in
the test area.

Keywords: greenhouse gases; efficiency; agriculture; slow release fertilizers; Chinese cabbage

1. Introduction

The environmental impact of plant production is mainly associated with the consumption of fossil
fuels and the use of fertilizers and plant protection products. Greenhouse gas (GHG) emissions are also
associated with energy consumption for the production, transport and application of fertilizers and
plant protection products, irrigation, as well as the logistics process of food products [1]. An important
source of agricultural pollution is the emission of GHG from the soil as a result of mineralization of
dead organic matter and humus compounds [2]. Some of the elements introduced into the soil with
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organic and mineral fertilizers are dispersed in the environment; to the atmosphere, in the form of
GHG, and to the underground and surface waters, causing intensified eutrophication processes and
acidification of individual elements of the environment. At all its stages, food production is associated
with the intensive use of natural resources such as soil, water, space and energy resources [3]. Intensive
agricultural production, often regarded as conventional, has developed in response to the demand for
cheap food production. It is characterized by maximizing production with the simultaneous increase
in consumption of the means and energy resources [4]. The intensified production very quickly led to
environmental degradation of large areas, especially in developed countries, with the most intensive
agriculture. The transformation of natural ecosystems into monocultural agrocenosis is also associated
with landscape changes that have a multidirectional, negative impact on the human environment [5].
The implementation and development of quality management systems in food production were
somewhat the consumer market’s reaction to the presence of poor quality products on the market [6,7].

Economic development of developed countries, and the related increase in the wealth of societies,
has shaped consumer awareness regarding the environmental and health effects of overexploitation
related to food production [8,9]. An important aspect of optimizing agriculture is reducing its
environmental impact, especially in the context of emissions. Research results presented in the scientific
literature report great potential for binding organic carbon in soil organic matter, which allows reducing
the negative impact of agriculture on the environment, and the greenhouse effect [10–12]. Global
GHG from fossil fuels used in agriculture is estimated at 0.4–0.6 Gt of CO2 equivalent. Annually,
total agricultural emissions amount to 4.6 Gt of CO2 equivalent per year [13]. In the United States,
agriculture accounts for 9% of the total emissions of these compounds [14]. There are primary and
secondary sources of energy consumption and emission in plant production. Primary emission sources
are the result of agrotechnical practices on the farm (e.g., tillage, sowing, fertilization, harvesting and
transport, irrigation). Secondary (indirect) emission sources include emissions from the production
of fertilizers, pesticides, production and maintenance of equipment, etc. What is important from the
point of view of emissions is the emission of nitrogen oxides from soils intensively supplemented with
nitrogen fertilizers. The amount of nitrogen compounds released to the atmosphere is related not only
to the level of fertilization, but above all, to the efficiency of using the elements contained in fertilizers
and the type and intensity of cultivation treatments. An important source of environmental impact
of agricultural nitric oxide is its emission resulting from decomposition of harvesting residue. Total
N2O fertilizer emissions increased from 0.07 Gt of CO2 equivalent per year in 1961 to 0.68 Gt CO2

equivalent in 2010 [13]. Nitric oxide (N2O) is a key compound responsible for the greenhouse effect.
It retains 292 times more infrared radiation than carbon dioxide [15]. Assessing the environmental
and economic efficiency of quality systems implemented in primary production is a very important
element in the evaluation of the actual impact of producer regulations on the quality of produce and
the degree of environmental impact [16–18]. One of the methods of comprehensive and multifaceted
assessment of the quality system is to prepare a product life cycle taking into account the use of energy
and means of production, as well as renewable and non-renewable environmental resources [19,20].
However, developing a reliable and universal method is very difficult because farms operate in a
specific economic, social and climatic framework, which significantly affects the assessment and is
very difficult to interpret [21]. That is why agricultural systems are often assessed based on a selected
fragment of activity.

The aim of the study was to quantify and compare GHG emissions in the different technological
variants of the cultivation of Chinese cabbage. The research variable was the fertilisation technology
with conventional fertilisers and slow release ferilizers. One tonne of marketablemarketable Chinese
cabbage crop was selected as the functional unit.

2. Materials and Methods

In terms of the scope of research, the number of sites and their geographical location, the
experiment was planned based on the assumed qualitative and quantitative objectives, as well as
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technical possibilities. [22]. The choice of the plant variety, the individual fertilization options, the range
of agrotechnical treatments, the level of irrigation and the time frame of the experiment was based on
a risk analysis carried out in accordance with ISO 31000:2018 [23]. The risk defined was the impact
of the above-mentioned risk factors on the reduction of plant yields. Different fertilization variants
were applied in individual experiment objects, which resulted from the production practice applied
in the research area, the requirements of quality management systems in primary production and
economic aspects. The scope of the research and the selection of GHG emission sources were carried
out based on literature study [15–21]. The sources of GHG emissions selected for the calculation of
total emissions were selected based on their utility in the context of the determined research objectives.

In terms of the number of objects, the scope of research and geographical location, the experiment
was planned based on the assumed qualitative and quantitative objectives and technical capabilities [22].
The choice of plant variety, individual fertilization variants, the range of agrotechnical treatments,
the level of irrigation and the time frame of the experiment was based on the risk analysis carried
out in accordance with ISO 31000:2018. The defined risk was the impact of the above-mentioned risk
factors on the reduction of plant yields. The scope of the conducted research and the selection of GHG
emission sources was based on a literature study. The scheme of the experimental design is as follows:

(1) Formulation of the strategic objective;
(2) Selection of the experience factors (a single-factor experience was selected);
(3) Selection of the plant (Chinese cabbage is a plant of high economic importance and high GHG

emission potential due to high levels of fertilization and relatively low nitrogen use;
(4) Selection of the experiment site (geographical boundary of the system); the experiment was

conducted in the area with large acreage of Chinese cabbage cultivations;
(5) Selection of agrotechnical treatments (except the experimental factor); the treatments were selected

based on the recommendations of the integrated plant production methodology and based on
production practices in the research area;

(6) Formulation of the experimental factor levels. The level of nitrogen fertilization and the forms of
nitrogen applied in the subsequent experimental facilities were designed based on the following
input data:

(a) A control facility is necessary for the assessment of the site potential;
(b) Objects fertilized with 400 and 500 kg of slow-release fertilizers. The amount of fertilization

results from the manufacturer’s recommendations in their advertising materials;
(c) Objects fertilized with 600 and 800 kg of slow-release fertilizer and objects fertilized with

300 and 450 kg of ammonium nitrate·ha−1. The level of fertilization was calculated based
on the plants’ fertilizing needs, at the estimated site productivity of 65 and 90 t·ha−1.
The two estimated levels result from the likelihood of adverse weather conditions during
the vegetation period of the plants;

(d) An object fertilized with 600 kg of ammonium nitrate·ha−1. The level of fertilization results
from production practices applied in the research area;

(7) Estimation of the system boundary in terms of GHG emission sources. The selection was based on
the latest available literature and a risk analysis in the context of the assumed target, in accordance
with ISO 31000:2018. These sources are:

(a) GHG emissions related to the applied fertilizers;
(b) GHG emissions related to the plant protection products used;
(c) GHG emissions related to electricity consumption and combustion of fossil fuels;
(d) GHG emissions related to decomposition of crop residues;
(e) GHG emissions related to decomposition of soil organic matter.
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The goal was achieved based on field experience which allowed calculating GHG emissions
in individual technological variants. The experiment was established in the soil with a heavy clay
grain size. The soil properties on which the experiment was established are included in Table 1.
The forecrop for research plants was corn. The test plant was Chinese cabbage (Brassica rapa L.) of
the Parkin F1 variety. The experiment was established on 15 May 2017. The plants were harvested
on 22 July 2017. Plants were grown at a spacing of 50 × 30 cm. Cultivation and plant protection
practices were carried out based on the integrated production methodology for the Chinese cabbage
approved by the Main Inspector of Plant Health and Seed Inspection, based on art. 5 par. 3 pos. 2
of the Act of 18 December 2003 on Plant protection, consolidated text from 2008, no. 133, item 849
as amended. In terms of agricultural treatments, the following were applied: plowing, cultivating,
planting, mechanical application of fertilizers (twice in facilities where conventional fertilizers were
applied, and once in facilities where slow-release fertilizers were applied), as well as mechanical
weeding (once). The harvesting was manual, and irrigation amounted to 80 dm3·m−2 from a deep
water well, 36 m in depth.

Table 1. Selected soil properties at the beginning and at the close of the experiment. Used for
experiments mg·kg−1 and after.

pH in H2O pH in KCl
[%] mg·kg−1

N in Total C Organic N Mineral P K Mg Ca

7.01 6.65 0.16 1.41 56.65 147.8 359.5 199.4 850

Plants were irrigated to optimal water content to eliminate the possibility of water stress affecting
the test results. Before establishing the experiment, the physicochemical and chemical properties of the
soil were analyzed, and the following parameters were determined: pH, granulometric composition,
the content of organic matter, mineral nitrogen and Kiejdahl nitrogen content, as well as the content of
available forms of P, K, Mg and Ca.

Optimization of the agricultural system was based on the use of a multicomponent, slow-release
fertilizer with NPK content (%) 18-05-10 + 4CaO + 2Mg (with a nitrogen release period of two months),
ammonium nitrate (34% N), triple superphosphate (46% P2O5) and 60% potassium salt (60% K2O).
The experiment included seven fertilization levels and a control object (Table 2). The slow-release
fertilizer was applied pointwise to each plant during planting, at a depth of 5–7 cm below the planting
level. All phosphorus and potassium fertilizers were applied before sowing, while ammonium nitrate
was applied in two doses: 60% before planting and 40% after planting. The date of late top dressing
was selected based on the observation of meteorological conditions and monitoring condition of the
plants. The experiment was conducted in four replicates, in randomized blocks.

Table 2. Experiment diagram.

Object
Number

Slow-Release
Fertilizer

Ammonium
Nitrate

Triple
Superphosphate

Potassium
Salt

N P2O5 K2O

kg of fertilizer·ha−1 kg of component·ha−1

control 0 - - - - - -
1 400 - 89 177 72 60 150
2 500 - 76 158 90 60 150
3 600 - 65 140 108 60 150
4 800 - 43 103 144 60 150
5 - 300 130 250 100 60 150
6 - 450 130 250 150 60 150
7 - 600 130 250 200 60 150
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The system boundaries included:

(1) Production of fertilizers and agrochemicals used for growing plants;
(2) The farm’s energy consumption for field work;
(3) Soil emissions (direct and indirect) related to fertilizer use;
(4) Emissions from harvesting residue management and from the mineralization of soil organic matter;
(5) Water consumption for irrigation.

In order to determine the environmental impact of the production of Chinese cabbage in
various technological conditions, the following standards were applied: ISO 14040 “Environmental
management—Life cycle assessment—Principles and framework” and ISO 14044 “Environmental
management—Life cycle assessment—Requirements”.

3. Results

The analysis was carried out according to the recommendations included in the document [24].
Product transport, packaging, agricultural tool wear and marketing were excluded from the research.
The production and transport of seedlings were also excluded from the process due to the lack of data
on this process. The adopted functional unit was 1 tonne of marketable product. The time frame of the
system was one year. The potential for generating the greenhouse effect has been estimated based on
the GHG emission calculated as per carbon dioxide equivalent (CO2).

The input data for calculating the GHG emission value came from seven experimental objects
and a control object where fertilization was not used (Table 2). Fertilization at object no. 7 was
carried out in accordance with the production practices used in the area of testing. The GHG emission
level for nitrogen production in ammonium nitrate was assumed at 7.99 kg CO2·kg−1 N. For triple
superphosphate, this value was set at 0.36 kg CO2·kg−1 P2O5, while for potassium chloride it was
0.56 kg CO2·kg−1 K2O [25]. Based on the data on the composition of the slow-release fertilizer used, its
total carbon footprint was calculated at 8.2 kg CO2·kg−1 N, as per the mass of fertilizer [25]. Emission
factors for harvesting residue were calculated based on the amount of waste generated during cabbage
processing. Based on the results of the experiment, it was estimated that the ratio of marketable to
collateral yield and harvesting residue in the cultivation of Chinese cabbage ranged from 19% to 28%.
The adopted content of carbon fraction in dry matter of harvesting residue was 50%. The actual nitrogen
content in harvesting residue was used for the calculations. The level of harvesting residue distribution
was estimated at 25%. Carbon emissions from harvesting residue were calculated according to the
methodology in the IPCC [26]. The value of nitric oxide emission from harvesting residue was adopted
at 1.25% [27]. The value “N-N2O emissions” was multiplied by 44/28 to convert it into N2O. N2O
emission was used as a CO2 equivalent by multiplying it by the global warming potential of 298 [15].
The adopted soil mineralization rate of organic matter was 2%. The assessment of the life cycle of
Chinese cabbage includes emissions from the burning of fossil fuels used for agricultural procedures.
Based on the data provided by EPA [28], the diesel emission from agricultural tractors was assumed
at 3.864 kg CO2·dm−3 of fuel. Fuel consumption in particular agricultural procedures is presented
in (Table 3). Owing to the small amount of nitrogen oxides and methane emitted the during diesel
combustion in agricultural tractors, this source of GHG was omitted [28]. The amount of greenhouse
gas emissions associated with the use of pesticides was estimated based on the data provided by
Audsley [11] (Table 4). These authors report the total amount of GHG emissions per carbon dioxide
equivalent at 25.5 kg CO2 for 1 kg of active substance of pesticide. The amount of pesticides used in
cabbage cultivation was 1950 g·ha−1 for all objects. For irrigation, deep well water pumped from 36 m
was used using 40% electric pumps. The CO2 emission factor from irrigation was calculated on the
basis of the guidelines given by Wang [29] (Table 4). For the production of 1 kWh of electricity, CO2

emissions were adopted at 0.9245 kg [29]. According to the methodology given by [30] the amount
of nitrogen emitted as a result of mineral fertilization is 1% as direct emission and 0.27% as nitrogen
dispersed in the environment. The amount of nitrogen oxides emitted from mineral fertilizer nitrogen
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was estimated at 0.75% of total nitrogen not used by plants during the growing season [30] (Tables 4
and 5). The N2O to CO2 conversion factor in the context of the greenhouse effect is 292 [15].

Table 3. Energy consumption and greenhouse gas (GHG) emissions associated with agricultural treatments.

Type of Agricultural Treatment
Diesel Use Energy Use CO2 Emission

[dm3] [MJ] [kg]

Ploughing 57.0 2299.0 220.2
Mineral fertilization, one time 5.1 206.9 19.71
Cultivation with an aggregate 30.8 1241.5 119.0

Mechanical planting 154.0 6207.4 595.1
Application of plant protection products, four times 24.8 517.3 95.83

Mechanical weeding, one time 19.2 775.9 74.19
Total 1325.8 53,458.0 1124.0

Irrigation [KWh] 194.7 179.7
Total 1303.7

Table 4. CO2 emissions from fertilizers [CO2 equivalent·ha−1).

Object Number A B C D E F

control 1323.4 353.1a *
2 592 72.29 664.29 48.75 1323.4 384.3a
3 740 64.00 804.00 48.75 1323.4 474.0b
4 888 56.34 944.34 48.75 1323.4 521.1bc
5 1184 40.70 1224.70 48.75 1323.4 563.9c
6 502.3 502.28 48.75 1303.7 412.8a
7 901.8 901.78 48.75 1303.7 476.9b
8 1301.3 1301.28 48.75 1303.7 458.1bc

* Different letters mean statistically significant differences at the significance level p = 0.05.

Table 5. Greenhouse gas (GHG) emissions.

Object Number G H I J K

equivalent of CO2·ha−1 equivalent of CO2·ha−1

control 14.5
1 1.13 0.04 330.4 11.33 18.9
2 1.41 0.30 413.0 87.81 31.5
3 1.70 0.44 495.6 128.02 38.2
4 2.26 0.68 660.8 197.77 44.2
5 1.57 0.64 458.9 187.85 22.9
6 2.36 1.15 688.3 334.51 31.9
7 3.14 1.53 917.7 448.01 29.3

A—CO2 equivalent from the slow-release fertilizer [25]; B—CO2 equivalent from conventional
fertilizers [25]; C—CO2 equivalent from fertilizers in total; D—CO2 equivalent from plant protection
products [11]; E—CO2 emissions from fuel combustion and electricity consumption [29]; F—CO2

emissions from soil and harvesting residue and from the mineralization of organic matter3 [26,27].
G—Direct N2O emission from mineral fertilization [30]; H—Indirect N2 emission related to

mineral fertilization [30]; I—CO2 equivalent from direct N2 emission; J—CO2 equivalent from the
indirect emission of N2 [15]; K—CO2 equivalent from N2 emission from the mineralization of harvesting
residue3 [26,27].

The obtained results were subjected to analysis of variance. The significance of differences in
mean values was determined with the Tukey test (α ≤ 0.05) using the Statistica 13 (TIBCO Software
Inc.) software to statistically process the results.
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The presented work compares the total GHG emissions for various fertilization strategies within
the assessment system adopted at taking inventory of their sources. The results of the calculations
demonstrate a significant differentiation of the total GHG emissions in terms of CO2 equivalent for
the adopted system boundary. The adopted unit of account was 1 tonne of marketable product.
The marketable yield in the non-fertilized object was 15.46 t. Fertilization in the amount of 72 kg
N in the form of slow-release fertilizers and a full dose of phosphorus and potassium caused a
double increase in the marketable yield of plants (Figure 1). When using traditional fertilizers, at
100 kg·ha−1 nitrogen, the marketable yield was approx. 56% higher compared to the unfertilized object.
The maximum yield was obtained in an object fertilized with slow-release fertilizers, at 144 kg N, and
it amounted to 44.02 t of marketable yield·ha−1 [31,32]. Niemiec [31], and Niemiec et al. [32] report a
reduction in celery yield after applying slow-release fertilizers directly under the root. These authors
stated that the reason for the decrease in yielding may be increased salinity of the soil solution directly
under plant root zone. In this experiment, slow-release fertilizers were used below the planting level,
which could limit the negative impact of soil solution salinity, especially at the initial stage of plant
growth. To achieve the yield at the level observed when using 144 kg N in a slow-release fertilizer,
200 kg of nitrogen in conventional fertilizers was required. Due to the relatively low content of mineral
forms of nitrogen in the soil, a strong reaction of plants to mineral fertilization was observed.

Figure 1. Amount of marketable and residual crop.

The experiment results indicate a significant impact of the proposed fertilization strategies on
the development of GHG emissions, both from direct and indirect sources. Total GHG emissions,
given as CO2 equivalent ranged from 78.9 to 120.3 kg CO2·t−1 fresh weight of marketable product
(Figure 2. The lowest value of this parameter was obtained for an object fertilized with slow-release
fertilizers at 108 kg N−1 fresh mass of the marketable product (option 3). For all facilities fertilized
with conventional fertilizers, the emission factor was above 110 kg CO2·t−1 fresh weight of marketable
product. The value of GHG emissions for a nonfertilized object was 111.8 kg CO2·t−1 product. There
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were no statistically significant differences between individual fertilization variants with the use of
the slow-release fertilizer. In relation to the reference object, fertilized in accordance with production
practice, a reduction of GHG emission level of 30% was achieved per functional unit of the product
(Figure 2). From the point of view of environmental efficiency, this is an important technological
achievement. In modern agricultural systems, improving efficiency by up to several percent can be
problematic [33–35].

Figure 2. Total GHG emissions and emissions related to the use of fertilizers.

The share of mineral fertilizers in shaping GHG emissions is presented in Figure 3. In the object
fertilized in accordance with production practice, the amount of GHG emissions associated with
the use of mineral fertilizers and plant protection products was 73 kg of CO2 equivalent·t−1. When
applying slow-release fertilizers, this value was 36.7 kg CO2 equivalent·t−1. The obtained research
results indicate that the level of mineral fertilization efficiency is the most important element related to
the optimization of plant production. This has been confirmed by studies of other authors [14,17,36].
Figure 3 presents the percentage share of individual GHG sources in the total emissions for the adopted
system boundaries. The sources were divided into three groups:

1. Agricultural treatments and irrigation;
2. Production and use of fertilizers;
3. Greenhouse gas emissions from soil result from decomposition of harvesting residue and soil

organic matter.
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Figure 3. Structure of GHG emissions from individual sources [%].

Irrigation and agricultural treatments are another source of agricultural emissions included in the
research. For the production technologies used, the level of GHG emissions associated with energy
consumption was 1303.7 kg CO2·ha−1 (Table 4). In objects fertilized only with conventional fertilizers,
this value was slightly higher, which results from the double application of the fertilizers (Table 4).
According to the technology used, the application of slow-release fertilizers during planting did not
cause additional GHG emissions. Energy consumption for irrigation and agricultural treatments
was constant for all fertilization variants and is not correlated with production effects. However, it
has a significant impact on the level of GHG emissions per unit of account. Very high values of this
coefficient testify to the low efficiency of the use of production potential, while low values indicate
unreasonable fertilization. In the conducted experiment, the share of emissions of GHG from fuel
combustion and electricity consumption ranged from 26.70% to 76.60% (Figure 3). The lowest value of
this parameter was found in a non-fertilized object, while the largest share of GHG emissions from
energy consumption was found in the object fertilized with conventional fertilizers at the highest
dose of 200 kg N·ha−1. In the experimental object fertilized with slow-release fertilizers, at 108 kg
N, the agricultural and irrigation GHG emission rate was 38% (Figure 3). The amount of fertilizer
GHG emissions is largely influenced by the total amount of fertilizers used, both organic and mineral,
as well as the degree of nitrogen utilization by plants. Nitrogen not used by plants is dispersed in the
natural environment and is a source of GHG. In the experiment, in the object where the lowest GHG
emission rate was obtained, the GHG share associated with the use of fertilizers was 46%. Increasing
the nitrogen dose increased the value of this parameter. In an object fertilized with conventional
fertilizers, at 200 kg N, it was observed that over 60% of emitted GHG came from fertilizers and
plant protection products (Figure 3). The factor that most affected the result of the GHG emission
assessment was the unreasonable use of nitrogen from mineral fertilizers. The total nitrogen uptake of
the cultivated Chinese cabbage in an object fertilized according to production practice amounted to
approx. 30% of the nitrogen dose introduced with mineral fertilizers. In the case of an object with
the slow-acting fertilizer at 108 kg·ha−1 this value was more than twice as high. The most important
element in reducing the value of the carbon footprint for the adopted system boundary was the
degree of utilization of nitrogen from mineral fertilizers. The object with the highest level of nitrogen
fertilization was the reference for individual experiment variants. The share of GHG emissions from
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soil organic matter and the distribution of harvesting residue ranged from approx. 10% to over 20%
of total GHG emissions. For individual fertilization variants, this value was slightly different and
resulted from the amount of harvesting residue and its nitrogen content.

4. Discussion

The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
No modifications were made to other agricultural treatments. Fertilization is a very important element
of agricultural production technology. It shapes the size of the crop and the efficiency of using other
means of production, such as plant protection products, water used for irrigation and energy used for
growing and harvesting products. The effectiveness of fertilization ultimately affects the efficiency of
the use of production acreage and the energy efficiency of production. Unreasonable use of fertilizers
results in a decrease in nutrient utilization efficiency. Plant nutrients not absorbed during the growing
season significantly increase the impact of agriculture on GHG emissions. An important source of GHG
is the soil environment. Optimizing the use of nitrogen introduced with fertilizers is one way to reduce
GHG emissions. Liang [37] report that the use of biochar significantly increased the yield and nitrogen
utilization in reed. Reduced losses of fertilizer elements as a result of the addition of biochar were
also reported by Niemiec [38]. These authors stated that the fertilizers supplemented with biocarbon
demonstrate the functional characteristics of slow-release fertilizers. Xiao [39] reported that the use
of slow-release fertilizers in peach cultivation resulted in a reduction of the crop’s impact on GHG
emissions by 25%, while nitrogen emissions from fertilizers decreased by 50%. In turn, [36] report
that the use of fertilizers with slow release of nutrients has allowed the reduction of nitrogen oxides
directly from bamboo crops at approx. 20% to 80%. These values depended primarily on the pattern of
weather conditions. In our own research, in an object optimally fertilized with slow-release fertilizers,
the amount of nitrogen oxides emitted was 45% lower compared to an object fertilized in accordance
with production practice in the area of research. In gaseous form, these elements are emitted from the
soil surface in the form of carbon dioxide, nitrogen oxides and methane. Their amount results from
the intensification of mineralization of organic matter and the level of nitrogen fertilization. Nitrogen
compounds from organic and mineral fertilization are very important from the point of view of shaping
the level of GHG emissions [24–26]. Each experiment was treated as a separate farm, functioning in
a specific environment. Literature reports lots of data related to the calculation of the life cycle for
agriculture in a broader perspective, both spatial and temporal [5,14,29].

The results presented by these authors relate to the general values of the impact of agriculture on
the environment using specific production technologies. Life cycle assessment for strict experiments
carried out is not a commonly used element of the assessment of the environmental impact of
a production technology [39–45]. Vegetation experiments are conducted to optimize production
technology or to assess the actual effectiveness of the use of a factor of production or production
technique. Nowadays, for experiments using new fertilizers, the literature presents results related
primarily to fertilization efficiency, the amount of ingredients dispersed in the environment or the
quality of the crop. Fertilization is one of the factors impacting the level of GHG emissions and should be
considered in a broader context, along with all elements of agricultural treatments. The paper attempts
to scale the methodologies used in calculating GHG emissions for strict vegetation experiments.
The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
Other elements and conditions remained unchanged. This approach allowed estimating the actual
impact of using a fertilizer characterized by a slower release of nutrients. The level of GHG emissions
is now a strategic element of agricultural characteristic and their emission from nitrogen fertilizers is
significant. Agriculture is characterized by a very low level of efficiency in the use of nutrients derived
from fertilizers, both mineral and organic. No modifications were made to other agricultural treatments.
However, introducing modifications related to fertilization technologies is problematic. Reducing
the total amount of elements introduced into the soil environment raises the risk of reducing yields,
which agricultural producers fear [7]. Liang [37] has indicated the high effectiveness of subsidizing
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technological innovations in agricultural production in terms of limiting the negative impact on the
environment [46–54]. Linking subsidies with pro-environmental measures in agriculture can bring
positive effects in reducing GHG emissions.

5. Conclusions

The use of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to
conventional fertilizers. From the environmental and production point of view, the most favorable
variant is the one with 108 kg N·ha−1 slow-release fertilizers. At a higher dose of this element, no
increase in crop yield was observed. Fertilizing Chinese cabbage with slow-release fertilizers at 108 kg
N·ha−1 resulted in a 30% reduction in total GHG emissions per functional unit, compared to fertilization
in accordance with production practice. With slow-release fertilizers, fertilization GHG emissions were
reduced by approx. 50% per functional unit of the produce. Efficiency of fertilizer nitrogen use is an
important element shaping the level of agricultural GHG emissions.

The use of slow-release fertilizers should be promoted in agricultural production, since, if used
rationally, they can reduce GHG emissions and climate change.
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Kapusta-Duch, J. Modeling the Dependency between Extreme Prices of Selected Agricultural Products on
the Derivatives Market Using the Linkage Function. Sustainability 2019, 11, 4144. [CrossRef]
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Przem. Chem. 2020, 99, 581–584. [CrossRef]
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Abstract: This work proposes a comprehensive approach to modifying the design of wood stoves
with a heating power up to 20 kW, including design works, simulations, and experimental research.
The work is carried out in two stages. In the first part, a numerical model is proposed of the fireplace
insert including fluid flow, the chemical combustion reaction, and heat exchange (FLUENT software
is applied to solve the problem). The results of the simulation were compared with the experiment
carried out on the test bench. A comparison of the experimental and numerical results was made for
the temperature distribution along with the concentration of CO, CO2, and O2. Construction changes
were proposed in the second stage, together with numerical simulations whose goal was an increase
in the efficiency of the heating devices. The results obtained show that the average temperature in
the chimney flue, which has a low value that is a determinant of the higher efficiency of the heating
devices, was reduced relative to the initial design of the fireplace intake by 11%–16% in all cases.
The retrofit enhanced stable heat release from the wood stove, which increased the efficiency and
reduced the harmful components of combustion.

Keywords: CFD; combustion simulation; stove; thermal measurements

1. Introduction

Renewable energy sources are an interesting alternative to fossil fuels, but their ecological effect is
determined by the technology involved in their use in the production of heat or electricity. Resources
of renewable energy sources, including biofuels, remain the subject of numerous analyses and scientific
research works in many countries [1,2]. The combustion of wood remains one of the most popular
sources of renewable energy in domestic appliances. Increasing environmental pollution and growing
public awareness are among the main reasons for interest in renewable energy sources and the
increase in scientists’ efforts in the well-known energy conversion process. Burning biomass does
not contribute to the greenhouse effect because burning wood releases the same amount of carbon
dioxide into the atmosphere as plants absorb. The use of hearth-type fireplace inserts with manual
fuel loading causes a high risk, and installations designed in accordance with the requirements of the
relevant standards (given in the European document—Ecodesign) may not meet the environmental
requirements. Tightening the environmental standards contributes to continuous work aimed at
improving the performance of all devices admitted to trading in the EU. The requirements of the
Ecodesign standard for fireplace inserts mainly relate to the value of CO and NOx emissions and
conducting the combustion process with high energy efficiency, as the high efficiency is strictly
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connected with low-emission combustion processes. Fireplace inserts are characterized by their
simplicity of construction. Nevertheless, intensive research work in various areas connected with
fireplaces has been observed.

Fireplaces are considered one of the parts of a micro energy system (MES), wherein multicriteria
optimization is often utilized for the best management, i.e., the best environmental sustainability and
lowest carbon emissions [3]. The fireplace as a source of heat can be included as an option when
there is uncertainty about the MES, which is sometimes caused due to photovoltaic and wind power.
Multicriteria optimization in the case of the bioeconomy is considered to support decision-making on
residential heating alternatives. Taking into consideration the growth of the wood market, traditional
log fireplaces are being replaced by pellets and wood stoves [4]. This article presents the fireplace as
a heat source with an influence on the environment that is similar to the influence of wood stoves.

Research works have been carried out by both enterprises and research centers [5]. Some of
the works are related to the modification of refractory materials used for the lining of combustion
chambers, or the construction of external fireplace inserts [6]. The simplicity of design does not
exclude work related to new air distribution solutions in the combustion chamber, which is crucial
for ensuring minimum CO emissions [7]. The specificity of the product (fireplace inserts), as well as
the increasingly popular design of fireplace inserts for individual consumer requirements, results in
the need for continuous design work and rapid prototyping of new construction solutions. Detailed
rules for the admission into the market of new constructions are defined by national and European
standards. Numerical modeling is becoming an important element of the time limitation in the design
of new constructions adhering to the tightened environmental standards. The process of numerical
modeling of combustion processes and heat exchange in heating installations with manual fuel loading
solves a number of problems related to the work cycle and the lack of automation of the process itself.
The authors of [8–10] suggest a different method of numerical calculation for fireplaces up to 20 kW.
Some authors [9] proposed only calculating the flow with the heat exchange where the wood logs
are treated as a source of gas and heat, arguing that heat transfer is key to the final efficiency of the
heating device. Utilizing only gas reactions in the fireplace is considered in [10]. This simplification
can be correct with the assumption that the wood consists of 70–80% volatile parts. The authors of [8]
proposed a more advanced simulation method of burning processes, considering solid and volatile
components as well as the moisture naturally occurring in the wood.

The development of new construction solutions requires the use of both numerical models for fast
prototyping and experimental research, which for this class of heating constructions should not be
complicated or expensive. The research covered experimental and computational activities and the
objective was to determine possible design improvements of a wood-open fireplace to minimize the
total environmental impact. Two models of fireplaces with the same power will be introduced, with
a difference in geometry.

2. Calculations and Experimental Research

The work was carried out in two stages. In the first part, a numerical model was proposed
along with experimental tests of the fireplace insert, Case 0 (Figure 1), placed on the testing bench.
The purpose of this stage was a preparation of a numerical tool to understand the physical-chemical
process. A numerical model was prepared for a fireplace insert with manual fuel loading and a lockable
furnace door with dimensions of 930 × 630 × 490 mm (Figure 1). Numerical simulations of the fluid
flow, chemical combustion reaction, and heat exchange were performed by means of Fluent software
of the Ansys INC (version 16.2) [11]. According to the construction data, the nominal power is 12 kW
with a thermal efficiency of 70%. The outer casing was made of high-quality steel, the lining of the
combustion chamber was chamotte, and the deflector was made of vermiculite. A numerical simulation
was designed for the proposed fireplace insert to reflect the real operating conditions of the installation.
From the simplified geometry of the fireplace insert, a solid was extracted as the computational domain
and four cuboidal elements were added, being a model of wood logs (Figure 1b). For the prepared
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geometry, a tetrahedral numerical grid was prepared with a size of approx. 4 million elements.
According to [5,8,10], for modeling combustion processes, the Finite-Rate/Eddy-Dissipation model [11]
was used with the system of Equations (1)–(6): a two-variant turbulence model k–ε, where k is the
turbulence kinetic energy, and ε is the dissipation rate [11], and radiation model DO [11]. A deciduous
wood, hornbeam, was assumed as the fuel both during the experiment and in the simulation. Its
composition is given in Table 1. In order to mimic the wood log in the model, it was assumed that it
consists of the following:

• The outer part: this is the source of gas corresponding to the part of the volatile component of the
wood. Volumetric reactions are represented by Equations (1) and (2):

C1.09 H2.1 O0.91 + 0.617·O2 → 1.097·CO + 1.054·H2O (1)

CO + 0.5·O2 → CO2. (2)

• The inner part corresponds to the part of the solid component of the wood, on the surface of
which the reactions described by Equations (3)–(6) take place:

C(s) + 0.5·O2 → CO (3)

C(s) + CO2 → 2CO (4)

C(s) + H2 O→ H2 + CO (5)

H2 + 0.5O2 → H2O. (6)

The stoichiometric coefficients for modeling the homogenous reaction (Equation (1)) have been
calculated using a mass balance to each of the volatile element species, i.e., C, O, and H. Data on the
assumed burning time, as well as the amount of wood (with the composition given in Table 1), were
determined according to the experiment prepared earlier. When defining the model, the following
were assumed: the vacuum at the outlet to the chimney was equal to −10 Pa; the fuel weight during the
66 min of the burning cycle was 3.92 kg, and the value of the throttle opening was 50%. The fuel mass
assumed in the model was divided into 3960 s, which corresponds to 66 min of combustion in real
conditions. An experiment was carried out following the norm [12] that determines that measurements
should be taken throughout the entire burning process. The measurement was made on a laboratory
test bench equipped with the following:

1. a flue gas analyzer recording the negative pressure, temperature, and flue gas composition (CO,
CO2, and O2) in the chimney at a set distance from the outlet from the fireplace insert (Figures 2
and 3a);

2. a thermal camera registering the temperature on the surface of the walls and on the glass of the
fireplace insert (Figure 3b); and,

3. a set of thermocouples recording temperature at the walls in the furnace chamber (Figures 3a and 4).
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Table 1. Basic properties of wood.

Item Value

Proximate analysis (wt %)

Moisture 13.00
Volatile matter 73.08
Fixed carbon 13.92

Ultimate analysis (wt %) DAF

Carbon 52.91
Hydrogen 5.95

Oxygen 41.14

  
(a) (b)  

Figure 1. (a) View of the fireplace insert; (b) wood model (Case 0) [13].

 
Figure 2. The facility of the testing bench: 1 fireplace insert with thermocouples, 2, 4 data acquisition
units, 3 a vertical smoke conduit with mounted measuring section, 5 thermal camera, 6 electronic scale.

   
(a) (b)  (c) 

Figure 3. Testing bench facility, experiment: (a) fireplace with mounted thermocouples, (b) the view
from the thermal imaging camera, (c) burning process [13].
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Figure 4. Diagram of three thermocouples’ placement in the fireplace insert chosen for the comparative
study (Case 0).

The next stage of the work was the introduction of structural changes leading to the higher
efficiency of the device. For this purpose, a second numerical model was prepared covering the
structural changes. It was assumed that the structural changes should be directed at increasing the
heat exchange surface with the environment. Based on the measurement results of exhaust emissions,
temperature, and simulation results obtained at the stage of preparation of the numerical model
(Case 0), we decided to analyze several design options. The first of these (Case 1) consisted of extending
the flue (Figure 5a), whose task was to extend the exhaust gas path and create an additional surface
ensuring heat exchange with the environment. The second one (Case 2) assumed the addition of
through channels (Figure 5b), whose purpose was to increase the heat exchange surface and disconnect
the channels supplying additional air on the rear wall of the fireplace insert to simplify the design.
The third (Case 3) assumed leaving the extended flue with through channels and leaving the channels
supplying additional air on the rear wall of the fireplace insert (Figure 5c).

The chimney loss remains crucial in the final balance of thermal efficiency of the fireplace insert [12],
expressed according to Equation (7):

η = 100 − (qa + qb), (7)

where qa is the relative flue gas loss and qb is the relative loss of incomplete combustion.
Relative flue gas loss is directly proportional to the flue gas temperature in the chimney [12],

which is why, in the analysis of fireplace insert design modification, it was decided to minimize the
flue gas temperature in the chimney while maintaining CO emissions at the same level with the same
fuel expenditure. The calculations were carried out using the numerical modeling technique from the
first stage of the work (Case 0). The fuel output, vacuum in the chimney flue, and other boundary
conditions were the same as in the first model (Case 0).
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Figure 5. Three designs for a modified fireplace insert construction (Cases 1, 2, and 3) with marked
structural elements that have been modified.

3. Simulation and Results

The degree of the simplification of the numerical model required conducting a parallel experiment
at the laboratory stand for the first numerical model of the fireplace (Case 0). Two sets of data were
analyzed, i.e., the composition of exhaust in the chimney, as well as the temperature values indicated
by the thermocouples (Figures 6–8). Analyzing the results for the full work cycle of the fireplace insert,
i.e., 66 min, it can be seen that, 15 min after the fireplace starts burning, there is a period between
15 and 45 min in which the operating conditions of the heating system are stabilized. The heating
system reaches the highest flue gas temperature at the 45th min, after which the burning-off stage
begins until the available fuel is consumed. Therefore, data from the numerical model (Case 0) were
referred to for the period of stable operation (between 15 and 45 min). Table 2 presents the results of
measurements and simulations in the chimney (Case 0). These are the results for the outlet plane to the
chimney. In addition, the temperature values for three thermocouples, located as depicted in Figure 4,
were compared (Figure 9). It is worth noting that the individual values are at a similar level and are
subject to differences of several percentage points. Such differences may be acceptable considering
the model simplifications that were made and the complex nature of the phenomena occurring in the
said installation. The next stage of the work was to introduce construction changes leading to higher
device efficiency. Based on the measurements taken and the results of simulations obtained at the stage
of preparing the numerical model, a structural variant involving a change in the flue geometry was
analyzed. Our task was to extend the route of the flue gas and create an additional surface to ensure
the exchange of heat with the surroundings by swirling the exhaust stream.
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Figure 6. Vacuum in the combustion chamber and exhaust gas temperature during the full combustion
cycle (Case 0).

Figure 7. The concentration of O2 and CO in the exhaust gas during the full combustion cycle (Case 0).

Figure 8. Change in temperature as a function of time for the three thermocouples (1, 2, and 3) shown
in Figure 4, which register the exhaust gas temperature flowing around the deflector (Case 0).
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Table 2. Measurement and simulation data acquired in the chimney.

Item
Experiment (Case 0)

Minimum Value
Experiment (Case 0)

Maximum Value
Simulation (Case 0)

Temperature, ◦C 348 416 447
Mole ratio O2, % 11.61 12.69 11.1

Mole ratio, CO2, % 8.1 8.87 8.47
Mole ratio, CO, % 0.1 0.12 0.05

Vacuum, Pa 9.9 11.63 10

Figure 9. Temperature values (◦C) comparison of the three thermocouples obtained from measurement
and simulation (Case 0).

Figures 10–12 present the distribution of gas molecules along the temperature scale, as well as
the predicted CO and O2 concentrations in selected areas of the fireplace insert. The gas molecules
in Figure 10a (Case 0) confirm the vertical flame propagation that could be observed during a bench
experiment (Figure 3c). In the modified constructions, the redesigned flue gas chamber facilitates
elongation of the exhaust gas path in the temperature zone, ensuring the combustion of the remaining
combustible gases in the exhaust gas and minimal CO emission to the chimney. The obtained swirling
of exhaust causes intense heat exchange with the environment and thus a reduction in the temperature
of the flues in the chimney, which is directly related to the improvement of the efficiency of the
modified fireplace insert. In both cases (Case 1 and Case 3), it should be emphasized that the holes
in the back wall of the focal chamber fulfill their role of eliminating zones with a high concentration
of CO. This treatment is necessary because the furnace chamber is characterized by large changes
in temperature and the resulting lower temperature zone and high CO concentration can affect the
emission standards obtained in the chimney. A comparison of the temperature in the chimney flue for
all three variants of the modified structure (Figure 13) indicates that the most advantageous solution is
the last design (Case 3). Figure 14 shows the final proposal for the fireplace insert (Case 3), together
with a visualization of the swirl of exhaust gases that intensifies heat exchange with the environment
heating installation. The recommended structural changes contribute to improving the efficiency of
the final heating device.
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(a) (b) (c) (d) 

Figure 10. Path of the gas molecules and change of the temperature (◦C) in the fireplace insert
combustion chamber for: (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.

   
(a) (b) (c) (d) 

Figure 11. Concentration of CO (mole fraction) for (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.

Figure 12. Concentration of O2 (mole fraction) for (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.
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(a) (b) 

Figure 13. Comparison for the analysis structural variants of the fireplace insert (in the outlet plane of
the fireplace for (a) temperatures; (b) O2 and CO2 emissions.

Figure 14. Gas particle paths in the fireplace (Case 3)—temperature scale (◦C).

4. Conclusions

The need to implement many models of heating installations up to 20 kW with similar parameters
under systematically tightened environmental standards means that numerical modeling of combustion
processes and heat exchange is becoming an interesting method of rapid prototyping. The proposed
computational technique, despite the introduction of model simplifications, allows for obtaining
numerical data to lead to new construction designs within a few hours with the assumption of
a numerical grid of 3–4 million elements. The obtained results show that the average temperature in
the chimney flue was reduced relative to Case 0 by 11%–16% in all cases. Comparing the modified
construction (Case 3) and the initial variant (Case 0), the design changes in the final design were
recommended. The redesign of the smoke conduit to increase the heat exchange surface and flue gas
turbulence, as well as modification of the air supply ducts to the rear wall of the combustion chamber,
contributed to the lowering of the flue gas temperature, and thus the reduction of the chimney losses
of the installation. Transient CFD simulations of log-fired stoves can be part of further research.

Author Contributions: P.M. was responsible for the preparation of the numerical burning process, numerical
models, the conduction of the simulation, and a summary of the research. M.W. was responsible for the
measurement methodology, the preparation of the testing equipment demands, and the analysis of the data. J.B.
was responsible for supervision of the testing laboratory and the coordination of the tests. B.P. was responsible
for conducting the measurements, the preparation of measuring equipment, and the preparation of the CAD
model for the Case 0 simulation. R.K. was responsible for the preparation of the testing bench according to the
codes, and the preparation and conducting of the thermal measurements. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Centre for Research and Development, Poland, grant number
POIG.01.04.00-14-351/13.

224



Energies 2020, 13, 1028

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lazaroiu, G.; Mihaescu, L.; Pisa, I.; Negreanu, G.P.; Berbece, V. The role of agricultural biomass in the
production of ecological energy in Romania. In Proceedings of the International Multidisciplinary Scientific
Geoconference, Albena, Bulgaria, 30 June–9 July 2018; Volume 18, pp. 721–726.

2. Lazaroiu, G.; Mihaescu, L.; Negreanu, G.; Pana, C.; Pisa, I.; Cernat, A.; Ciupageanu, D.A. Experimental
investigations of innovative biomass energy harnessing solutions. Energies 2018, 11, 3469. [CrossRef]

3. Xing, T.; Lin, H.; Tan, Z.; Ju, L. Coordinated Energy Management for Micro Energy Systems Considering
Carbon Emissions Using Multi-Objective Optimization. Energies 2019, 12, 4414. [CrossRef]

4. Martín-Gamboa, M.; Dias, L.C.; Quinteiro, P.; Freire, F.; Arroja, L.; Dias, A.C. Multi-Criteria and Life Cycle
Assessment of Wood-Based Bioenergy Alternatives for Residential Heating: A Sustainability Analysis.
Energies 2019, 12, 4391. [CrossRef]

5. Menghini, D.; Marra, F.S.; Allouis, C.; Beretta, F. Effect of excess air on the optimization of heating appliances
for biomass combustion. Exp. Therm. Fluid Sci. 2008, 32, 1371–1380. [CrossRef]

6. Sornek, K.; Filipowicz, M.; Rzepka, K. Study of clean combustion of wood in a stove-fireplace with
accumulation. J. Energy Inst. 2017, 90, 613–623. [CrossRef]

7. Carvalho, R.L.; Vicente, E.D.; Tarelho, L.A.C.; Jensen, O.M. Wood stove combustion air retrofits: A low cost
way to increase energy savings in dwellings. Energy Build. 2018, 164, 140–152. [CrossRef]

8. Scharler, R.; Benesch, C.; Neudeck, A.; Obernberger, I. CFD based design and optimisation of wood log fired
stoves. In Proceedings of the 17th European Biomass Conference and Exhibition, From Research to Industry
and Markets, Hamburg, Germany, 29 June–3 July 2009; p. 7.

9. Menghini, D.; Marchione, T.; Martino, G.; Marra, F.S.; Allouis, C. Numerical and experimental investigations
to lower environmental impact of an open fireplace. Exp. Therm. Fluid Sci. 2007, 31, 477–482. [CrossRef]

10. Bugge, M.; Skreiberg, Ø.; Haugen, N.E.L.; Carlsson, P.; Seljeskog, M. Predicting NOx Emissions from Wood
Stoves using Detailed Chemistry and Computational Fluid Dynamics. Energy Procedia 2015, 75, 1740–1745.
[CrossRef]

11. Ansys Fluent Theory Guide Release 16.2. Available online: http://www.pmt.usp.br/ACADEMIC/martoran/
NotasModelosGrad/ANSYS%20Fluent%20Theory%20Guide%2015.pdf (accessed on 24 February 2020).

12. The Standard EN 13229:2001/A1:2003/A2:2004/AC:2007 Inset Application Including Open Fires Fired by
Solid fuels—Requirements and Test Methods. Available online: https://standards.cen.eu/dyn/www/f?p=204:
110:0::::FSP_PROJECT,FSP_ORG_ID:20787,6276&cs=18A8C4C833F81E864263EB7558C3F6684 (accessed on
24 February 2020).

13. Motyl, P.; Wikło, M.; Olejarczyk, K.; Kołodziejczyk, K.; Kalbarczyk Rafałand Piechnik, B.; Bukalska, J.
Numerical Analysis of the Combustion Process in the Wood Stove. In Renewable Energy Sources: Engineering,
Technology, Innovation; Wróbel, M., Jewiarz, M., Andrzej, S., Eds.; Springer International Publishing: Cham,
Switzerland, 2020; pp. 229–237.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

225





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Energies Editorial Office
E-mail: energies@mdpi.com

www.mdpi.com/journal/energies





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03943-423-7 


	Blank Page



