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Introduction

Today, the problems of production and accumulation of industrial 
and domestic waste are among the most complex and large-scale. 
Numerous utilities, manufacturing enterprises of various pro-
files, as well as power plants that burn fossil fuels (in particular, 
pulverized coal), are the large sources of pollution. The rate of 
waste accumulation in many regions of the world significantly 
exceeds the technological and economic possibilities for waste 
processing. The scale and high risk of environmental pollution 
determine the need for the developing waste-to-energy technolo-
gies in different countries (Ninduangdee et al., 2020; Xiang et al., 
2020). The current directions of these technologies are co-incin-
eration, pyrolysis and gasification of various waste (Medina 
Jimenez et al., 2019; Zhao et al., 2015). In this work, the study 
object is high-moisture waste-derived fuel slurries. The consid-
ered direction of waste valorization is potentially effective and 
promising for a number of reasons (Mari et  al., 2018; Nunes, 
2020). The use of waste in the composition of multicomponent 
slurries opens up wider possibilities for reducing emissions 
(Jianzhong et al., 2014), stabilizing the ignition and combustion 

temperature, and increasing the completeness of fuel burnout. 
The results of several recent studies (Gaber et al., 2020; Jianzhong 
et al., 2014; Skoglund et al., 2016; Staroń et al., 2016), as well as 
the experience of using coal–water slurries (Hong et al., 2019; 
Wang et al., 2016), indicate that waste-based slurry fuels can be 
incinerated quite effectively in boilers with nozzles for fuel injec-
tion, in vortex combustion chambers, as well as grate and fluid-
ized bed boilers. A variety of waste, including raw and wet 
materials can be the components for preparing fuel slurries, for 
example oil and coal sludge, used liquids and oils, sewage sludge, 
wood waste and biomass.

Low grade fuel slurries can be burned in boilers instead of 
coal. However, such a transition must be justified and supported 
by a large amount of scientific data, various calculations, and 
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tests of different purposes and scale (Jianzhong et  al., 2014; 
Miccio et  al., 2021). To date, these issues have not been fully 
resolved. In addition to the need to obtain new experimental data, 
it is a relevant task to estimate the efficiency of mixtures of dif-
ferent component compositions. These assessments should 
include a wide range of characteristics. For new unconventional 
fuels, it is important to analyze a set of indicators (Sakri et al., 
2021; Teixeira et al., 2014), such as cost, fire safety, emissions, 
ignition temperatures, ash content, heating value, etc.

Thus, the development and implementation of technologies 
for the incineration and thermochemical conversion of waste and 
nonconventional fuels require consideration of a large number of 
indicators, including technological, economic and environmental 
characteristics. In many cases, these characteristics can be con-
tradictory, competing, and have different priority and units of 
measurement (Mehta and Mehta, 2020). That is when multiple-
criteria decision-making (MCDM) comes in handy (Perez-
Gallardo et al., 2018; Pires and Martinho, 2019). Multiple-criteria 
analysis is quite versatile and works with different application 
areas. Previously, MCDM methods were successfully applied in 
the power industry to assess biodiesel fuels (Erdoğan et  al., 
2019), various power plants and energy sources (Coronado et al., 
2021; Li et al., 2020), etc.

MCDM analysis can help compare traditional bituminous 
coal and new nonconventional multicomponent fuels in terms of 
a set of indicators of different nature. The present work aims to 
perform such a comparison for high-moisture slurries based on 
coal waste with additives from solid wastes of various origins.

The purpose of the present work is to perform a comprehen-
sive MCDM analysis of the efficiency of slurry fuels containing 
typical industrial and municipal waste, as well as to determine the 
most promising fuel compositions for different countries. We 
have singled out India, the USA and Russia as examples of large 
countries in need of effective waste recovery and capable to 
arrange it. The countries considered in this work are among the six 
leaders in coal mining (Coal, 2020; Key World Energy Statistics 
(Statistics report), 2020). Most of the coal is processed at coal 
washing plants. Considering the known volumes of coal produc-
tion, at least 15 million tons of coal-processing wastes are gener-
ated annually in each of these countries. Therefore, we can 
confidently say that the potential for using coal slime is quite high.

The present study is original since, until now, fuels containing 
coal slime and municipal solid waste have not been analyzed 
using complex efficiency indicators based on important eco-
nomic, technological and environmental criteria. The calculations 
are based on our own experimental findings on the combustion of 
fuels of different compositions. We used three different methods 
for calculating the performance indicators. Another unique feature 
of the research is that the calculation was carried out for three 
countries (India, USA and Russia) to factor in the possible coun-
try-specific priorities in terms of waste-derived fuels. The obtained 
results can be helpful as a rationale for the informed use of waste-
based slurries in thermal power engineering, knowing their advan-
tages and disadvantages. The approach proposed in this paper can 

become an important tool for developing waste-to-energy tech-
nologies and finding an acceptable solution to the environmental, 
economic, social and energy-related problems in many countries.

Materials and methods

Figure 1 illustrates the main concept and stages of the work. The 
study included two large parts – the experimental determination 
of the ignition and combustion characteristics and the multi-cri-
teria analysis of the fuel slurries. The detailed explanations on the 
implementation of the main and intermediate stages of the study 
are given in Sections ‘Components. Preparation and composition 
of fuels’, ‘Set of criteria’ and ‘MCDM methods and determining 
weight coefficients’.

Components. Preparation and 
composition of fuels

We compared several fuel mixtures based on coal-processing 
wastes against coal dust. The following fuels were studied (the 
indexes of fuels are valid throughout the paper):

(1)	 100% filter cake (wet);
(2)	 15% coal slime (dry), 25% filter cake (dry), 10% sawdust, 

50% water;
(3)	 15% coal slime (dry), 25% filter cake (dry), 10% tire pyroly-

sis residue, 50% water;
(4)	 90% filter cake (wet), 10% cardboard;
(5)	 100% bituminous coal.

The technologies of fuel slurries make it possible to use the 
components of various qualities for combustion: high-moisture 
components (e.g. vegetable waste, sewage sludge (Zhao et al., 
2015)), pyrolysis and waste oils (Kuan et al., 2020), coal and 
oil sludge.

In this study, we used coal waste (filter cake and coal slime) as 
the basis for the preparation of fuel slurries. This waste is gener-
ated at coal preparation plants during the flotation of fine raw 
coal. During this process, raw coal is washed with water and spe-
cial reagents, and then purified coal is separated using filters. 
Flotation waste is a mixture of water, coal, mineral particles and 
surfactants. The average particle size in a filter cake is 80–110 µm, 
while coal slime is based on finer particles (less than 80 µm). 
Wastes used in this work were obtained from the Severnaya coal 
preparation plant located in the Kemerovo region (Russia).

Cardboard, rubber tire pyrolysis product and sawdust were 
additional components of the investigated fuel blends. These 
wastes are very common in the municipal and industrial sectors, 
requires disposal, and can be used as components of slurry fuel to 
improve its performance (e.g. reduce the ignition delay time and 
increase the heating value). The sawdust was obtained from a 
wood-processing factory after mechanical processing of pine 
wood. The solid residue of car tire pyrolysis was obtained from a 
rubber recycling company. The main properties and elemental 
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composition of the components are presented in Table 1. The 
components have been tested using standard procedures (ASTM 
D5373-21; ISO 1928:2009; ISO 11722:1999; ISO 1171:2010) 
and certified equipment. In particular, the calorific value was 
determined using an IKA C 2000 calorimeter, and elemental 
analysis was carried out in a vario MICRO cube Elementar 
(Vershinina et al., 2022). The principles and methods of analysis 

corresponded to the standard approaches for solid fuels (Ashraf 
et al., 2021; Farooq et al., 2021).

Tap water was used to prepare the slurries. In general, the 
preparation of fuel slurries can be carried out using both tap and 
process water, as well as waste liquids (Jianzhong et al., 2014). 
The effect of water properties on fuel slurry performance is a 
special issue. Since the objectives of the study did not include 

Figure 1.  Flow chart of research methodology.

Table 1.  Properties of components.

Sample Proximate analysis Ultimate analysis, % (dry basis)

Wa, % Ad, % Vd, % Q, MJ kg−1 FC, % C H N S O

Bituminous coal 2.5 14.65 23.07 29.76 59.78 68.10 3.82 1.57 0.86 25.64
Filter cake (wet) 47.7 26.46 16.97 24.83 8.87 64.12 3.74 1.51 1.02 29.60
Coal slime 16.4 18.80 16.89 21.60 47.91 71.67 3.53 1.77 0.57 22.45
Tire pyrolysis residue 1.4 13.10 17.47 30.11 68.03 84.70 2.10 0.32 2.44 10.43
Sawdust (pine) 6.5 1.5 82.38 16.42 9.61 51.32 6.48 0.22 Traces 41.97
Cardboard (corrugated) 10.3 4.70 76.62 14.32 8.38 33.25 5.14 0.162 0.03 61.40

Wa: moisture content of an analytical sample; Ad: ash content of a dry sample; Vd: volatile content of a dry sample; Q: high heating value; FC: 
fixed carbon.
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this question, the choice of tap water was determined by its avail-
ability. All solid components (excluding filter cake and coal 
slime) were ground in a high-speed rotor mill (rotor speed 6000–
20,000 rpm) before fuel preparation. The crushed components 
were sieved to extract a fraction with a particle size of no more 
than 100 μm. The components were weighed on an analytical bal-
ance (Vibra AF 225DRCE with a resolution of 10−6 g). In accord-
ance with the required mass fractions, the components were 
mixed using a Polytron 2500e submersible homogenizer (rotation 
speed of 1500 rpm) for 15 minutes.

Set of criteria

Fuel efficiency can be evaluated in terms of several indicators 
characterizing the use of fuel for the required purpose in specific 
condition. In this study, we consider several criteria divided into 
groups: economic, environmental, energy and safety indicators.

The set of economic indicators accounts for the cost and avail-
ability of fuel components. The specific cost (C) of fuel, its avail-
ability (A) and transportation cost (CTR) were considered in the 
calculations. The availability criterion (A) shows whether there is 
a sufficient stock of fuel components in a specific region. 
Transportation costs (CTR) reflect the total cost of delivery of fuel 
components.

Energy indicators reflect the ignition and combustion behav-
iour of fuel. The gas-phase ignition delay time (τd1) shows how 
much time it takes for the fuel vapors to ignite. Heterogeneous 
ignition delay time (τd2) indicates how much time it takes to initi-
ate the combustion of coke residue. The minimum ignition tem-
perature (Tg

min) also indicates the necessary conditions for the 
stable ignition of the fuel, including the need for additional fuel 
during the boiler start-up phase. The maximum combustion tem-
perature (Td

max) shows the highest temperature of the fuel coke 
residue during combustion. The combustion time (τb) is the time 
during which a certain amount of fuel (e.g. a droplet or particle) 
is burned out. In this study, we used the values of τb, τd1, τd2, Td

max 
and Tg

min obtained experimentally by burning single droplets of 
slurries with an average size of about 2 mm in a laboratory fur-
nace. The details on the experimental methods, setups, data pro-
cessing and measurement accuracy are presented in (Glushkov 
et al., 2018; Vershinina et al., 2016). An important criterion for 
evaluating fuel efficiency is the heating value (Q). The total heat-
ing value of a fuel blend can be derived from the heating values 
of each component. In this work, the higher heating value of dry 
components was measured by an IKA C 2000 calorimeter under 
normal conditions in accordance with the ISO standards (ASTM 
D240-19 (2000); ISO 1928:2009 (n.d.)). The amount of noncom-
bustible residue produced from the fuel combustion can be evalu-
ated using the ash content criterion (Ash).

In this paper, safety indicators include three components: the 
fuel fire safety criterion (P), the ease of storage and transporta-
tion (Bkt) of fuel components and the criterion of dusting (D), 
which characterizes the release of particles during storage and 
transportation. These parameters allow to consider any fuel from 
the point of view of its safe and convenient use at a thermal 

power plant or boiler house. The fuel fire safety criterion (P) is a 
calculated parameter. It provides information on fuel behaviour 
when exposed to a high temperature. To calculate the values of 
fuel fire safety, we used equation (1), in which each of the multi-
pliers was normalized:

	 P T T= ⋅ ⋅g d d1
min max τ 	 (1)

A fire-safe fuel has the highest ignition temperatures and the 
maximum gas-phase ignition delay time. The Td

max factor was 
normalized in such a way that the minimum of the absolute val-
ues was taken as 1. Tg

min, based on fire safety requirements, was 
normalized differently – the maximum absolute value after nor-
malization corresponded to 1. τd1 was normalized in a similar 
way as Tg

min. The maximum gas-phase ignition delay time of the 
fuel mixture was taken as 1. Considering the fire hazard factor is 
important for new atypical waste-derived fuels. As can be seen 
from equation (1), this indicator includes several values that 
characterize how fast combustion can develop and how high tem-
peratures during combustion can be. The normalization of these 
parameters is necessary for the convenience of comparing differ-
ent fuels, as well as for subsequent consideration in MCDM 
calculations.

The environmental indicators evaluate the impact of specific 
fuel types on the environment during storage, transportation and 
combustion. When analyzing the anthropogenic emissions, we 
considered sulfur oxides (SOx) and nitrogen oxides (NOx). The 
emissions were measured using similar methods and experimen-
tal procedures to those used in the study of Dorokhov et  al. 
(2021). The waste recovery criterion (SR) reflects the potential of 
a particular fuel composition in terms of waste recovery. For 
example this criterion will be lower for bituminous coal than for 
a fuel blend with added waste. Also, we consider the criterion 
(SE) that reflects the prospects for reducing the area contaminated 
when using a particular fuel.

In experiments on combustion and emissions, components of 
the same origin were used since we had access to them. Different 
countries were taken to simulate the use of waste-derived fuel 
slurries under different conditions. This approach was an impor-
tant part of the research because it allowed different conditions 
to be modeled to calculate the efficiency indicator of fuel slur-
ries. In particular, cost, availability, as well as the priorities of 
certain aspects of fuel use differ for different countries. It is also 
important that the components used are typical for all three 
countries (domestic waste and coal slime). That is the composi-
tion of fuel slurries can be reproduced in different regions where 
there are coal preparation plants, the municipal sector and wood 
processing.

MCDM methods and determining weight 
coefficients

In this research, we use WSM (weighted sum method), WPM 
(weighted product method) and AHP (analytical hierarchy pro-
cess) for the analysis as being suitable (Kumar et al., 2017) for 
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the investigated issue with the available set of initial data. To 
date, there are a fairly large number of different MCDM methods. 
About 15 basic methods and several dozen of their variations are 
actively used (Kumar et al., 2017; Sousa et al., 2021; Vlachokostas 
et  al., 2021). This set of methods does not contain a general 
model. However, despite the diversity, most of the methods are 
related in their goals and calculation principle.

Thus, the researcher is faced with the task of choosing an 
appropriate technique. In this work, we relied on previous experi-
ence of MCDM analysis in the field of energy and related studies. 
According to the works (Kumar et al., 2017; Vlachokostas et al., 
2021), WSM, WPM and AHP are among the most commonly 
used methods. A review of the strengths and weaknesses (Kumar 
et al., 2017) of these techniques, as well as their application areas, 
allowed us to conclude that they are well applicable to the prob-
lem under study (in particular, in terms of computational com-
plexity, available initial information, its quantity and nature). 
Also, WSM and WPM contrast with the AHP method in terms of 
the principle of setting weighting coefficients. This was one of 
the reasons for the choice since it allowed to demonstrate possi-
ble differences between the methods of analysis.

WSM is based on assigning a weight to an indicator (factor) 
that affects the result (Wimmler et  al., 2015). Although fuel 
efficiency indicators have different units of measurement, this 
method can be used if each criterion is normalized to a refer-
ence case. The values of normalized criteria vary from 0 to 1. 
The sum of all the weights equals 1. The weights can be derived 
from consumer requirements, expert opinions, or other condi-
tions. After assigning all the weight coefficients, each alterna-
tive is characterized by the weighted sum of criteria given by 
equation (2):

	 A w xn i i
i

n

= ⋅
=
∑
1

, 	 (2)

where wi is the weight coefficient for each criterion; xi is the nor-
malized value of criterion; i is the serial number of the criterion 
and the weight coefficient; n is the number of criteria.

The higher the value, the more effective the alternative is in 
terms of the chosen set of criteria and priorities.

WPM is similar to WSM. The main difference is that in the 
first case, it is necessary to find the product of all the criteria 
raised to the power of weight coefficients. In the second case, the 
criteria are multiplied by their weights and the resulting values 
are summed. The WPM involves assigning weights to each crite-
rion and normalizing it. The summarizing efficiency indicator 
according to the WPM is given by equation (3):

	 A xn i

w

i

n
i=

=
∏
1

, 	 (3)

where wi is the weight coefficient for each criterion; xi is the nor-
malized value of criterion; i is the serial number of the criterion 
and the weight coefficient; n is the number of criteria.

AHP is a more complex method since it does not involve the 
direct selection of weight coefficients, but their sequential calcu-
lation using a hierarchy of criteria (Abdallah et al., 2020). The 
most important element of the hierarchy is placed at level zero 
(goal). We used the option in which the cost of fuel is at level 
zero. This is mainly because the fuel purchase accounts for least 
70% of all costs of a typical coal-fired power plant (Nalbandian-
Sugden, 2016). The next level of the hierarchy (level 1), contains 
the categories of criteria chosen depending on priorities. We con-
sidered the following categories: environment, energy, industrial 
safety and economy. The second level of the hierarchy includes 
specific characteristics for assessment such as NOx and SOx 
emissions, ignition delay times, fire safety, fuel cost, etc. At the 
first calculation stage, it is necessary to evaluate each alternative 
in terms of each criterion. For that, the numerical values of crite-
ria are normalized so that their sum was equal to 1. Then the 
weights are determined by a sequential pairwise comparison of 
the criteria using a special table. The cells of this table contain 
fractional values that reflect the importance ratio of the two com-
pared criteria. Then the sum of values in each row is calculated as 
well as the sum of all the values in the table. At the next stage, we 
normalize the sums of rows so that their value was equal to 1. The 
normalized sum is given by equation (4):

	 NS coefficients coefficients  = ∑ ∑∑ 	 (4)

where Σcoefficients is the row sum of weights and ΣΣ coefficients 
is the summarized value of the row sum of weights.

Using equation (2), we calculate the weighted sum of criteria. 
The last stage involves the analysis of the efficiency/cost ratio. 
For that, it is necessary to divide the weighted sum of criteria of 
each alternative An by its normalized cost. The best alternative is 
the one with the highest efficiency/cost ratio. In our case, the 
method is used to determine the efficiency of composite fuels as 
compared to coal.

In this study, we considered three different regions of the 
world – the United States, India and Russia. The capacity of 
waste-to-energy technologies in these countries is relatively low, 
although this route is extremely promising. The selected coun-
tries have some of the highest rates of mining (including coal) 
and energy consumption in the world (Coal, 2020; Key World 
Energy Statistics (Statistics report), 2020). When assigning the 
weights (Supplemental Table S1), we accounted for the individ-
ual aspects of each country.

By singling out the set of economic indicators, we found that 
each of the countries has very different conditions and priorities 
in terms of cost, availability and transportation expenses. For 
instance, in Russia, the cost of fuel components may be leveled 
out by transportation expenses, and the availability indicators 
may be low due to the vast territory and long distances between 
large cities in the country. For the United States, reducing the 
cost of fuel and transportation can also be a priority since the 
fossil fuel deposits are often significantly remote. In India, the 
problem of fuel delivery is less pronounced and a higher priority 
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can be given to the component composition of the fuel. Here we 
assigned equal weights to different criteria in the set of energy 
indicators because it is only advisable to prioritize individual 
indicators when considering a specific boiler and auxiliary 
equipment. The weights in the set of environmental indicators 
were assigned based on the information about environmental 
pollution, as well as the current regulations in the countries. In 
Russia and India, rather vast territories are designated for waste 
storage (coal slime, municipal solid waste, etc.). Therefore, the 
high priority for these countries is waste recovery and reduction 
of polluted areas by recycling the waste that has already been 
accumulated. The USA places more emphasis on keeping the 
emissions within environmentally safe limits. This does not 
make the recovery of polluted territories and recovery of accu-
mulated wastes any less significant, but the top priority is on the 
environmental protection against anthropogenic pollutants. 
Control of atmospheric emissions is also of high importance for 
other countries, especially India.

Results of MCDM analysis for evaluating 
the efficiency of waste-derived fuels

Fuel efficiency evaluated by WSM and 
WPM

In the experiments, the temperature in the furnace varied in the 
range of 700–900 °C. It was found that such characteristics as 

ignition delay time, combustion time, emissions of sulfur and 
nitrogen oxides are rather strongly dependent on the temperature 
in the furnace. Therefore, for subsequent calculations via MCDM 
methods, three independent cases were considered – when the 
temperature in the furnace is 700, 800 and 900 °C. Table 2 lists 
the experimental values of fuel characteristics as well as fuel 
cost. Ignition delay times decreased with increasing furnace tem-
perature and emissions of sulfur and nitrogen oxides increased. 
The combustion time of a slurry droplet depended nonlinearly on 
the temperature in the furnace, and this dependence was different 
for the slurries of different compositions. The result is because 
low-grade fuels tend to burn out incompletely (due to low reac-
tion speed, insufficient heat release during combustion) and 
therefore an increase in temperature contributes to more com-
plete combustion, and values of τb may increase.

To determine the relative efficiency of a fuel mixture, it was 
necessary to normalize the absolute values of each criterion. Gas-
phase and heterogeneous ignition, combustion time, ash content 
and SOx and NOx emissions were normalized to a minimum 
absolute value. The combustion temperature and specific heating 
value was normalized to a maximum value.

In addition to the criteria listed in Table 2, we used other indi-
cators to evaluate fuel efficiency including dusting, ease of stor-
age and transportation, availability, waste recovery, reduction of 
polluted territories and transportation expenses. The indicators 
of the storage and transportation convenience, transportation 
expenses, and dusting were normalized so that their value was 

Table 2.  Fuel characteristics.

Fuel

  1 2 3 4 5

τd1, s (at 700 °C) 4.430 8.780 6.340 9.820 3.910
τd1, s (at 800 °C) 4.990 7.830 6.07 8.330 2.090
τd1, s (at 900 °C) 2.008 7.118 4.992 6.740 0.745
τd2, s (at 700 °C) 7.848 10.972 7.924 9.904 5.947
τd2, s (at 800 °C) 6.968 8.874 6.698 8.464 3.789
τd2, s (at 900 °C) 5.378 8.334 5.579 6.9430 1.452
τb, s (at 700 °C) 28.320 28.92 28.86 10.120 12.140
τb (at 800 °C) 21.320 19.08 13.300 11.510 13.960
τb, s (at 900 °C) 59.340 23.871 12.460 11.260 14.670
Td

max, °C (at 700 °C) 887 987 1078 865 1350
Ash, % 19.67 8.15 9.26 18.00 18.07
Q, MJ kg−1 13.657 11.51 12.876 14.042 25.79
Tg

min, °C 475 445 460 410 350
SOx, ppm (at 700 °C) 19 25 15 15 50
SOx, ppm (at 800 °C) 37 48 40 40 200
SOx, ppm (at 900 °C) 85 78 100 64 262.5
NOx, ppm (at 700 °C) 50 80 60 50 150
NOx, ppm (at 800 °C) 75 100 110 75 200
NOx, ppm (at 900 °C) 125 165 175 130 312.5
P, (°C)2·s (at 700 °C) 1,868,703 3,855,210 3,146,111 3,483,691 1,848,420
P, (°C)2·s (at 800 °C) 2,102,917 3,441,030 3,010,587 2,953,632 989,415
P, (°C)2·s (at 900 °C) 845,978 3,126,288 2,475,433 2,390,483 352,013
C, € kg−1 (in Russia) 0.005 0.016 0.028 0.008 0.051
C, € kg−1 (in USA) 0.005 0.011 0.028 0.007 0.051
C, € kg−1 (in India) 0.005 0.009 0.028 0.006 0.051
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equal to 1 for slurries because they do not produce dust and can 
be transported through a pipeline. When normalizing the criteria 
of waste recovery and reduction of polluted territories, we 
assigned the value of 1 to the fuel that helps to reduce the area of 
polluted land and the consumption of fossil fuels. For the avail-
ability criterion, we assigned the value of 1 to the fuel that con-
tains the most widespread components in a particular country 
(Supplemental Table S2).

After normalizing all the absolute values, we calculated the 
summarizing fuel efficiency indicator according equations (2) or 
(3). The results are presented in Table 3.

Fuel efficiency evaluated by AHP method

At the first stages, this method involved determining the fuel effi-
ciency criteria. The considered criteria are described in Section 
‘Results of MCDM analysis for evaluating the efficiency of 
waste-derived fuels’. For a more accurate evaluation, it is advis-
able to compare criteria within a group and then compare groups 
with each other. One of the first calculation stages is assigning 
the weights to each indicator. The results of pairwise comparison 
of indicators are presented in Supplemental Tables S3–S6. After 
the pairwise comparison of criteria, we calculated the normalized 
weights of all the criteria using equation (4) (for more detail, 
please see Supplemental Tables S7–S10). Then we calculated the 
weights of the set of criteria by comparing them with each other. 
The pairwise comparison of indicator sets is given in Supplemental 
Table S11. After the pairwise comparison, we determined the 
normalized weights of criterion sets (see Supplemental Table 
S12).

At the last calculation stage, we found the value of the effi-
ciency/normalized cost ratio. According to the calculations, the 
most effective fuel was the one with the highest value of this 
ratio. The results are presented in Table 4.

The main source of uncertainty is the experimental data on the 
characteristics of the fuel used in subsequent calculations. These 
data were obtained in the laboratory using different equipment. 
Consequently, there are a number of uncertainties that we could 

not control. These factors include the following: fuel inhomoge-
neity, heat loss in the combustion chamber and variation in the 
shape and size of fuel samples. Multiple measurements helped to 
reduce the uncertainty factor. In particular, experiments on igni-
tion and combustion of the fuels were carried out at least eight 
times under constant conditions. When processing the experi-
mental data, the exclusion of gross errors and the calculation of a 
random error at a confidence level of 95% were performed. 
Otherwise, the problem statement did not include such statistical 
factors that could be an uncertainty. There are factors that may 
include uncertainty (e.g. the price of fuel components), but the 
risk assessment of price fluctuations was not addressed in this 
paper. The main emphasis was placed on the evaluation of new 
fuel blends according to their specific technical characteristics.

Discussion

The calculations and comparative analysis using the WSM and 
WPM (Table 3) have revealed that the most promising fuels for 
all the countries under study are wet coal flotation waste (filter 
cake) and water slurry on its basis with added cardboard. These 
fuels have similar values of An. Therefore, their involvement in 
the energy sector of any of the countries under study will be 
equally effective. In this case, it is necessary to rely on the 
resources available in the region and the possibility of using large 
volumes of accumulated waste. Bituminous coal has the lowest 
summarizing efficiency indicator. Although coal has the best 
energy characteristics of all the fuels, the environmental indica-
tors of its combustion are much lower than those of water-based 
slurries. Its overall efficiency is also undermined by the low rela-
tive indicators of fire safety and dusting. Moreover, the low effi-
ciency of coal is also largely due to its high cost compared to 
waste.

The efficiency indicators of all fuels decrease with an 
increase in the fuel heating temperature provided in the experi-
ments. This result stems mainly from the increased concentra-
tion of anthropogenic emissions with a temperature increase. It 
is safe to conclude that high environmental efficiency requires 

Table 3.  Summarizing fuel efficiency indicators by WSM and WPM.

Fuel Russia USA India

700 °C 800 °C 900 °C 700 °C 800 °C 900 °C 700 °C 800 °C 900 °C

WSM
1 0.822 0.817 0.756 0.813 0.812 0.747 0.836 0.838 0.780
2 0.766 0.767 0.772 0.744 0.751 0.757 0.792 0.796 0.805
3 0.764 0.754 0.736 0.738 0.724 0.701 0.771 0.766 0.753
4 0.820 0.805 0.791 0.819 0.802 0.789 0.861 0.849 0.839
5 0.537 0.524 0.519 0.521 0.507 0.504 0.574 0.562 0.557
WPM
1 0.784 0.779 0.678 0.774 0.774 0.669 0.782 0.781 0.685
2 0.718 0.716 0.679 0.702 0.707 0.672 0.734 0.738 0.713
3 0.705 0.695 0.656 0.669 0.656 0.615 0.691 0.687 0.659
4 0.790 0.764 0.718 0.789 0.762 0.716 0.814 0.794 0.758
5 0.444 0.411 0.389 0.421 0.387 0.369 0.450 0.417 0.394
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relatively low temperatures in the combustion chambers. 
However, low-grade fuels are burned at 800–1000 °C in actual 
practice. This temperature range applies to waste-based slur-
ries, too. Stabilization of the combustion temperature is possi-
ble by varying the composition of the slurry. According to the 
data obtained, wood waste and biomass (e.g. straw, sawdust and 
cardboard) can be used for this. These additives have an aver-
age heating value and will not lead to destabilization of the 
combustion temperature. However, to increase the thermal effi-
ciency, it is better to use highly reactive additives (e.g. oils or 
rubber in a small proportion).

When comparing the fuel efficiency indicators calculated for 
the three countries, we see that the maximum efficiency of all the 
fuels is achieved for India. This result can be explained by the 
large coal reserves this country possesses, which makes its cost 
low and availability high. The same conclusion can be made con-
cerning coal processing and flotation wastes. At the same time, 
the requirements for the quality of exported coal are becoming 
stricter every year. Hence, the volumes of wastes produced when 
preparing coal to be exported will only increase. Coal accounts 
for about 57% of the total energy consumption in India, which 
makes it the primary source of energy. The prospects of using 
coal-processing wastes (e.g. filter cakes, slimes, etc.) as an energy 
resource are promising in this country.

Figure 2 illustrates the ratio of individual normalized criteria 
of the overall fuel efficiency calculated via WSM. Data are given 
for coal dust as well as for the slurry with the maximum effi-
ciency (90% filter cake and 10% cardboard) and minimum effi-
ciency (15% coal slime, 25% filter cake, 10% pyrolysis residue 
and 50% water). Data for Fuel 2 and Fuel 4 are given in 
Supplemental Tables S13–S15. If we consider all the factors 
influencing fuel efficiency, we can see that coal dust is inferior to 

fuel slurries in 80% of the criteria under study. The surface 
area obtained by combining all the criteria in vector diagrams 
(Figure 2) is larger for slurries than for coal. When considering a 
set of indicators, we found that coal is a promising fuel in the 
energy criteria (blue sector) due to its high heating value as well 
as its better ignition and combustion characteristics. It has a 
shorter ignition delay time and lower ignition temperature as well 
as longer combustion time and high heating value. Slurries, how-
ever, are more effective in terms of the environmental (green) and 
safety (red) indicators. They produce much less sulfur and nitro-
gen oxides, and the chance of their spontaneous ignition is low. 
Due to the low-cost wastes involved, slurries are also better in 
terms of the economic criteria (blue sector). Thus, coal can com-
pete with slurries in the relative efficiency indicators mostly due 
to its high energy performance.

The data obtained show that the use of waste-derived slurries 
will benefit thermal power plants and boiler houses in the field of 
NOx and SOx emission reduction. Experimental data confirm this 
(Table 2). In laboratory experiments, CO2 emissions from the 
combustion of waste-derived slurries can be 1.5–2 times lower 
(Dorokhov et al., 2021) than from the combustion of coal, but 
this difference is due to local features of the process (e.g. lower 
carbon content and higher humidity of waste-derived blends). 
However, on an industrial scale, CO2 emissions will be compara-
ble if the fuel is burned out completely and the equal power (ther-
mal or combined) is produced when burning coal or a waste-based 
mixture. The use of new types of waste-derived slurries is more 
appealing in the context of reducing nitrogen and sulfur oxide 
emissions due to beneficial reactions with water vapor and cer-
tain substances (e.g. alkaline earth metal compounds). We can 
conclude that when using waste-derived slurries, the methods 
for reducing CO2 emissions will remain conventional: flue gas 

Table 4.  Efficiency of fuels evaluated by AHP.

Fuel number Russia USA India

An An/C An An/C An An/C

700 °C
1 0.741 15.775 0.645 12.971 0.651 12.735
2 0.571 3.891 0.543 5.147 0.595 6.297
3 0.595 2.276 0.567 2.052 0.616 2.170
4 0.599 7.995 0.532 7.431 0.643 10.860
5 0.467 0.994 0.550 1.108 0.555 1.085
  800 °C
1 0.689 14.663 0.689 13.870 0.696 13.608
2 0.595 4.054 0.590 5.591 0.641 6.794
3 0.607 2.322 0.602 2.178 0.651 2.293
4 0.559 7.462 0.548 7.656 0.659 11.132
5 0.516 1.098 0.526 1.058 0.530 1.037
  900 °C
1 0.635 13.507 0.635 12.777 0.641 12.545
2 0.574 3.912 0.569 5.393 0.621 6.572
3 0.572 2.188 0.567 2.052 0.617 2.170
4 0.538 7.183 0.528 7.364 0.638 10.778
5 0.543 1.156 0.553 1.113 0.557 1.090
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cleaning, the use of specialized equipment and, most importantly, 
reducing consumption and losses by increasing the efficiency at 
all stages of production and utilization of energy.

Figure 3 compares the efficiency of the fuel mixtures under 
study versus coal dust. The use of coal-processing wastes together 
with municipal solid waste can increase the fuel efficiency by 
42–58% for Russia, by 41–61% for the USA and by 34–52% for 
India. The slurry containing 90% of filter cake and 10% of card-
board has the highest efficiency. This fuel blend is the cheapest, 
has good ignition and combustion characteristics, and does not 
require large investments in transportation, storage and prepara-
tion systems. The lowest efficiency indicator belongs to the fuel 
mixture with the following composition: 15% of coal slime, 25% 
of filter cake, 10% of tire pyrolysis residue and 50% of water. 
Tire pyrolysis residue has a high price (relative to other wastes) 
and lower availability. Moreover, tire residue can be effectively 
recovered using other methods than combustion. Another point is 
that the annual production volume of this component is about 
30–50 times lower than that of filter cakes and slime. The addi-
tion of solid pyrolysis products increases the heating value of the 
fuel mixture and the combustion temperatures and can therefore 
be considered if a high priority is given to the thermal efficiency 
of the plant.

Figure 4 illustrates the differences in the values of individual 
efficiency indicators of the fuel mixtures and pulverized coal cal-
culated by WPM. Data are given for coal dust as well as for the 
slurry with the maximum efficiency (90% filter cake and 10% 
cardboard) and minimum efficiency (15% coal slime, 25% filter 
cake, 10% pyrolysis residue and 50% water). Data for Fuel 2 and 
Fuel 4 are given in Supplemental Tables S13–S15. A multicom-
ponent slurry based on coal slime, filter cake and tire pyrolysis 
residue is the least effective for a number of reasons with the 
economic constituent as the main one. Due to the tire residue, the 
cost of fuel increases, since the cost of the component, its avail-
ability, and transportation expenses are much higher than for all 
the other components under study. In contrast, filter cake with 
10% cardboard has the highest indicators, which suggests the 
good prospects for further involvement of the paper and wood 
wastes in slurry fuel preparation technologies. More than 300 mil-
lion tons of waste paper are produced annually, which can be 
reused in the energy sector as an additive to fuel slurries.

Figure 5 compares the efficiency indicators of fuels calculated 
using WPM. Full or partial replacement of coal by waste-based 
fuel would increase the efficiency on average by 53–93% depend-
ing on the region. When determining the fuel efficiency using the 
WPM (similarly to WSM), we established that the most effective 

Figure 2.  Dimensionless components of a complex fuel efficiency indicator calculated by WSM.
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Figure 3.  Fuel efficiency indicators calculated by WSM (percentage difference compared to coal).

Figure 4.  Dimensionless components of a complex fuel efficiency indicator calculated by WPM.
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fuel composition consists of 90% of filter cake and 10% of card-
board. The least effective is the composition containing 15% of 
coal slime, 25% of filter cake, 10% of tire pyrolysis residue and 
50% of water. The reasons behind this result have been listed 
earlier in the paper. The fuel with the addition of cardboard has a 
somewhat higher total indicator than that of filter cake without 
any additives. The composition with sawdust scored somewhere 
in the middle in terms of the criteria analyzed. According to cal-
culations, WSM and WPM gave similar results: the same compo-
sitions are characterized by the highest and lowest efficiency. 
Thus, both methods can be used for multi-criteria evaluation of 
various fuels to compare them with conventional energy 
resources, such as coal, gas, or fuel oil in power plants.

The sensitivity assessment of the WSM and WPM models 
showed that changes in the weight of a group of parameters 
within ±15% of the initial values led to a change in the complex 
fuel efficiency indicator within 0.003–3.99%. A more noticeable 
change in the An indicator (4–7%) was obtained with a change in 
the initial weight coefficients by 17–20%. At the same time, the 
maximum sensitivity was manifested when the weight coeffi-
cients changed in the category of economic parameters. Changes 
in the weights in other categories were reflected in the complex 
fuel efficiency indicator to a lesser extent.

Figure 6 presents the values of fuel efficiency indicators and 
their ratios to the cost of fuels. The calculation of fuel mixture 
efficiency indicators using the AНР shows that the wet filter cake 
without additives has the highest overall efficiency. The effi-
ciency to cost ratio of the filter cake is more than 12 times higher 

than that of coal dust. The composition ‘15% coal slime, 25% 
filter cake, 10% tire pyrolysis residue and 50% water’ is the least 
effective fuel among those considered. Nonetheless, the effi-
ciency/cost ratio of this fuel is twice as high as that of coal. Thus, 
if we prioritize the cost, the AHP method emphasizes the possible 
benefits since the waste is cheaper than high-grade fuels. This is 
more important from an economic point of view, in terms of 
profit and cost-sharing. If we take a step beyond economic inter-
ests, the results will not undergo serious qualitative changes. If, 
for example environmental indicators are at the top of the hierar-
chy, then low-grade fuels, despite several obvious drawbacks, are 
likely to again rank higher again, because the rational use of 
waste is more profitable in the long term than investing more and 
more in extraction.

In general, the highest potential of using composite slurry 
fuels is typical of countries with developed coal and/or oil pro-
duction and processing (China, India, USA, Australia, Russia). 
These industries generate a very large volume of waste (Kaza 
et al., 2018; Wilson, 2015), which is rather difficult to recover. 
Waste-to-energy combustion can become the main route, includ-
ing incineration of coal and oil processing waste as part of multi-
component slurries. Recent trends (Coal, 2020; Key World 
Energy Statistics (Statistics report), 2020) indicate a decline in 
coal mining and processing in the European region. But, in our 
opinion, this is no reason to discard the development of slurry 
combustion technologies in Europe and other countries where 
there is no large-scale production and processing of oil or coal. 
Fuel slurries can be prepared from a wide range of components 

Figure 5.  Fuel efficiency indicators calculated using WPM (percentage difference compared to coal).
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including high-moisture or oily waste. In European countries, 
these can be such components as sewage sludge, oil sediments, 
waste liquids, agricultural waste, as well as solid and oily pyroly-
sis products of these components.

Thus, all the methods of MCDM can be successfully applied 
for the general assessment of the efficiency of unconventional 
fuels. Calculations can be performed both for a specific country 
and for a specific region or enterprise. Particular attention should 
be paid to assigning weights (when using WSM and WPM) and 
the design of the criteria hierarchy (when using AHP). This will 
make it possible to assess the prospects for the use of a new fuel 
most adequately, considering the legislation, geographical fea-
tures, the current economic situation, the state of the environ-
ment, and technological readiness.

Conclusions

i.	 The results of this study supported the hypothesis that non-
conventional waste-derived coal–water blends can replace 
bituminous coal. The approach proposed in this paper can 
become an important tool for developing waste-to-energy 
technologies and finding an acceptable solution to the envi-
ronmental, economic, social and energy-related problems in 
many countries.

ii.	 The performed MCDM analysis made it possible to identify 
the best and worst fuel compositions. Bituminous coal in any 
model cases had the lowest complex efficiency indicator. 

Wet coal slime without additives has high overall efficiency 
(74–84% higher than that of coal). However, it may cause 
the destabilization of combustion in the furnace. Therefore, 
higher-calorie and more reactive fuel (fuel oil, diesel, natural 
gas) will be needed to fire up the boiler.

iii.	 Regardless of the region, a mixture based on wet coal waste 
(90%wt) and cardboard (10%wt) has become the most 
promising fuel. Its overall efficiency is 50–80% higher than 
that of coal due to its high ignition and combustion perfor-
mance, acceptable emissions and low cost.

iv.	 Combustion of wet coal slime together with solid waste 
makes it possible to increase fuel efficiency by 42–58% for 
Russia, by 41–61% for the United States and by 34–52% for 
India. For all the countries considered, the development of 
technologies of waste-derived fuel slurries can become an 
economically and environmentally promising strategy that 
contributes to the diversification of energy sources.

v.	 Calculations performed using different methods showed 
similar results, that is fuel ranking did not change signifi-
cantly when using WSM, WPM and AHP. At the same time, 
the WSM and WPM methods provided the closest results in 
terms of the values of the final fuel efficiency indicator.

vi.	 AHP method allows highlighting the contribution of a particu-
lar factor. In this work, the fuel cost was placed at the main 
level of the hierarchy. For this reason, and also because of the 
calculation algorithm, the efficiency indicator for the same fuel 
differed by 1.2–1.4 times compared to the WSM and WPM.

Figure 6.  Fuel efficiency indicator and its ratio to the fuel cost for the three states under study (data obtained by AHP).
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