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Abstract: The topic raised in this paper concerns an important aspect regarding the possibilities
of the combustion and co-combustion of biomass substrates (energetic willow/sewage sludge),
in light of the renewable energy source (RES) regulations, with fuel from waste defined here as
RDF. Particular interest in these fuels and their mixtures results from a search by the thermal power
engineering sector for fuels whose combustion will be associated with benefits, e.g., the acquisition
of energy origin licenses, availability and lower cost of obtaining fuel (RDF), as well as moderate
investment contributions using the existing base of coal grate boilers. This article indicates the possible
variants of the combustion and co-combustion of the abovementioned fuels, referring to the use
of technical and technological capabilities of coal grate furnaces. It was possible by comparing
the mechanical and thermal load of grates, as well as so-called indicators for the quantitative
assessment of combustion (i.e., ignition rate and mass loss rate). The result of the combustion
of the fuel as above in a laboratory-scale furnace (samples weighing up to 1 kg), as well as their
thermogravimetric analysis, indicates a great similarity of the mass loss curve, temperature profiles
and combustion phases, as well as indicators of a quantitative assessment in the process of biomass
and RDF oxidation. The obtained results of the mechanical and thermal load capacity of the grates
constitute the basis for further analyses of fuel conversion, without the risk of thermal and/or
mechanical grate overload. Relying on the research of the indicators for the quantitative assessment
of combustion, it was found that the combustion process of the tested fuels could be carried out while
maintaining the quality of burning the fuel layer. Based on the conducted research, it can be assumed
that it is possible to replace coal fuels with biomass, RDF fuel, sewage sludge using coal furnaces for
their combustion, which means a hybrid nature of the furnace due to the type of fuel.

Keywords: thermal power engineering; renewable fuels; waste; grate boilers; Van Krevelen
systematics; physicochemical properties; TG-DTG analysis; quantitative evaluation indicators

1. Introduction

The Council of Europe emphasizes that climate and energy policy should strive to maintain a
balance between the objectives of sustainable development policy, energy security, and competitiveness
and recognize the important role of renewable energy sources (RESs) in a sustainable and competitive
energy system. The European Commission in the RED directive introduces the need to confirm
the fulfillment of sustainability criteria for solid biomass for energy [1–3]. Taking into account the above
criteria, an important aspect of the study is the possibility of the combustion and co-combustion of
biomass substrates (energetic willow/sewage sludge) and sustainable waste management, which was
assessed [4–10]. The regarded issues also are in line with the idea of CE (circular economy), which is
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based on resource recovery and the rational usage of nonrenewable resources [11–13]. The substrates
are in light of the RES regulations [14], with fuel from waste, defined here as RDF. Particular interest in
these fuels and their mixtures results from a search by the thermal power engineering sector for fuels
whose combustion will be associated with benefits, e.g., the acquisition of energy origin licenses [15],
availability and lower cost of obtaining fuel (RDF), as well as moderate investment contribution (in
the case of RDF combustion, the conditions [16] must additionally be met) using the existing base of
coal grate boilers [16]. This article indicates possible variants of the combustion and co-combustion
of the abovementioned fuels, referring to the use of technical and technological capabilities of coal
grate furnaces [17–20]. The article is an attempt to articulate the possibility of using existing coal grate
furnaces, used mainly in thermal power engineering, for the combustion of biomass and RDF fuels
with different physicochemical characteristics (e.g., bulk density, calorific value) than coal. According
to the authors, it is possible to demonstrate a possible similarity while maintaining the operational
and construction features of coal furnaces without their radical modernization. This can be achieved by
using mixtures of the abovementioned ecological fuels with similar values, e.g., thermal and mechanical
loads on grates, as well as indicators for the quantitative assessment of combustion (i.e., ignition rate
and mass loss rate) as in the case of coal. This gives a signpost for thermal power engineering to
consider using new alternative and renewable fuels.

In domestic and world literature, we observe a great interest from the scientific and business worlds
in researching the possibilities of replacing coal with alternative and renewable fuels. The works [21,22]
describe the combustion process of various sample beds in small laboratory reactors by conducting
temperature measurements and visual observations. This resulted in an estimation of the ignition of
the front propagation velocity in the investigated solid beds, which is of general importance in the design
of grate furnaces. The dynamics of combustion in these works are discussed in terms of the physical
properties of the bed, such as bulk density and porosity, etc., and we also see additional interest of
the authors, e.g., in [23,24], in the phenomenon of fuel mixtures’ explosion and the observation of
the flame front in these processes. However, it is clearly visible, also in these works, that the data
from the experiment are not related to the parameters of the boiler grate furnace on a technical scale.
This connection is more visible in the works [19,20]. The indicators of the quantitative assessment of
combustion used in this study, as well as the analysis of mechanical and thermal loads on the grates in
both scales, are an attempt to approximate the results of the experiment on a laboratory scale with
the possibility of their direct use and analysis for use in optimizing the work of a grate furnace on an
industrial scale.

The result of the combustion of the fuel as above in a laboratory-scale furnace (samples weighing
up to 1 kg), as well as their thermogravimetric analysis, indicates a great similarity of the mass loss
curve, temperature profiles and combustion phases, as well as indicators of quantitative assessment in
the process of biomass and RDF oxidation. Therefore, it is possible to replace these fuels alternately in
the combustion process on the grate, which creates a feature of hybridity in the furnace due to the type
of fuel.

2. Materials

• The following renewable fuels were tested to show the similarity of combustion parameters:
• energetic willow—originated from typical energy crops, the grain size of energetic willow is below

20 mm;
• sewage sludge—originated from a mechanical–biological municipal sewage treatment plant,

the tested sludge was biologically stabilized as a result of fermentation, dehydrated on belt presses,
subjected to hygienization with burnt lime, and the grain size of sewage sludge was below 5 mm;

• RDF fuel—originated from an enterprise specializing in the reception and management of waste,
fuel obtained from processing municipal waste (composition: paper 10%, plastics 80% and textiles
10%), grain size of RDF fuel below 40 mm;

• mixture—energetic willow (80% mass content) and RDF fuel (20% mass content);
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• mixture—sewage sludge (75% mass content) and RDF fuel (mass content 25%).

Before proceeding the basic tests, a number of preliminary tests were performed. The goal of
the analysis was to determine specific fuel properties, such as moisture, ash content, content of volatile
components, calorific value and elemental composition (C, H, O, N, S, Cl). The characteristics of
the physicochemical properties of the tested samples are presented in Table 1. For comparative purposes,
the table shows the average coal composition [25–27]. Analyses were made with the application
of the relevant standards: PN-ISO 579:2002 standard coke from hard coal—determination of
total moisture content; PN-EN 15403:2011 solid secondary fuels—determination of ash content;
PN-G-04516:1998 solid fuels—determination of volatile matter content; PN-ISO 1928:2002 solid
fuels—determination of combustion heat in a calorimetric bomb and calculation of calorific value;
PN-G-04523:1992 solid fuels—determination of nitrogen content by the Kjeldahl method; PN-ISO
334:1997 solid fuels—determination of total sulfur (Eschka’s method); PN-EN-15407:2011 solid
secondary fuels—methods for the determination of carbon (C), hydrogen (W) and nitrogen (N)
content; PN-ISO 587:2000 solid fuels—determination of the chlorine content using the Eschka mixture.
The analyses were carried out with a minimum of three replicates.

Table 1. Physicochemical properties of samples.

Parameter Energetic
Willow

Sewage
Sludge

RDF
Fuel

Energetic Willow
80% + RDF 20%

Sewage Sludge
75% + RDF 25%

Hard Coal
[25–27]

Total moisture, % mass 7.11 ± 0.04 79.58 ± 0.07 26.23 ± 0.06 10.93 ± 0.04 66.24 ± 0.07 19
Combustible fraction, % dry mass 98.87 ± 0.16 61.85 ± 0.04 87.93 ± 0.28 96.68 ± 0.19 68.37 ± 0.1 90–95

Ash, % dry mass 1.13 ± 0.16 38.15 ± 0.04 12.07 ± 0.28 3.32 ± 0.19 31.61 ± 0.1 5–10
Volatile fraction, % dry mass 81.98 ± 0.02 52.6 ± 0.43 85.65 ± 0.65 82.71 ± 0.15 60.86 ± 0.48 18.49

High Heating Value, kJ/kg 19,414.86 ± 2 2856.55 ± 30 19,719.99 ± 24 19,475.89 ± 6 7072.41 ± 28 21–32
High Heating Value, kJ/kgdry mass 20,900.92 ± 2 13,989.37± 30 26,731.73 ± 24 22,067.08 ± 6 1714.96 ± 28 n.d.
Low Heating Value, kJ/kgdry mass 19,352.30 ± 2 13,123.12± 30 24,840.97 ± 24 20,450.03 ± 6 16,052.58 ± 28 22

Carbon, % dry mass 53.38 ± 0.05 30.38 ± 0.04 56.44 ± 0.06 53.99 ± 0.05 36.90 ± 0.05 87.52
Hydrogen, % dry mass 6.88 ± 0.05 3.85 ± 0.04 8.4 ± 0.06 7.18 ± 0.05 4.99 ± 0.05 4.26

Oxygen, % dry mass 37.04 ± 0.04 21.15 ± 0.06 20.37 ± 0.05 33.70 ± 0.05 20.96 ± 0.06 1.55
Nitrogen, % dry mass 1.24 ± 0.09 4.86 ± 0.16 1.53 ± 0.07 1.30 ± 0.09 4.03 ± 0.14 1.25
Sulphur, % dry mass 0.24 ± 0.02 1.47 ± 0.02 0.84 ± 0.07 0.36 ± 0.03 1.31 ± 0.03 0.3–1.5
Chloride, % dry mass 0.09 ± 0.01 0.14 ± 0.02 0.35 ± 0.01 0.14 ± 0.01 0.19 ± 0.02 0.04–0.4

Among the fuels tested, sewage sludge is characterized by a high moisture content of 79.58%
and high ash content of 38.15%. Energetic willow, on the other hand, is characterized by a low moisture
content of 7.11% and low ash content of 1.13%. The calorific value of dry fuels was the lowest for
sewage sludge (13,123 kJ/kg dry mass) and the highest for RDF fuel (24,840 kJ/kg dry mass). The tested
fuels are characterized by a low chlorine content below 0.35%. Sulfur content above 1% was found
for sewage sludge and sludge–RDF mixture fuel. Increased nitrogen content was also observed for
sewage sludge at the level of 4.86% and mixtures based on it 4.03%. The obtained results are confirmed
in a literature study [28–31].

3. Methods of Testing the Similarity of the Combustion Process

3.1. Diagram of Van Krevelen

Van Krevelen [32] presented classic fuels in a flat coordinate system, where the O/C atomic quotients
were given on the abscissa x, and on the ordinates y = H/C (excluding N, S, P and microelements).
Assuming carbon tetravalinity, the maximum ordinate value was 4 and the abscissa x = O/C ≤ 2.
Meunieur [33] modified the Van Krevelen diagram by adopting the summary chemical formula CHyOx
for these fuels (x, y-coordinates from the diagram). A modification of Meunieur gave a better picture
of the chemical structure than the mass percentage of the elements C, H and O.

For selected renewable fuels, the image in the Van Krevelen systematics was determined. The goal
was to demonstrate similarity as fuels by knowing the place of these fuels on the diagram and their
energy suitability for conventional fuels.
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To determine the fuel location on the Van Krevelen diagram, it was necessary to calculate the atomic
quotients x and y for the dry organic matter of fuels excluding sulfur and phosphorus in accordance
with condition (1) [34,35]:

C + N + O + H = 100% (1)

where:
C, N, O, H—content of elements in the sample in % by weight.

3.2. Thermogravimetric Analysis

A TG ((Thermogravimetry) and DTG (Derivative Thermogravimetric) analysis of samples marked
“biomass (energetic willow), sewage sludge, RDF” were carried out using the Netzsch STA 409 PG
Luxx thermogravimetric analyzer on a TG carrier coupled with a QMS Aeolos quadrupole mass
spectrometer [36].

The tests were carried out in the atmosphere of argon (purity class 5.0, flow 25 mL/min)
and synthetic air composed of 80% nitrogen and 20% oxygen (purity class 5.0, flow 50 mL/min),
from 40 to 1000 ◦C, with a heating rate 5 K/min [36]. The choice of this heating rate resulted mainly
from the need for a more precise identification of the fuel combustion kinetics on the TG and DTG
graphs. The data for the heating rate of 20 K/min also do not bring radical changes to the course
of the curves as above (the change applies only to the shorter duration of the weight loss course)
The weight of the samples was 10 ± 0.1 mg.

The biomass sample was ground in a scissor mill to a grain size of less than 0.2 mm. The sewage
sludge sample was ground in an agate mortar and passed through a 0.2 mm sieve. The RDF sample
was ground in a cryogenic mill to a grain size of less than 0.2 mm. The tests were performed in
crucibles of Al2O3 without a lid. The measurement was corrected by means of corrective measurements
(measurement without sample). Corrective measurements were performed twice [36].

3.3. Indicators for the Quantitative Assessment of the Combustion Process

Five indicators for the quantitative assessment of combustion were defined and tested, i.e., reaction
front rate, ignition rate, mass loss rate, thermal and mechanical load of grate.

A laboratory stand was used to determine the above indicators. An integral part of the stand is an
electric chamber furnace, type FCF 30 RP, with a power of 5 kW, Figure 1. Apart from the furnace,
the stand is equipped with a fan with combustion air supply ducts, and a chimney to remove exhaust
gases. The main element of the furnace is the crucible for waste, the construction of which is shown
in Figure 2. The crucible has been adapted to the combustion of a waste layer with a maximum
height of 300 mm. The crucible has temperature sensors built up along its height, placed at distances:
50/150/250 mm from the grate surface, respectively. The stand was additionally equipped with a
weighbridge that continuously controls the weight loss of incinerated waste.

The study determined the similarity of the combustion process of the biomass and solid
waste fuel–RDF layer with a height of 300 mm by, in particular, measuring the temperature inside
the incinerated waste layer (temperature sensors were placed in the axis of the fuel layer) at three heights
of 50/150/250 mm and weight loss. The tests were carried out at 850 ◦C, as this temperature range is
suggested in [16]. Efforts were made to ensure that the amount of air supplied for the combustion
of samples was at a similar level—the excess air ratio λ was in the range of 2–3.5. The process time
at the laboratory stand was determined and corrected as a result of several test repetitions for given
samples until a satisfactory—similar for all samples—average air excess coefficient was obtained.
All tested quantities were measured with a sampling frequency of 60 s. The analyses were carried out
with a minimum of three replicates.



Sustainability 2020, 12, 7894 5 of 14

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 16 

the stand is equipped with a fan with combustion air supply ducts, and a chimney to remove exhaust 
gases. The main element of the furnace is the crucible for waste, the construction of which is shown 
in Figure 2. The crucible has been adapted to the combustion of a waste layer with a maximum height 
of 300 mm. The crucible has temperature sensors built up along its height, placed at distances: 
50/150/250 mm from the grate surface, respectively. The stand was additionally equipped with a 
weighbridge that continuously controls the weight loss of incinerated waste. 

 
Figure 1. Schematic of the laboratory stand for the assessment of the fuel combustion process [37,38]. 

 
Figure 2. The grate-crucible for waste combustion with measuring equipment (made by Kajda-
Szcześniak). 

The study determined the similarity of the combustion process of the biomass and solid waste 
fuel–RDF layer with a height of 300 mm by, in particular, measuring the temperature inside the 
incinerated waste layer (temperature sensors were placed in the axis of the fuel layer) at three heights 
of 50/150/250 mm and weight loss. The tests were carried out at 850 °C, as this temperature range is 
suggested in [16]. Efforts were made to ensure that the amount of air supplied for the combustion of 
samples was at a similar level—the excess air ratio λ was in the range of 2–3.5. The process time at 
the laboratory stand was determined and corrected as a result of several test repetitions for given 
samples until a satisfactory—similar for all samples—average air excess coefficient was obtained. All 

Figure 1. Schematic of the laboratory stand for the assessment of the fuel combustion process [37,38].

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 16 

the stand is equipped with a fan with combustion air supply ducts, and a chimney to remove exhaust 
gases. The main element of the furnace is the crucible for waste, the construction of which is shown 
in Figure 2. The crucible has been adapted to the combustion of a waste layer with a maximum height 
of 300 mm. The crucible has temperature sensors built up along its height, placed at distances: 
50/150/250 mm from the grate surface, respectively. The stand was additionally equipped with a 
weighbridge that continuously controls the weight loss of incinerated waste. 

 
Figure 1. Schematic of the laboratory stand for the assessment of the fuel combustion process [37,38]. 

 
Figure 2. The grate-crucible for waste combustion with measuring equipment (made by Kajda-
Szcześniak). 

The study determined the similarity of the combustion process of the biomass and solid waste 
fuel–RDF layer with a height of 300 mm by, in particular, measuring the temperature inside the 
incinerated waste layer (temperature sensors were placed in the axis of the fuel layer) at three heights 
of 50/150/250 mm and weight loss. The tests were carried out at 850 °C, as this temperature range is 
suggested in [16]. Efforts were made to ensure that the amount of air supplied for the combustion of 
samples was at a similar level—the excess air ratio λ was in the range of 2–3.5. The process time at 
the laboratory stand was determined and corrected as a result of several test repetitions for given 
samples until a satisfactory—similar for all samples—average air excess coefficient was obtained. All 

Figure 2. The grate-crucible for waste combustion with measuring equipment (made by Kajda-Szcześniak).

The obtained results allowed the calculation of indicators for the quantitative assessment of
incinerated waste according to the formulas given below.

The first of these indicators is the rate of reaction front. This is the speed with which the combustion
front proceeds in the waste layer on the stationary grate of the laboratory furnace (Figure 2) in a
direction perpendicular to the grate. If we place temperature sensors along the height of the layer
subjected to the combustion process on the grate (at certain distances from each other—∆xFR [m]),
then the maximum temperature increase (2) (manifested by the occurrence of the maximum temperature
in a given thermocouple) gives the location of the reaction or flame front [37,38].

∆ϑ
∆t

=
(∆ϑ

∆t

)
max

(2)
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The rate of the reaction front (uFR) can be determined by knowing the time ∆t [s] that has elapsed
since the occurrence of the temperature maximum between two adjacent thermocouples—Figure 3;
the distance between them is ∆x [m]—Equation (3) [37,38]:

uFR =
∆xFR

∆t

[m
s

]
(3)
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The credibility of the method for determining the speed of the reaction front depends on
the number of thermocouples on the combustion front path (in our research methodology were three
thermocouples, thus two independent data on the front speed were obtained in one measurement).
Repeating the test several times and drawing the average from the measurements minimizes the error
related to the heterogeneity of the combustion front.

The ignition rate (SZ) determines the fuel stream per time unit that ignites per unit area—Equation (4).
This indicator allows to determine the waste stream during ignition on the grate per m2 of its area [37,38]:

SZ = uFR · ρn

[
kg

m2s

]
(4)

ρn—bulk density (kg/m3).
The rate of mass loss (SUM), determines the stream of mass loss per time and per unit of grate

area—Equation (5) [37,38]:

SUM =
∆mfuel

AR

[
kg

m2s

]
(5)

∆mfuel—the rate of fuel reduction (kg/s),
AR—area of the grate (m2).
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The SUM strongly depends on the process time, and the greatest fuel loss is registered in the first
part of the combustion phase—Figure 4. The time of this phase is the basis for calculating the fuel loss
stream [37].
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The thermal load of the grate (OCR), Equation (6), is an important issue from the point of view of
the operation of grate waste incineration plants. The thermal load of the grate indicates the amount of
energy released from the fuel during its oxidation per time and per certain area of the grate (it may
determine the cooling method) [37].

OCR = SUM ·Wd

[kW
m2

]
(6)

Wd—calorific value of fuel (kJ/kg).
Observation of the thermal load indicator helps in the response of the technical service to, among

other things, thermally overload the grate.
Mechanical load of the grate (OMR) (7):

OMR =
(mp

t

)
/AR

[
kg

m2h

]
(7)

4. Results and Discussion

In this section, the results of the research on the properties of flammable substances
and the operational and construction parameters of grate furnaces adapted to coal combustion
are discussed, along with an analysis of the possibility of adapting these furnaces to the combustion of
alternative and renewable fuels in the form of energetic willow, sewage sludge and RDF in the following
areas:

• using the Van Krevelen diagram for a more effective comparison of the fuel characteristics of
analyzed renewable and alternative fuels with coal;

• tests on a microscale, i.e., thermogravimetric analysis, to identify the basic features of the TG/DTG
combustion kinetics;

• to characterize the usefulness of replacing coal with the tested substances and their mixtures in
the grate furnaces by comparing the thermal and mass load capacity of the grates and testing
the indicators of quantitative assessments of combustion.

4.1. Using the Van Krevelen Diagram for a More Effective Comparison of Fuel Characteristics

Although in the original version the Van Krevelen diagram was used to observe the transformation
of substances to more carbonized forms due to anaerobic heating, in the case of this study,
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the authors use this method of conveying information as a comparison of the location of various
combinations—mixtures of combustible substances in relation to areas in the graph minimizing the O/C
and H/C. The location of the points characterizing the fuel properties of the tested materials as separate
biomass substances, i.e., energetic willow and sewage sludge, as well as RDF indicates the greater
energy potential of the last mentioned (low O/C ratio). Energetic willow and sewage sludge are close
to the biomass coordinates. Improvement—lowering the O/C and H/C ratio can be obtained by drying
or, for example, torrefactioning these substances before the combustion process.

In the diagram in Figure 5, a change in coordinates, improving the energy properties, is visible in
the case of sewage sludge–RDF and energetic willow–RDF mixtures in the research variant (Section 2)
and theoretically simulated variants of other mass components.
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4.2. Thermogravimetry Studies to Identify the Basic Features of Combustion Kinetics

The analysis of Figures 6–8 shows that the tested samples combustion was in several stages.
In the first stage, starting from the room temperature of about 140–180 ◦C, the samples lose moisture.
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Combustion is divided into two stages in the case of energetic willow and sewage sludge, while for
the RDF sample, four process stages can be distinguished. It can be assumed that in the first stage
of combustion, degassing of the sample and combustion of the released gases mainly takes place,
while in the second stage fixed carbon is incinerated. The values of mass loss in individual stages,
the temperature of the maximum decomposition rate and the mass remaining after combustion can
be read from the graphs for an exemplary tested heating rate. The results of TG and DTG analysis
for energetic willow coincide with the results of similar studies in [31,39] and in the case of RDF
and sewage sludge analysis in [29,40].Sustainability 2020, 12, x FOR PEER REVIEW 10 of 16 
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4.3. Recommendations on Replacing Coal with Alternative and Renewable Fuels and Their Mixtures in
the Existing Grate Furnaces of Boilers in Thermal Power Engineering

However, the most expected result of the research is undoubtedly the indication of a large
similarity between the indicators of the quantitative assessment of the combustion of the tested
fuels—in particular, the ignition rate and the weight loss rate. The values of these indicators are
presented in Table 2 and graphically compared in Figure 9.

Table 2. The quantitative indicators of combustion process.

Sample Unit Energetic
Willow

Sewage
Sludge RDF Fuel RDF Fuel Energetic Willow + RDF

in Mass Share: 0.8/0.2
Sewage Sludge + RDF

in Mass Share: 0.75/0.25

1 2 3 4 5 6 7 8
Process
temp.

T

◦C 850 850 850 850 850 850

Mass
mp

kg 0.55 1.77 0.172 0.105 0.39 0.50

Layer height
h m 0.3 0.3 0.3 0.3 0.3 0.3

Combustion time t s 900 1140 600 600 600 1020
Fuel stream

mp/t kg/s 0.0006 0.0015 0.00028 0.00017 0.00065 0.00049

λ - 2.5 2.2 2.0 2.9 3.5 3.3
Bulk

density
ρn

kg/m3 124 369 36 22 83 104

Rate of reaction
front
uFR

m/s 0.00166 0.00099 0.00083 0.00055 0.00083 0.00044

Rate of ignition
SZ kg/m2 s 0.2058 0.3689 0.02998 0.0212 0.06914 0.0462

Rate of mass
decrement

SUM
kg/m2 s 0.03605 0.04934 0.0156 0.0104 0.03646 0.0214
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Table 2. Cont.

Sample Unit Energetic
Willow

Sewage
Sludge RDF Fuel RDF Fuel Energetic Willow + RDF

in Mass Share: 0.8/0.2
Sewage Sludge + RDF

in Mass Share: 0.75/0.25

Thermal load of
the grate

OCR
kW/m2 697 647 417 278 759 354

Mechanical load of
the grate

OMR
kg/m2 h 91.6 232.9 43 26.25 97.5 73.53

SZ/SUM - 5.70 3.94 1.92 2.03 1.89 2.15
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Pure biomass in the form of energetic willow or sewage sludge shows large differences in
the ignition rate and the rate of weight loss. This can result in unburned biomass remaining at
the end of the grate. RDF has a fairly good compliance regarding these indicators, but a very low
mechanical and thermal load of the grate. Following the principle of minimizing the SZ/SUM ratio,
fuel mixing brings improvement. A strong decrease in this ratio is already noted for mixtures (energetic
willow–RDF and sewage sludge–RDF) with the share of the components as presented in Section 2.
The reference values of the mechanical and thermal load of the three basic types of grates are presented
in Table 3. Here, there is also an increase in the load of the grate, and, in particular, a thermal load can
be achieved by creating fuel mixtures as previously described. With a mass ratio of energetic willow
to RDF of 0.8:0.2, it is possible to improve this parameter by as much as 46% compared to pure RDF,
and 9% compared to pure energetic willow. A similar tendency of the thermal load to increase occurs
with sewage sludge mixtures with RDF. Therefore, it is possible to mix fuels in various proportions in
compliance with the limit values given by grate manufacturers, which are presented in Table 3.

Table 3. Limit values of the thermal and mechanical load of grate (own study).

Type of Grate Mechanical Load of Grate kg/m2 h Thermal Load of Grate kW/m2

Sliding grate 80–120 600–800
Moving grate 300–400 700–1000

Reciprocating grate (Martin) 700–800 1500–2000
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5. Conclusions

The search for biomass and waste fuels to replace solid, exhaustible conventional fuels, such as
hard coal and lignite, is today an irreversible way of obtaining energy. This article presents a proposal
of coal replacement with biomass substances—renewable and alternative—in the form of energetic
willow (forest biomass) and sewage sludge. The choice was dictated by the availability of this biomass
on a large scale, which could be of interest to the modernizing area of thermal power engineering,
equipped with grate boilers with a capacity of 1 to 50 MW.

This research assessed the possibility of the combustion and co-combustion of biomass substrates
(energetic willow/sewage sludge), in the light of the RES law, with fuel from waste, defined here as RDF.
Particular interest in these fuels and their mixtures results from search by thermal power engineering
sector for fuels whose combustion will be associated with benefits, e.g., the acquisition of energy origin
licenses, availability and lower cost of obtaining fuel (RDF), as well as moderate investment contribution
using the existing base of coal grate boilers. The article indicates possible variants of combustion
and co-combustion of the abovementioned fuels, referring to the use of technical and technological
capabilities of coal grate furnaces. It was possible by comparing: mechanical and thermal load of
grates, as well as so-called indicators for the quantitative assessment of combustion (i.e., ignition rate
and mass loss rate). The result of the combustion of the fuel as above in a laboratory-scale furnace
(samples weighing up to 1 kg), as well as their thermogravimetric analysis, indicates a great similarity
of the mass loss curve, temperature profiles and combustion phases, as well as indicators of quantitative
assessments in the process of biomass and RDF oxidation.

The mechanical and thermal limit loads of different types of grates, important from the point
of view of the operation of grate boilers, were analyzed. The obtained results of the mechanical
and thermal load capacity of the grates are encouraging, which are the basis for further analyses of fuel
replacement—i.e., comparing the results of the thermal load of the grate OCR with the mechanical load
of the grate OMR in Table 2 with the values in Table 3, without the risk of failures, e.g., grate burnout,
mechanical overload, and, from what is stated on the basis of the indicators of quantitative assessments
of combustion, the combustion process of the tested fuels could be carried out while maintaining
the quality of burning the fuel layer (ignition rate, mass loss rate), and here the data from Table 2 can
also be compared. All the values of the tested samples were within the recommended load ranges.
Additionally, the results of the tests on the mixtures of the substances in order to improve/increase, e.g.,
the bulk density, the ratio of the ignition rate to the rate of mass loss, and the mechanical and thermal
load of the grate adjusted to its type are interesting.

One should not forget about an important feature—the analyzed fuels can replace each other.
This is important in the case of temporary fluctuations in the availability of these fuels on the market.

Of course, in the case of RDF combustion, the furnace and installation should ensure that
the conditions for carrying out the thermal waste conversion process specified in [16] are met.
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Nomenclature

uFR reaction front rate, m/s
xFR location of reaction front, m
t time of combustion, s
SZ ignition rate, kg/(m2s)
ρn bulk density, kg/m3

SUM the rate of mass loss, kg/(m2s)
Ar grate area, m2
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∆mfuel the mass loss over time, kg/s
OCR rate heat release rate, kW/m2

Wd calorific value of the fuel, kJ/kg
OMR mechanical load of grate, kg/m2h
x position of the waste on the grate, m
mp the mass of fuel, kg
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energii elektrycznej i ciepła w warunkach przedsiębiorstwa ciepłowniczego (Refusederivedfuel as a fuel for
chp plant in a heating plant conditions). Rynek Energii 2013, 6, 91–96.

11. Ghisellini, P.; Cialani, C.; Ulgiati, S. A review on circular economy: The expected transition to a balanced
interplay of environmental and economic systems. J. Clean. Prod. 2016, 114, 11–32. [CrossRef]

12. Lewandowski, M. Designing the Business Models for Circular Economy—Towards the Conceptual
Framework. Sustainability 2016, 8, 43. [CrossRef]

13. Geissdoerfer, M.; Savaget, P.; Bocken, N.M.; Hultink, E.J. The Circular Economy—A new sustainability
paradigm? J. Clean. Prod. 2017, 143, 757–768. [CrossRef]

14. USTAWA, OOZE. Ustawa z dnia 20 lutego 2015 r. o odnawialnych źródłach energii. Dz.U. 2015, 478, 1–230.
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fizyczno-chemiczne popiołu lotnego. Polityka Energetyczna 2012, 15, 87–101.
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39. Red Ściążko, M. Kinetyka Reakcji Heterogenicznych w Procesach Konwersji Paliw Stałych; WIChPW: Zabrze,

Poland, 2015.
40. Król, D.; Poskrobko, S. Waste and fuels from waste Part, I. Analysis of thermal decomposition. J. Therm.

Anal. Calorim. 2012, 109, 619–628. [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/).

http://dx.doi.org/10.1016/j.fuproc.2018.03.040
http://dx.doi.org/10.1016/j.wasman.2018.07.023
http://dx.doi.org/10.1016/j.jlp.2014.12.007
http://dx.doi.org/10.1016/j.fuel.2018.02.106
http://dx.doi.org/10.21307/acee-2016-040
http://dx.doi.org/10.1016/j.enconman.2013.06.016
http://dx.doi.org/10.1016/S0360-1285(98)00020-3
http://dx.doi.org/10.1016/j.fuproc.2012.10.010
http://dx.doi.org/10.1007/s10973-012-2397-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials 
	Methods of Testing the Similarity of the Combustion Process 
	Diagram of Van Krevelen 
	Thermogravimetric Analysis 
	Indicators for the Quantitative Assessment of the Combustion Process 

	Results and Discussion 
	Using the Van Krevelen Diagram for a More Effective Comparison of Fuel Characteristics 
	Thermogravimetry Studies to Identify the Basic Features of Combustion Kinetics 
	Recommendations on Replacing Coal with Alternative and Renewable Fuels and Their Mixtures in the Existing Grate Furnaces of Boilers in Thermal Power Engineering 

	Conclusions 
	References

