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Abstract: The present study deals with the experimental research findings for the characteristics of
ignition (ignition delay times, minimum ignition temperature) and combustion (maximum combustion
temperature, concentration of anthropogenic emission), as well as theoretical calculations of integral
environmental, economic, and energy performance indicators of fuel compositions based on coal
processing waste with the most typical types of biomass (sawdust, leaves, straw, oil-containing waste,
and rapeseed oil). Based on the results of the experiments, involving the co-combustion of biomass
(10% mass) with coal processing waste (90% mass) as part of slurry fuels, we establish differences
in the concentrations of NOx and SOx in the gaseous combustion products. They make up from
36 to 218 ppm when analyzing the flue gases of coal and fuel slurries. Additionally, the values of
relative environmental, economic, and energy performance indicators were calculated for a group
of biomass-containing fuel compositions. The calculation results for equal weight coefficients are
presented. It was shown that the efficiency of slurry fuels with biomass is 10%–24% better than
that of coal and 2%–8% better than that of filter-cake without additives. Much lower anthropogenic
emissions (NOx by 25%–62% and SOx by 61%–88%) are confirmed when solid fossil fuels are partly
or completely replaced with slurry fuels.

Keywords: biomass; slurry fuels; co-combustion; anthropogenic emissions; relative efficiency
indicators of fuels

1. Introduction

Fuels, derived from waste (e.g., biomass), such as biogas, syngas, pyrolysis oil and spirits,
are renewable energy sources [1,2]. They are in high demand nowadays due to high rates of fossil fuel
depletion [3]. The employment of reactors and gasifiers with biomass is economically feasible, no matter
whether heat and power are produced in small or large volumes. They can be used on a large scale in
industry, thus, reducing the pollution of the environment with anthropogenic emissions, as compared
with the widely used coal-fired power generation technologies [1,2]. Smaller-sized plants with lower
efficiency can be used in remote or rural lands to provide energy security of rather large areas. Moreover,
local bioresources can be used as raw materials [4]. Biomass waste is transformed into essential useful
products [4]. Implementing biofuel technologies in power industry facilitates the development of a
number of related aspects [2,5]: reducing the amount of waste buried at landfills; increasing the share of
renewable energy resources in the energy industry; expanding local and national economy, tax base
and allowances; improving waste handling requirements in the context of modernizing environmental
policy; building positive public opinion on the energy-efficient waste recycling.

There are still discussions about the most rational approaches to the conversion of biomass [2,6,7].
There are known results for its co-combustion with solid fossil fuels (coals of different grades) [7,8]
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and as part of composite water-containing fuels with coal processing waste [9,10]. The main trend in
the development of the corresponding fuel technologies is to use two subsequent stages (which are
sometimes parallel in different layers of fuel mixtures) [5,11–13]: pyrolysis and gasification. However,
there is a basic problem to implementing these processes in real life: the final fuel is very expensive,
as compared with conventional liquid and gaseous fuels [5,14]. Therefore, it is important to use
biomass as an additional fuel component, meant to improve the production process characteristics and
enhance the quality of the final product. It seems relevant to compare fuel compositions with different
biomass in terms of relative environmental, economic, and energy performance indicators.

The results [15,16] are known for a comparative analysis of fuel compositions, based on water
and coal processing waste, with regard to these indicators. The main focus [10] is usually on the
comparison of nitrogen and sulfur concentrations in the combustion products of slurries and coals,
with their initial masses and combustion conditions being identical. The results [15], obtained when
the combustion of water-containing slurries and coal produce identical amount of energy, are of the
greatest interest. Kurgankina et al. [16] performed a complex evaluation of the combustion efficiency
of coal processing waste as part of water-containing slurries, considering a group of parameters:
heat of combustion, ignition delay time, minimum temperature of combustion initiation, maximum
combustion temperature, sulfur and nitrogen oxide concentrations in flue gases, cost of components,
etc. The findings obtained provided a foundation for the development of measures [17] of possible
technological modifications to fuel systems at boiler units and thermal power plants, when switching
from typical solid, liquid, and gas fuels to cheaper waste-derived slurries. Thus, Glushkov et al. [18]
did a theoretical and experimental validation of the viability of burning a wide range of waste as part
of water-containing slurries to solve the problem of its recycling, reducing the consumption rates of
conventional energy resources, and cutting the anthropogenic emissions in flue gases. Zaitsev et al. [19]
also showed the feasibility of gasification of such waste in order to address the above-mentioned
issues. Nyashina et al. [10,20] established that adding biomass to slurry fuels based on coal processing
waste substantially reduces the gaseous anthropogenic emissions. Therefore, biomass is commonly
regarded as a promising component of fuel slurries. However, its efficiency as the main and additional
component of fuel mixtures has not yet been studied in terms of a complex of environmental, economic,
and energy performance indicators. It makes sense to perform such analysis using Multiple Criteria
Decision Making (MCDM) [21,22]. MCDM unites a group of standard methods of evaluating the
efficiency of certain processes or objects [21]. Weighted Sum Method (WSM), Weighted Product Method
(WPM) and Analytic Hierarchy Process (AHP) are the most popular methods for the energy sector,
allowing for an objective evaluation of the prospects of different engineering decisions. In accordance
with the criteria selected, we use Weighted Sum Method in our research. This method, being universal
for different applications, is one of the most common MCDM techniques used in the energy industry.

The purpose of present work is to compare the environmental, economic, and energy performance
indicators, calculated, using experimental data, for fuel compositions with different kinds of
biomass. They included pine sawdust, wheat straw, birch leaves, sunflower cake, and rapeseed
oil. These components are available in most of the world’s regions and can be replaced by a similar
component, if necessary (e.g., wheat straw by rapeseed or rice straw).

2. Materials and Methods

Two categories of biomass—dry and wet—are commonly distinguished by their state of matter [7].
Biomass is also identified as a product or production waste [7,23,24]. Table 1 presents kinds of biomass,
used for pyrolysis, gasification, and co-combustion, in different regions of the world. Based on the
literature analysis (Table 1), for our experimental research we chose the most typical kinds of biomass
(Table 2) from the categories of wood biomass, agricultural biomass, oil and oilseed waste, shell and
husk. They included pine sawdust, wheat straw, birch leaves, sunflower cake, and rapeseed oil.
These components are available in most of the world’s regions and can be replaced by a similar
component, if necessary (e.g., wheat straw by rapeseed or rice straw).
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Table 1. Kinds and characteristics of biomass, produced in abundance and used in fuel technologies in the world.

Biomass Country

Ultimate Analysis (wt %) Proximate Analysis (wt %)

Ref.
C H O N S Moisture Volatile

Matter Fixed Carbon Ash
Heat of

Combustion
(MJ/kg)

Wood biomass

Beech sawdust Europe, Russia 44.1 6.3 49.4 0.2 0 4.7 87.6 8 0.8 19.5 [25]
Woody biomass (pine, fir) Sweden 51.6 6.2 42 0.1 0.021 4.3 83.8 – 0.3 19.36 [26]

Wood pellet UK 52.34 6.8 40.7 0.16 – 6.7 84.3 15.7 0.8 20.8 [27]
Eucalyptus wood Brazil 56.38 4.77 38.78 0.07 – 11.56 74.97 12.98 0.45 17.91 [28]

Pine sawdust India 56.53 6.93 32.55 3.33 0.66 7.85 ± 0.05 77.27 ± 0.65 12.20 ± 0.15 2.78 ± 0.12 18.55 ± 0.43 [29]
Pine sawdust India 50.32 6 42.99 0.69 – 6.09 ± 0.3 78.03 ± 0.2 12.16 ± 0.1 2.07 ± 0.03 18.44 ± 09 [30]
Pine sawdust Russian 54.4 5.2 40.0 0.4 – 3.5 80.1 15.1 1.1 – [31]
Pine sawdust Korea 46.92 5.78 46.73 0.08 0.49 8.31 79.41 19.46 1.13 – [24]

Agricultural biomass

Wheat straw Ukraine 51.5 5.75 41.97 0.65 0.13 6.84 – – 11.59 ± 0.76 16.12 ± 0.19 [32]
Wheat straw UK 40.58 4.84 53.84 0.74 0 5.19 64.24 15.60 14.97 – [33]
Wheat straw China 54.08 5.83 39.08 0.56 0.45 2.50 72.36 18.00 5.64 – [34]

Rice straw China 55.48 5.68 37.37 1.03 0.44 1.51 69.09 18.09 11.31 – [34]
Rice Husk China 37.6 5.26 55.45 1.69 0 8.02 61.43 12.53 18.02 – [33]

Energy crops Northeast Asia, China 50.73 7.08 41.95 0.14 0.10 10.67 65.65 18.34 5.34 17.00 [35]
Sugar cane bagasse India 49.4 6.2 43.2 0.4 0.8 10 76 9.6 4.4 17.2 [30]

Waste of sugar cane bagasse Brazil 44.7 5.8 48.97 0.45 0.08 9.92 81.55 6.90 11.57 17.74 [36]
Corn stalks Ukraine 48.84 5.40 44.08 1.68 0.16 8.13 – – 12.30 ± 0.87 14.24 ± 0.46 [32]
Corn stalks China 46.6 5.8 47.0 0.4 0.2 – 86.9 11.8 1.3 – [37]

Corn waste (cob) India 49.28 5.9 44.2 0.54 0.08 10.2 80 4.2 5.7 15.5 [30]
Jerusalem artichoke stalks China 45.36 6.11 47.26 0.75 0.52 15.76 67.4 13.5 3.34 15.69 [38]

Oilseed waste

Palm fruit bunches United Arab Emirates 44.06 5.97 49.05 0.74 0.18 8.73 67.51 17.47 6.28 17.2 [5]
Date palm waste (leaves) United Arab Emirates 40.75 5.55 52.14 1.32 0.24 12.03 58.17 15.41 14.4 18.9 [5]

Palm kernel cake China 57.22 5.93 34.10 2.46 0.29 2.88 75.83 15.99 5.30 – [34]
Sunflower husks Ukraine 52.76 6.32 38.31 2.61 0.14 6.1 – – 6.81 ± 0.51 19.31 ± 0.13 [32]
Seeds de-oil cake China 45.3 6.2 43.8 4.5 0.2 – 73.5 18.2 7.3 – [37]

Olive waste UK 52.8 6.5 39.1 1.6 – 5.9 80.1 19.9 7.6 20.1 [27]
Rapeseed oil cake Romania 45.95 6.21 40.17 6.76 0.91 10.02 67.84 15.47 6.77 25.41 [39]
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Table 1. Cont.

Biomass Country

Ultimate Analysis (wt %) Proximate Analysis (wt %)

Ref.
C H O N S Moisture Volatile

Matter Fixed Carbon Ash
Heat of

Combustion
(MJ/kg)

Shell and husk

Nut shell (areca) India 48.71 5.79 43.45 1.95 0.1 7.43 ± 0.1 74.05 ± 0.2 15.55 ± 0.3 2.48 ± 0.05 18.21 ± 09 [30]
Coconut shell UK 48.31 5.26 46.14 0.29 0 7.16 68.58 22.00 2.26 – [33]
Walnut shell Ukraine 51.56 5.66 48.44 1.98. 0.11. 4.1 – – 0.41 ± 0.11 16.79 ± 0.08 [32]
Peanut shell China 49.8 5.8 43.7 0.6 0.1 – 84.1 14.5 1.4 – [37]

Palm kernel shell UK 50.1 6.24 42.16 1.50 0 6.70 67.52 22.13 3.65 – [33]

Other

Algae China 58.9 7.0 25.4 8.2 0.5 10 81 16 9 – [40]
Cotton stalk India 46.3 6.4 46.8 0.3 0.2 8.9 71 16.6 3.5 19.2 [30]
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At present, the amount of coal processing waste (filter cakes) is the largest of all the accumulated
industrial waste. The quantity of this waste is annually increasing by 700–800 million tons [41,42].
Lack of efficient methods of disposing of such waste leads to enormous mounds (dozens or even
hundreds of hectares) of coal [41,42]. Coal processing waste is a mixture of fine coal particles (80–140
µm) with water and surfactants [41]. Notably, these products cannot be exactly regarded as waste,
as the content of carbon in them is on average 65%–75% (in a dry state).

Producing composite liquid fuels from them by adding biomass, water, municipal solid waste,
and other components is a promising way of increasing the efficiency of resource exploitation [43],
optimizing the energy industry [17], and reducing the environmental pollution [18,43].

Fuel slurries were produced in several stages. Biomass samples were dried at room temperature
and then milled using a Pulverisette 14 rotary mill (FRITSCH GmbH - Milling and Sizing, Idar-Oberstein,
Germany) with rotor speed of 6000–20,000 rpm. After milling, biomass was sieved through a sifter
with a mesh size of 140 µm, using a laboratory plansifter. After that, a thin layer of milled biomass was
spread on the surface of a sheet of paper and left at room temperature for several days to equilibrate in
atmospheric moisture. Biomass was not dried any more.

In this study, we used coal flotation waste—filter cake in the initial wet state (as it is produced
at coal washing plants)—as the main component of slurry fuels. Filter cake is a slurry consisting of
coal dust, water, and surfactants. Coal particles have a size of 80–140 µm, therefore, no additional
pulverization was necessary. Fuel mixtures were produced by stirring all the slurry components for
5–10 minutes, using a homogenizer.

The composition of all fuel mixtures consisted of 90% filter cake (in the wet state) and 10% biomass
or vegetable oil. The mass fraction of the main component and additives, when preparing composite
fuels, is selected based on the region-specific distribution of resources. The concentration of additives
in fuels can normally vary from 5% to 20%. Such ratio is quite typical when recovering oil production
waste [8], residual wood [44], sunflower hulls [45], and rapeseed oil [46] by co-firing them with coal
fuels. When burning coal-water fuels based on coal processing waste, which is abundant at industrial
landfills, adding a relatively small amount of other combustible components with different generation
rates makes it possible to recover a group of different kinds of waste by co-firing them. The mass
concentration we chose (10%) is also universal in terms of combustion technologies. Adding a lot
of solid plant waste significantly increases the viscosity of the mixture, making it unfit for pipeline
transportation and flame combustion in boiler furnaces. One should also keep in mind that power
generation facilities must not depend entirely on the scale of crop farming, which is, in turn, too
dependent on subjective factors (weather conditions in the region and natural hazards). Additional
components should be chosen based on their availability, generation scale, and presence of alternatives.
Thus, for instance, various kinds of wood (pine, birch, oak), forest fuels (leaves of different trees,
pine needles, grass), hull of different crops (rice, wheat, cotton), and waste of plant raw material
processing to produce foodstuffs (sunflower and rapeseed press cake, palm kernel waste, cocoa shells,
sugar cane bagasse) are interchangeable. It can be therefore concluded that for this research we have
chosen typical biomass components, having alternatives in other regions, and their mass concentration
of 10% is an appropriate value for composite fuels.

Table 2 presents the properties of coal and other components, used in this research to
produce slurries.

Thus, in the present study, the following types of fuels (with relative mass fractions) were
considered, the list of which is presented in Table 3.
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Table 2. Typical properties of fuel slurry components.

Component
Proximate Analysis Ultimate Snalysis

Water Fraction,
%

Ad,
%

Vdaf,
%

Qa
s,

MJ/kg
Cdaf,

%
Hdaf,

%
Ndaf,

%
St

d,
%

Odaf,
%

Solid components in dry state

Coal 2.05 14.65 27.03 29.76 80.10 4.49 1.84 0.87 12.70
Filter cake 43.5 26.46 23.08 24.83 87.38 5.09 2.05 1.02 4.46

Leaves (birch) 6.95 6.25 76.85 17.05 49.91 5.92 0.86 0.09 43.22
Straw (wheat) 7.0 2.8 78.5 17.7 50.20 6.36 1.09 traces 42.35

Sunflower cake 11.5 5.9 81 16.6 48.44 6.92 3.05 traces 41.59
Sawdust (pine) 7.0 1.6 83.4 18.1 52.5 6.58 0.22 traces 40.70

Liquid component

Tf, oC Tign,
oC Qa

s, MJ/kg C, % H,
%

N,
%

O,
% S, %

Rapeseed oil 225 260 42.1 79.6 11.4 0 8.97 0.03

Table 3. Fuels list.

No. of Fuel Composition Fuel Components

1 100% coal
2 90% filter cake, 10% sawdust
3 90% filter cake, 10% rapeseed oil
4 90% filter cake, 10% leaves
5 90% filter cake, 10% sunflower cake
6 90% filter cake, 10% straw
7 100% filter cake

In present research, it was recorded the following main parameters: ignition delay times τd,
threshold temperatures of combustion initiation Tgmin, maximum combustion temperatures Tb

max,
and the most hazardous gaseous anthropogenic emissions (NOx, SOx). It was also calculated the ash
content and combustion heat of slurry fuels with regard to the characteristics and mass concentration
of the components (Table 2). The parameter values obtained were then used to calculate the relative
parameters showing the advantages of slurry fuels vs. coal.

The ignition and combustion characteristics of slurry fuels with biomass were determined using
an experimental setup presented in Figure 1 [15,18]. A high-temperature air medium was created with
a tube muffle furnace R 50/250/13 (Nabertherm GmbH, Lilienthal, Germany). The temperature in the
experiments was varied from 700 to 900 ◦C. This range covers the most typical temperatures of the
combustion of slurry fuels with biomass, for which the typical ignition and combustion stages are
usually studied [43,47]. After the furnace was heated, the fuel on the holder was placed into it, using
the sample feeder. A Phantom v411 high-speed color camera (Vision Research Inc, Wayne, NJ, USA)
was used to determine the ignition delay times of the experimental samples. The Tema Automotive
Video software (Image Systems AB, Linköping, Sweden) was used to analyze the video recordings of
the experiments. A video camera was installed on the side of the muffle furnace facing the side where
the fuel sample was introduced into it. The ignition delay time was the interval from the moment
when heating started up until ignition, characterized by a flame. The minimum temperature of the
fuel ignition Tg

min (i.e., the temperature above which stable combustion occurs) was recorded using a
K-type thermocouple (temperature range 0–1100 ◦C, systematic error ±3 ◦C, response time no more
than 10 s), built into the muffle furnace. The maximum temperature of the fuel combustion Tb

max

(i.e., the temperature achieved on the particle surface during the heterogeneous combustion of the fuel)
was recorded using an S-type thermocouple (temperature range 0–1600 ◦C, systematic error ±1 ◦C,
response time no more than 1 s).
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The gaseous emission compositions were analyzed by a Testo 340 gas analysis system (Testo SE
& Co. KGaA, Lenzkirch, Germany). The video camera was replaced with the gas analyzer when
anthropogenic emissions were measured. The gas analyzer consisted of the following components:
a modular probe, a gas sampling hose, an external unit of sample preparation, and a computing unit
with built-in electrochemical sensors (O2 (accuracy 0.2%), CO (accuracy ± 5%), NOx (accuracy ± 5%),
SO2 (accuracy ± 10%)). The concentration of CO2 (accuracy ± 0.2%) was calculated automatically
based on O2 measurement. The modular probe of the gas analyzer was installed on the opposite side
of the fuel sample. Thermal insulation was applied to the apertures, through which the fuel and probe
were introduced. Flue gases from combustion went through the modular probe and gas sampling
hose to a unit, intended to cool them and decrease their humidity. The cooled sample was directed
to the measurement sensors of the computing unit of the gas analyzer. A specialized EasyEmission
software (Testo SE & Co. KGaA, Lenzkirch, Germany), installed on the personal computer, was used
to continuously monitor and record the flue gas components.
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Figure 1. Scheme of experimental setup.

The ignition and combustion characteristics were recorded with the initial fuel droplet radius about
2 mm. Droplets of such size are quite easily reproduced in multiple experiments (with an allowable
deviation of ± 0.15 mm), and they are held tightly on the holder rod (Figure 1). Moreover, 2 mm fuel
droplets allow for a detailed study of the ignition and combustion times and temperatures (it is more
difficult with very small droplets due to high rates of heat and mass transfer and a greater contribution
of thermal interaction between the fuel and the holder). In the previous experiments [15,18], the initial
size of slurry fuel droplets was varied. Using the data from [15,18], the values of the ignition and
combustion characteristics can be predicted under study for fuel droplets and particles of different
sizes of the compositions used. To measure the main gaseous anthropogenic emissions, the fuel sample
mass was increased to 1 g, because a single droplet does not produce enough flue gases for the gas
analyzer sensors to detect. The setup elements, errors, techniques of measurement and experimental
data processing are described in more detail in [15,18].

At each experiment 5–7 runs were conducted under constant conditions (rough errors were
excluded). The results were averaged, and confidence intervals were calculated. The systematic error
of ignition time measurement was ±0.001 s (due consideration of the video recording characteristics).

3. Results and Discussion

3.1. Experimental Results

Figure 2 shows typical combustion stages of a composite fuel droplet. Such fuel contains several
components with different thermophysical properties and states of matter. Therefore, the combustible
components of the mixture are not ignited simultaneously. Slurries, like many other fossil fuels,
are characterized by a homogeneous (gas-phase) as well as heterogeneous combustion mechanisms
(Figure 2). Adding biomass can significantly affect the duration and intensity of both combustion
regimes. In particular, biomass with a high content of volatiles (such as, leaves, sawdust) accelerates
the gas-phase ignition and facilitates a larger flame and its long burnout (these parameters also depend
on heating conditions).



Appl. Sci. 2020, 10, 2092 8 of 17

Appl. Sci. 2019, 9, x 9 of 18 

 
Figure 2. Frames of slurry fuel (90% filter cake, 10% straw) combustion. 

Figures 3 and 4 present the experimental research findings for a group of fuel compositions. 
These include the established ignition delay times, minimum air temperatures sufficient for fuel 
ignition, maximum combustion temperatures of fuel (Tbmax was measured at Tg ≈ 700 °C), as well as 
anthropogenic emission concentrations. It can be clearly seen (Figures 3 and 4) that not all the 
biomass kinds, added to the fuel compositions, produce significant changes in the characteristics 
under study. This is explained by the component composition of some additives, which is quite close 
to the coal processing waste being used. The fuel with vegetable (rapeseed) oil features the longest 
ignition delay times. When it is heated, the vegetable oil components decompose. Unlike petroleum 
oil, vegetable oil does not produce combustible gas components during decomposition. Thus, extra 
time is required for the endothermic processes to develop and the coke residue to ignite. For 
instance, ignition delay time τd of the composition with rapeseed oil differs 1.8–2.0 times from that of 
the composition with biomass (sunflower hulls) in the heating temperature Tg range from 700 to 900 
°C (Figure. 3a). Varying the kind of plant biomass (sunflower waste, straw, sawdust, leaves) had a 
marginal effect on the changes of the ignition delay times and ignition temperature (Figure 3), which 
is explained by similar properties of these components with a major influence of volatiles at the 
ignition stage. The content of volatiles in the dry ash-free substance was no less than 76% for all the 
solid biomass additives used in present study. At a relatively low ash and moisture content of the 
plant biomass, volatiles can rapidly form combustible reaction mixtures with the air. The shortest 
ignition delay times were typical of coal (Figure 3a), which is due to a small fraction of water (as 
compared with slurries). Moisture evaporation consumes a lot of energy (specific vaporization heat 
of water is 2.2 MJ/kg). Compared to that, the thermal decomposition of the organic mass of coal is 
less energy-consuming. Therefore, a reduction in the fraction of water decreases the inert period. 
However, the experiments show that dry coal is ignited at higher temperatures, than wet slurries do. 
This is probably explained by the reactions of interaction of water vapors with carbon [48]. The 
combustion temperature of a coal particle was much higher than that of slurries (Figure 3b) due to 
low moisture content and greater combustion heat. Value of Tbmax is directly proportional to the 
combustion conditions and calorific value of the fuel. Thus, an increase in the fuel moisture content 
reduces the temperature in its combustion zone. However, using high-energy additives (e.g., 
sawdust) can increase this parameter. 

  
(a) (b) 

Figure 2. Frames of slurry fuel (90% filter cake, 10% straw) combustion.

Figures 3 and 4 present the experimental research findings for a group of fuel compositions.
These include the established ignition delay times, minimum air temperatures sufficient for fuel
ignition, maximum combustion temperatures of fuel (Tb

max was measured at Tg ≈ 700 ◦C), as well as
anthropogenic emission concentrations. It can be clearly seen (Figures 3 and 4) that not all the biomass
kinds, added to the fuel compositions, produce significant changes in the characteristics under study.
This is explained by the component composition of some additives, which is quite close to the coal
processing waste being used. The fuel with vegetable (rapeseed) oil features the longest ignition delay
times. When it is heated, the vegetable oil components decompose. Unlike petroleum oil, vegetable oil
does not produce combustible gas components during decomposition. Thus, extra time is required
for the endothermic processes to develop and the coke residue to ignite. For instance, ignition delay
time τd of the composition with rapeseed oil differs 1.8–2.0 times from that of the composition with
biomass (sunflower hulls) in the heating temperature Tg range from 700 to 900 ◦C (Figure. 3a). Varying
the kind of plant biomass (sunflower waste, straw, sawdust, leaves) had a marginal effect on the
changes of the ignition delay times and ignition temperature (Figure 3), which is explained by similar
properties of these components with a major influence of volatiles at the ignition stage. The content of
volatiles in the dry ash-free substance was no less than 76% for all the solid biomass additives used
in present study. At a relatively low ash and moisture content of the plant biomass, volatiles can
rapidly form combustible reaction mixtures with the air. The shortest ignition delay times were typical
of coal (Figure 3a), which is due to a small fraction of water (as compared with slurries). Moisture
evaporation consumes a lot of energy (specific vaporization heat of water is 2.2 MJ/kg). Compared
to that, the thermal decomposition of the organic mass of coal is less energy-consuming. Therefore,
a reduction in the fraction of water decreases the inert period. However, the experiments show that dry
coal is ignited at higher temperatures, than wet slurries do. This is probably explained by the reactions
of interaction of water vapors with carbon [48]. The combustion temperature of a coal particle was
much higher than that of slurries (Figure 3b) due to low moisture content and greater combustion
heat. Value of Tb

max is directly proportional to the combustion conditions and calorific value of the
fuel. Thus, an increase in the fuel moisture content reduces the temperature in its combustion zone.
However, using high-energy additives (e.g., sawdust) can increase this parameter.

When analyzing the anthropogenic emissions, it was established that any plant-based component,
added to coal or coal processing waste, substantially reduces sulfur and nitrogen oxide concentrations
(Figure 4). The co-combustion of biomass with coal processing waste reduces NOx by 25%–62% and
SOx by 61%–88%. The presence of water and additional plant component significantly affects the
concentrations of sulfur and nitrogen oxides, produced from combustion. Replacing coal with neutral
(in terms of sulfur and nitrogen) components has a direct effect on the amount of fuel sulfur and
nitrogen [49,50]. They are the main sources of the corresponding oxides, formed in the oxidation of
volatiles and coke of the fuel during combustion, which is why the lowest emissions were recorded
for the composition with rapeseed oil, which has the lowest amount of sulfur and nitrogen (Table 2).
Metal-containing components in the ash part of dry plant components and filter cake (ash analysis
(wt %) biomass and filter cake are presented in [10,20]) can also react with sulfur and nitrogen oxides
(CaO+SO2+1/2O2→CaSO4; 3SO2+2Fe(OH)3→Fe2(SO3)3+H2O; 2Fe+3NO→3/2N2+Fe2O3) [10,49–51]
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at certain temperatures (over 800 ◦C). This produces new substances, which either become ash residue
or take part in further chemical transformations, without NOx or SOx formation [49,51].
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of slurry droplets (b): 1%–100% coal; 2%–90% filter cake and 10% sawdust; 3%–90% filter cake and 10%
rapeseed oil; 4%–90% filter cake and 10% leaves; 5%–90% filter cake and 10% sunflower cake; 6%–90%
filter cake and 10% straw; 7%–100% filter cake. The Y-axis represents the fuel number. The caption to
the figure shows these numbers and the corresponding fuel. Different color in (b) correspond to color
in (a) that characterized different fuel compositions.

Based on the data [10,20] about the composition of fuel components, biomass contains a greater
amount of metal compounds (e.g., calcium, magnesium), capable of reacting with sulfur and nitrogen
oxides, than filter cake does. We can assume that sulfur and nitrogen oxides interact with metal
compounds during the combustion in a gas medium, even when 10% of biomass is added to filter
cake. This hypothesis is also confirmed by the results of other authors [49,52,53]. In particular, in the
combustion of straw, the reactions between metal-containing compounds in the ash part of biomass
and gaseous emissions can compensate for a higher content of nitrogen (as compared with filter
cake) (Table 2). Additionally, the final NOx emissions are affected by the type of nitrogen-containing
compounds in the fuel. In biomass, most of the nitrogen is in volatile components, which are released
and burn out at the initial stage of ignition and combustion as compounds, some of which do not
produce nitrogen oxides [54]. In the case of coal and coal processing waste, nitrogen oxides are usually
formed at the stage of the oxidation of the coke part at relatively high temperatures [49].
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In addition to anthropogenic emissions during the co-combustion of fossil fuels with some
additives, carcinogenic substances are also formed. We previously established [55] that the combustion
temperatures of composite fuels based on filter cake are 1000–1400 ◦C. It is generally agreed that
combustion temperatures of 850 ◦C and a gas residence time of 2 s or 1000 ◦C and a gas residence
time of 1 s are necessary for total destruction of polychlorinated dibenzodioxins and dibenzofurans
(PCDD/Fs) in flue gases. Since decomposition increases exponentially with temperature and incineration
temperature of 1200 ◦C, which is typical of chlorinated hydrocarbon wastes, requires a residence time
measured in milliseconds for total destruction [56]. The critical temperature zone for the maximum
rate of PCDD/Fs from precursors such as chlorophenol is 350–400 ◦C depending on the precursor
concentration. Furthermore, the rate of PCDD/Fs formation from these precursors is 1 or 2 orders of
magnitude greater than dioxin formation rates from conventional de novo synthesis. The maximum
rate of dioxin formation from de novo synthesis is in excess of 300 ◦C [57].Therefore, in order to
minimize PCDD/Fs formation in this temperature zone it is necessary to cool the gases through the
critical temperature zone as rapidly as possible. In general, according to McKay [56] effective PCDD/Fs
minimization can be achieved by applying the following [56]: “In the first case, combustion temperature
should be above 1000 ◦C, combustion residence time should be greater than 1 s, combustion chamber
turbulence should be represented by a Reynolds number greater than 50,000. In the second category,
very rapid gas cooling from 400 to 250 ◦C should be achieved, semi-dry lime scrubbing and bag
filtration coupled with activated carbon injection adsorption as end-of-pipe treatments can all play a
role in prevention or minimization of dioxins in the final flue gas emission to the atmosphere”. The
design of typical industrial coal-fired boilers can provide all the necessary conditions to minimize
PCDD/Fs concentrations in flue gases from the combustion of composite fuel.

3.2. MCDM Principles and Selected Criteria

Multiple Criteria Decision Making principles employ standard criteria and parameters for a
comparative evaluation of the potential of using slurry technologies. MCDM provides an optimal
solution when there is a great number of random arguments; it uses a single approach for a consistent
and repeatable decision-making.

To estimate the resulting efficiency of fuels, all the calculated and measured values were divided into
groups (Table 4): energy performance, environmental, and economic. Energy performance indicators
allow us to evaluate the ignition and combustion characteristics of fuels of different component
compositions. This group includes ignition delay times, maximum combustion temperature, minimum
ignition temperature, heat of combustion, and ash content. Environmental indicators incorporate
the concentrations of sulfur and nitrogen oxides, measured as different fuels are burnt. Economic
indicators consider the cost and capital costs. The cost (C) characterizes the total price of the fuel
mixture and how cost-efficient it is for power generation plants. The capital costs are expenses incurred
on the purchase of fuel system equipment at plants, as well as its refitting [17].

Table 4. Criteria of fuel efficiency evaluation using the Weighted Sum Method (WSM).

Group Criteria

Energy performance

Ignition delay times, τd (s)
Maximum combustion temperature, Tb

max (◦C)
Minimum ignition temperature, Tg

min (◦C)
Heat of combustion, Qa

s (MJ/kg)
Ash content, Ad (%)

Environmental
Nitrogen oxide emissions, NOx (ppm)

Sulfur oxide emissions, SOx (ppm)

Economic
Fuel cost, C (USD/kg)
Capital costs, N (USD)
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Based on the criteria presented in Table 4, it was calculated the resulting efficiency indicator of
slurries, using the Weighted Sum Method. This method, being universal for different applications,
is one of the most common MCDM techniques used in the energy industry [21].

The WSM combines all the multi-objective functions into one scalar, composite objective function
using the weighted sum by the formula:

An =
∑
γjXij (1)

where γj is weight coefficient for each criterion; Xij is normalized value of criterion.
The normalized value was determined by comparing each criterion with one optimal value within

each criterion. The normalized criteria values corresponded to the interval 0–1. There are frequently
objective difficulties in the tradeoff of weight coefficients, since the subsequent decision depends
greatly on this step. It is critical to take into account the priorities in each particular region of the
world. It is reasonable to use non-equal weight coefficients, when priorities are ranged to solve certain
applied problems for a particular world’s region, country, or enterprise. In this case, realistic weight
coefficients are introduced based on particular legal regulations (laws, taxes, duties) and large volumes
of statistical data (geographic aspects, current economic situation, state of environment, level of
technological facilities, and availability of energy resources). It is possible to introduce non-equal
weight coefficients for some world’s regions. However, obtained results will be too specific to hold
interest on the international level. The main purpose of this work was to study the potential advantages
of fuel compositions with biomass. Therefore, the calculation results for equal weight coefficients are
presented. The best fuel in terms of the criteria under consideration will be the one with the highest
weighted sum (An).

3.3. Efficiency Indicators of Combustion of Slurry Fuels with Biomass

The absolute and standardized values of fuel evaluation criteria, obtained in the experimental
research and theoretical analysis, are presented in Table 5. It can be concluded that all the slurry
fuels are inferior to coal in terms of energy performance parameters: ignition delay times, calorific value,
and maximum combustion temperature. This result is explained by the fact that slurries contain quite
a lot of moisture. Its evaporation prolongs the ignition, reduces energy performance characteristics of
the fuel, thus, affecting the maximum combustion temperature. In terms of heat of combustion and
maximum combustion temperature, the composition with rapeseed oil is closest to coal. The heat of
combustion of this composition is 42.1 MJ/kg. However, the ignition delay times of this composition
are, on the contrary, the longest. The cetane number (a measure of the fuel ignition value) of rapeseed
oil is 37.6 [58], which is quite a low indicator of ignition. A standard fuel is characterized by a cetane
number from 48 to 51, whereas a superior quality fuel—from 51 to 55. At a cetane number lower than
40, the fuel ignition delay time rises sharply. Therefore, the ignition delay of the composition with
rapeseed oil is greater than that of the composition with dry biomass. However, due to almost zero ash
content of oil, the composition with rapeseed oil performed the best in this criterion, since agricultural
and wood biomass can contain quite a lot of ash (Table 2) and additives, affecting not only the ignition,
but also slagging indicators. The energy performance indicators for the compositions with dry biomass
(Figure 3, Table 5) are in good agreement. This result can be attributed to a low fraction of biomass in
slurries and similar characteristics of the materials under consideration.

The environmental criteria for slurry fuels are much higher than those for coals within the whole
temperature range (Figure 4). That gives slurries a major advantage. A reduction in emission
concentrations is explained by the influence of a number of factors. The main ones are a lower fraction
of sulfur and nitrogen in the fuel, lower combustion temperature, interaction of sulfur and nitrogen
oxides with water vapors and with the components of biomass pyrolysis and gasification, resulting in
the formation of salts in ash and a decrease in NOx and SOx concentrations. It is difficult to single out
one particular dry biomass additive. For instance, at 700 ◦C and 800 ◦C, straw and leaves proved to be
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the best additives, whereas at 900 ◦C, using 10% of sunflower cake had a major effect. As mentioned
above, this is explained by chemical reactions developing between biomass components and the
gases under study [10]. The main conclusion is that this research focuses on the variation ranges of
anthropogenic emission concentrations, when biomass is added to fuel slurry compositions. They
show great prospects of using biomass for an environmentally friendly recovery of coal processing
waste to produce energy.

Table 5. Absolute (abs) and normalized (norm) fuel efficiency evaluation criteria for WSM method.

Criteria
Fuel *

1 2 3 4 5 6 7

abs norm abs norm abs norm abs norm abs norm abs norm abs norm

τd, s
at 700 ◦C 8.3 1 10.97 0.76 23 0.36 12.9 0.64 11.3 0.74 12 0.69 12.2 0.68

at 800 ◦C 6.7 1 8.87 0.76 14 0.48 10 0.67 8.97 0.75 9.5 0.71 11.3 0.59

at 900 ◦C 2.5 1 8.33 0.30 11.5 0.22 7.5 0.33 7.36 0.34 8 0.31 9.5 0.26

Tb
max, ◦C 1350 1 987 0.73 1020 0.76 930 0.69 885 0.66 896 0.66 1025 0.76

Tg
min, ◦C 530 0.84 445 1 475 0.94 461 0.96 449 0.99 454 0.98 448 0.99

Qa
s, MJ/kg 29.76 1 14.55 0.49 18.96 0.64 14.44 0.49 14.4 0.34 14.51 0.49 14,15 0.47

Ad, % 14.65 0.79 13.61 0.85 11.64 1 14.08 0.83 14.04 0.83 13.73 0.85 14.95 0.78

NOx, ppm
at 700 ◦C 140 0.41 80 0.71 57 1 78 0.73 84 0.68 104 0.55 80 0.71

at 800 ◦C 179 0.45 100 0.8 80 1 130 0.53 108 0.74 122 0.66 157 0.51

at 900 ◦C 320 0.38 165 0.73 120 1 180 0.57 130 0.92 150 0.8 242 0.49

SOx, ppm
at 700 ◦C 65 0.11 25 0.28 14.5 0.48 8 0.88 15 0.47 7 1 17 0.41

at 800 ◦C 205 0.10 48 0.42 23 0.87 25 0.8 40 0.5 20 1 55 0.36

at 900 ◦C 274 0.20 78 0.72 56 1 77 0.73 64 0.88 75 0.75 98 0.57

C, USD/kg 0.08 0.125 0.019 0.52 0.090 0.11 0.013 0.75 0.016 0.62 0.012 0.85 0.01 1

N, USD 665.000 0.43 290.000 1 290.000 1 290.000 1 290.000 1 290.000 1 290.000 1

* Note: 1%–100% coal; 2%–90% filter cake and 10% sawdust; 3%–90% filter cake and 10% rapeseed oil; 4%–90% filter
cake and 10% leaves; 5%–90% filter cake and 10% sunflower cake; 6%–90% filter cake and 10% straw.

The economic criteria, including cost of components and economic indicators of preparation, storage,
and combustion, were better for slurries, too. The cost of the slurries under study was derived from the
market prices of the components [59–61]. Using coal processing waste to produce slurries decreases
the fuel cost up to sevenfold. Adding biomass can increase or decrease the cost of the resulting slurry,
depending on the type of biomass, the degree of its involvement and use in other sectors, accumulated
volumes, and location. In this study, it was considered the most typical and widespread biomass
(often waste), therefore, the final cost of the slurry did not increase much. Fuel with rapeseed oil is an
exception, since the latter is more expensive than coal. At present, rapeseed oil is actively used in the
food and energy industries to produce biodiesel. Thus, its extensive use increases the cost of slurries.

Using the method from [17], the preparation, storage, and combustion costs were calculated
for coal (main fuel) and slurry fuels based on coal flotation waste at a thermal power plant. When
switching from traditional fuel to slurries, the amount of the necessary equipment for the systems
listed above decreases significantly, hence the costs are reduced as well. Costly equipment (unloader,
belt conveyor, crusher, pulverizer, raw coal and coal dust bunker, sizer, cyclone, etc.) for coal storage,
pulverization, and transportation is no longer needed. The fuel system, when using composite fuels
based on coal processing waste, includes much fewer elements and consists of tanks for storing separate
components and ready-to-use slurries with a homogenizer and fuel feeding system. When using filter
cake, no equipment for fuel pulverization and transportation on the conveyor is needed, since coal
particles are already 80–140 µm in size.

Using Equation (1), it was calculated the relative efficiency indicator for all the fuels. The results
are presented in Table 6. Figure 5 presents an angle diagram to illustrate the regions of minor and,
on the contrary, great differences in the integral characteristics, studied for the six compositions vs. coal.
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Table 6. Resulting efficiency indicators calculated according WSM.

Temperature

An

100% Coal
90% Filter
Cake, 10%
Sawdust

90% Filter
Cake, 10%

Rapeseed Oil

90% Filter
Cake, 10%

Leaves

90% Filter Cake,
10% Sunflower

Cake

90% Filter
Cake, 10%

Straw

100%
Filter
Cake

700 ◦C 5.70 6.34 6.28 7.0 6.32 6.50 6.77
800 ◦C 5.73 6.57 6.79 6.81 6.46 6.62 6.44
900 ◦C 5.77 6.35 6.66 6.47 6.57 6.12 6.33
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The findings (Table 6, Figure 5) show that all the slurries are characterized by a higher complex
efficiency indicator than coal (green region in Figure 5). Obtained results show that replacing
conventional coal with slurries will make it possible to increase the fuel efficiency by 10%–24%,
depending on the combustion conditions and type of biomass used in the mixture. The composition
with 90% filter cake and 10% leaves features the maximum An. This fuel has quite good indicators
in all the criteria, which leads to the highest An. Considering these criteria separately (Table 5),
the composition with 90% filter cake and 10% rapeseed oil was the best in the group in most of the
criteria, however the high cost of rapeseed oil and its low ignition indicator led to a lower overall
efficiency An. Therefore, it is reasonable to choose the type and concentration of biomass in the fuel
composition, evaluating a complex of environmental, economic, and energy performance indicators.

4. Conclusions

(i) The analysis of possible slurry fuel components showed good prospects of using different
kinds of biomass as additional fuel components in real practice. In terms of the scale of distribution
and the main energy performance characteristics, the most relevant kinds of biomass include wood
and agricultural waste (sawdust, straw, bagasse, leaves, shell) and oil production waste (oil cake).

(ii) It was experimentally established that the co-combustion of biomass and coal processing
waste can reduce the concentrations of NOx by 25–62% and SOx by 61%–88% compared to dry coal
combustion conditions. The presence of water and an additional biomass component in the fuel
composition significantly reduces the concentrations of sulfur and nitrogen oxides formed during
their combustion.

(iii) The efficiency of fuel compositions with biomass, when using slurry combustion technologies,
exceeds that of coal by 10%–24% in terms of environmental, economic, and energy performance
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indicators. It can vary from 6.12 to 7.0. The temperature conditions of combustion, type of plant
component used and its cost have a decisive effect.

Author Contributions: Conceptualization, D.G.; data curation, V.M.; formal analysis, G.N.; funding acquisition,
D.G.; investigation, G.N. and K.V.; methodology, V.M.; project administration, K.V.; writing—original draft, G.N.
and K.V.; writing—review and editing, D.G.. All authors have read and agreed to the published version of
the manuscript.

Funding: The reported study was funded by Russian Foundation for Basic Research, National Council of Brazil for
Scientific and Technological Development and Ministry of Science & Technology Government of India according
to the research project No 19–53–80019.

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

Nomenclature

An relative complex parameter
Ad ash content, %
C fuel cost, USD/kg

Cdaf, Hdaf, Ndaf, Odaf fraction of carbon, hydrogen, nitrogen, oxygen in the sample converted
to a dry ash free state, %

N capital costs, USD
Qa

s heat of combustion, MJ/kg
St

d fraction of sulfur in the sample converted to a dry state, %
Tb

max maximum combustion temperature, ◦C
Tg temperature in the combustion chamber, ◦C
Tg

min minimum ignition temperature, ◦C
Tf flash-point of liquid combustible component, ◦C
Tign ignition temperature of liquid combustible component, ◦C
Vdaf yield of volatiles of the sample in a dry ash-free state, %
Wa moisture content of analytical sample in an air-dry state, %
τ time, s
τd ignition delay time, s
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