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Abstract: This paper presents the results of analyzing the efficiency of the following five fuel types: dry
coal, wet coal processing waste, coal–water slurry, and two waste-derived slurries. In the calculations,
we employed 16 criteria related to the energy industry, economy, social aspects, safety at plants,
and environmental protection. We used the experimental data, obtained from the combustion of the
fuels under study at three heating temperatures (700 ◦C, 800 ◦C, and 900 ◦C). Three countries were
analyzed, where all of them have a high share of using fossil fuels in the energy industry: Japan, China,
and Russia. The total performance indicator was calculated using three multiple-criteria decision
analysis techniques (weighted sum method, weighted product method, and analytic hierarchy
process). The choice of weight coefficients was confirmed for each method. We found that coal
and coal–water slurry had the lowest integral efficiency indicators (0.016–0.535 and 0.045–0.566,
respectively). The maximum effect was achieved when using waste-derived slurry with used turbine
oil (0.190–0.800) and coal processing waste (0.535–0.907). There were, on average, 3%–60% differences
in the integral efficiency indicator for the same fuel in different countries. The difference in the
efficiency indicator of the same fuel in different countries was on average 3%–60%; with changes in
temperature, the difference in efficiency was 5%–20%; and when changing the calculation procedure,
the difference was 10%–90%.

Keywords: multi-criteria analysis; coalwater slurries; coal and oil processing waste; coal;
efficiency indicators

1. Introduction

The energy sector worldwide is very slowly restructuring towards biofuel and renewable energy
development. This is connected with several factors that have been discussed in many studies
(e.g., References [1–3]). At the same time, one of the most remarkable trends of recent years is
the investigation of different ways of producing energy from waste and biomass [4,5]. This field
is developing rapidly since current rates of production and consumption result in large amounts
of products suitable for secondary energy generation [6,7]. For instance, Bhatia et al. [8] studied
the methods of animal and plant bioresource management to produce energy, and Kuo et al. and
Yan et al. focused on the combustion of municipal solid waste [9,10]. These methods are quite poorly
implemented in practice on a global industrial scale. However, the high interest of the scientific
community in them is an important prerequisite for waste and bioresources to become one of the basic
alternative energy sources in many countries in the future.

Coal and oil processing waste are not well studied and, thus, are hardly utilized as resources
(especially in exporting countries), though it can become a promising raw material for the production
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of an abundance of energy. Considering the annual increase in oil and coal consumption volumes [11],
the amount of such waste is growing accordingly. Unfortunately, the level of modern technologies does
not make it possible to minimize this waste (in terms of the areas occupied by storage sites). Moreover,
there are already huge amounts of waste with coal and petroleum origins that have accumulated over
the years and that need to be disposed of. Waste can not only be recycled, but it can be used directly as
fuel. The direct combustion of coal and oil processing waste is tricky and unsafe. Therefore, it is more
rational to prepare wet fuel mixtures based on this waste and derive several positive economic, energy,
and environmental benefits [12].

Attempts have already been made to define the energy and environmental parameters of the
combustion of waste-based fuel mixtures (e.g., Nyashina and colleagues [12,13]). Nyashina et al.
compared the efficiency of such slurries with that of coal by using a certain generalized indicator.
The parameters and priorities chosen in Nyashina and colleagues [12,13] are somewhat limited (e.g.,
in the environment and power sector). It makes sense to perform a more detailed evaluation of the
efficiency of different waste-based fuel compositions vs. coal, which is the most widespread boiler
fuel. Our study is aimed at achieving this objective. The list of parameters under consideration
was extended (several parameters of energy, economic, environmental, and social performance were
added); meanwhile, the priorities ranged according to the region where the fuel was potentially used.
We considered China, Russia, and Japan as they belong to the largest economies of the world with
a high share of fossil fuel use in the energy industry (70%, 66%, and 79%, respectively) [14].

When calculating the integral indicators of fuel efficiency, a combination of environmental,
economic, and energy performance criteria need to be taken into account. This calls for a criteria
analysis and validation of the choice of the method for calculating the efficiency coefficient of fuel
compositions. In current practice, such analysis is commonly performed using multiple-criteria
decision analysis (MCDA) methods [15]. The application area of these methods is very wide in the
energy sphere. For instance, in Anwar et al. [16], MCDA methods were applied to evaluate six biodiesel
feedstocks by using the data about their physical and chemical properties. These methods are also
employed when selecting municipal waste recycling equipment [17] or, for example, when choosing
a site to build photovoltaic power plants [18]. We also used such approaches in our research to calculate
the generalized efficiency indicators of waste-derived fuel slurries and determine the most attractive
fuel compositions for different regions of the world. Our research findings make it possible to estimate
the prospects of fuels of different compositions when varying the priority of parameters in the energy,
economic, environmental, and social categories over wide ranges.

2. MCDA Methods

There is quite a large group of methods that can be used to find an optimal solution by considering
several criteria [15,19]. When analyzing modern approaches to multi-criteria analysis, we chose
several widely used MCDA methods, taking into account the specific character of the energy sector.
These include the weighted sum method (WSM), weighted product method (WPM), and analytic
hierarchy process (AHP). They are suitable for the energy sector, their calculations are quite simple,
and they work well with the amount of data that was used as initial information in the problem posed
in this study.

2.1. Weighted Sum Method

This method determines the weight coefficient for each factor, which affects the final result [20].
The considered criteria can have different units of measurement. Therefore, each criterion is normalized
by dividing it by a certain benchmark value. The objective value of the parameter or known value that
is suitable for comparison can serve as a benchmark. After normalization, the parameters become
dimensionless and have a domain from 0 to 1.

One specific feature of WSM is that the sum of the weight coefficients should equal 1. The weight
coefficients are distributed between single constituents based on the problem statement and the end



Appl. Sci. 2020, 10, 2460 3 of 21

user’s requirements. After defining the weight coefficients, each option under study is characterized
by An (weighted sum of criteria), which is calculated using the equation:

An =
∑

wj·xij. (1)

An option is considered to be preferable if the weighted sum of the criteria is the greatest of all the
other alternatives under study.

2.2. Weighted Product Method

This method is similar to the WSM. In the WPM, like in the WSM, it is necessary to set the weight
coefficients for each criterion and determine their normalized values. The selection of weights is
carried out in the same way as in the WSM. The difference is in the way the integral indicator An is
calculated. In WPM, the normalized values are raised to a power equivalent to the corresponding
weight coefficient and then multiplied:

An =
∏

xij
w

j. (2)

The option with the greatest An is the most preferable, just like in the WSM.

2.3. Analytic Hierarchy Process

This method is one of the most common MCDA techniques [21]. Unlike the WSM and the WPM,
this method evaluates the alternatives and weight criteria differently.

The AHP is based on a hierarchic structure. The zero level of the hierarchy is a goal (in our study,
we took the fuel cost as the zero level). The first level is represented by categories of criteria (in our
case, these were environmental, energy performance, social, economic, and safety). The second level is
composed of the criteria themselves (ignition delay times, NOx and SOx concentrations in combustion
products, etc.) [22].

The first step of the calculations is to normalize the criteria in each category in such a way that the
values obtained add up to 1. Then weight coefficients are determined by comparing the criteria in
pairs. Table 1 illustrates examples of pair-wise comparisons. If, for example, criterion b is twice as
important as criterion d, this statement is written as a fraction 2/1.

Table 1. Results of pairwise comparisons of criteria.

d e f

a 4/1 1/1 2/1
b 2/1 3/1 1/1
c 1/3 1/4 1/1

After that, common fractions are converted into decimal ones. Then, the sum of the values in each
line and the total sum are calculated. At the next stage, the sums in lines are normalized such that they
add up to 1. For that, the sum of the weight coefficients for each line should be divided by the total
sum (Table 2).

Table 2. Normalized weight coefficients.

d e f Sum Normalized Sum

a 4 1 2 7 0.480
b 2 3 1 6 0.412
c 0.33 0.25 1 1.58 0.108

Total 14.58 1
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Equation (3) is used to determine the weighted sum of criteria An by considering the values of the
zeroth level of the hierarchy (normalized cost C), weight coefficients obtained for each category of
criteria (first level of the hierarchy), and each criterion (second level of the hierarchy):

An = C
∑

wn

∑
(wj · xij). (3)

The best option is the one for which the integral indicator An is the greatest.
The AHP can be employed using specialized software (such as Expert Choice [23]), or Microsoft

Office. Specialized software is recommended when there are a lot of levels in the hierarchy. The main
advantage of the AHP is that weight coefficients are not set directly, but are obtained using a pairwise
comparison of criteria. Undoubtedly, all the MCDA methods are somewhat subjective. This cannot be
regarded as a disadvantage, though, since the calculations are made in accordance with the existing
interests and priorities. This aspect should be taken into account when analyzing the findings.

3. Evaluation Criteria

Several criteria for evaluation were selected to determine the fuel mixture efficiency using MCDA
methods. The criteria were divided into five groups (Figure 1): (i) economic, (ii) environmental,
(iii) energy efficiency, (iv) social, and (v) production process safety. The criteria we selected are
presented in Figure 1.
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The economic criteria reflect the expenses associated with using fuel, as well as a characterization
of the fuel availability. They involve:

• Fuel cost: A comparative cost of 1 kg of fuel. The cost of composite fuel is calculated as the total
cost of its components, considering their fractions in the fuel mixture.

• Fuel transportation costs (CTR) reflect the cost of transporting the fuel to an energy provider.
• Fuel availability (A) characterizes the opportunity of using fuel or its separate components in the

region under study.

The environmental criteria were related to the environmental safety of using the fuel. Sulfur and
nitrogen oxide concentrations in flue gases were chosen as environmental criteria. Undoubtedly,
the combustion products of fossil fuels contain a lot of harmful substances, such as polycyclic aromatic
hydrocarbon, particulate matter (PM), hydrogen chloride, metals, polychlorinated dibenzodioxins,
sulfur oxides, nitrogen oxides, etc. Still, many studies (e.g., References [24,25]) choose sulfur
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and nitrogen oxide emissions as the target parameters since they are the main pollutants in the
combustion products of fossil fuels, they cause adverse air and climate change, and negatively affect
human health [26].

According to known research findings [27,28], the concentrations of SOx, NOx, and PM are
some of the main indicators of the environmental safety of boiler furnaces. Unfortunately, there are
currently no conditions for a reliable measurement of PM; this is because it requires a flow of flue
gases with a certain consumption and large volumes of the fuel for combustion. Therefore, we only
considered the concentrations of SOx and NOx. These parameters were determined experimentally
for several fuels at different temperatures. The basis of the experiments was the burning of fuel
samples in a model combustion chamber (rotary muffle furnace R 50/250/13 by Nabertherm GmbH,
Lilienthal/Bremen, Germany), while simultaneously analyzing the composition of flue gases using
a gas analyzer (Testo-340 by Testo SE & Co. KGaA, Titisee-Neustadt, Germany). Using a hole in the
combustion chamber, the gas analyzer probe was located in the fuel combustion zone and the flue
gas was supplied to the sensors. The supply of flue gases and their analysis was carried out until the
fuel was completely combusted. The methods and tools of measurement are described in detail in
Nyashina et al. [12].

The category of energy performance criteria contained parameters that characterized the fuel
combustion and determined the indicators of the boiler plant operation:

a. Ignition delay time of the gas-phase ignition (τd1): duration of thermal impact, which is required
for the gas-phase ignition of the fuel.

b. Ignition delay time of the heterogeneous ignition (τd2): duration of thermal impact, which is
required for the heterogeneous ignition of the fuel.

c. Complete combustion duration (τb): interval from the fuel ignition until its complete burnout.
d. Specific heat of combustion (Qa

s): amount of heat, released from the combustion of 1 kg of
the fuel.

e. Minimum ignition temperature (Tg
min): the minimum heating temperature that ensures the

gas-phase and heterogeneous ignition of the fuel. It enabled us to predict the heating temperature
of the boiler for the stable ignition of the fuel supplied.

f. Ash content (Ad): the content of mineral non-combustible additives in the fuel. This parameter
estimated the amount of ash that was left after the combustion of the organic part of the fuel.

Just like the emission characteristics, the ignition and combustion parameters were determined
experimentally when the fuel was fired in a model combustion chamber. A detailed description of the
setup, procedure, and measurement tools is given in Nyashina et al. [12].

The social criteria were the ones affecting the region’s welfare. For this study, these included:

a. Conservation of land resources (SE): the potential opportunity for reducing the areas allocated
for waste storage.

b. Conservation of energy resources (SR): the potential opportunity for reducing the consumption
of non-renewable energy resources, such as coal and oil.

The category of safety criteria estimated the potential of the fuel in terms of ensuring a no-failure
operation of a station or boiler unit. This group consisted of the following:

a. Fire safety (P): characterizes the ability of the fuel to ignite, which under uncontrolled
conditions, can be triggered by solar radiation, unintentional contact with heated surfaces
during transportation and storage, etc. P takes into account the time that is necessary for the
first flash to appear, the minimum ignition temperature, and maximum temperature in the fuel
combustion zone. P was calculated using normalized values:

P = Tmin
g ·Tmax

d ·τd1. (4)
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b. Dusting (D): the ability of fuel to shed particles. This phenomenon is typical of granular and fine
materials; this poses a danger as it can cause explosions at production sites [29] and adversely
affect the environment and people’s physical state.

c. Storage and transportation convenience (Bkt): fitness of the fuel for safe long-term storage and
the presence or absence of special conditions for these processes.

4. Calculating the Fuel Efficiency Indicator Using the WSM and the WPM

In our study, we determined the weight coefficients of the criteria in the WSM and the WPM for
each particular country (China, Japan, and Russia). This was because the criteria may have different
priorities in these countries. Furthermore, this approach is of scholarly interest regarding obtaining
results in a wider range of source data variation. It was assumed that the weight coefficients for energy
performance and the safety criteria were equal for all the countries since these parameters are linked to
the energy production process, which is similar for all the regions, irrespective of their development
course. Below are some brief notes about the choice of weight coefficients for the parameters from
different categories for different countries.

The weight coefficients for the parameters under study regarding the priorities of Russia, Japan,
and China are presented in Table 3. China’s biggest problem is the severe pollution of air with coal
combustion products [30]. Therefore, environmental indicators were given considerable significance.
The choice of weight coefficients for Russia was based on the aspects of the current economic situation
and development strategy. Despite the growing concern for environmental problems, the present cost
structure in Russia does not allow for big investments in the protection of the environment [31]. However,
one of the main trends is to optimize expenditure and strengthen the economy. Following this course
of development, we gave the main priority to economic indicators (apart from energy performance).
Japan lacks its own resources and depends largely on foreign fuel to provide the energy industry (it
is mainly imported from China and Russia) [32]. Therefore, the transportation costs, availability of
components, and conservation of energy resources were major priorities when making the calculations.
Priority was also given to the criterion “conservation of land resources” because of the limited areas and
population density. Due to large areas and availability of fossil fuels in China and Russia, the weight
coefficients for SR and SE were lower than those for Japan.

In our research, we compared different fuel slurry compositions and coal dust using the above
criteria. The compositions of the fuels under study are presented in Table 4 (mass fractions are
indicated). We distinguished between coal–water slurries and coals (compositions 2 and 5), as well
as waste-derived slurries (compositions 1, 3, and 4). We chose coal processing waste (filter cake and
coal sludge) as the main combustible components for these slurries. In its initial state, this waste
is a homogeneous mass consisting of water, solid coal, and mineral particles with a typical size of
100–150 µm. The filter cake in the initial wet state (moisture content of about 43.5%) corresponds to
composition 1 from Table 4. The filter cake and coal sludge were dried to produce compositions 3 and
4. Used turbine oil and peat were used as additional combustible components (Table 4, compositions 3
and 4). We used flame coal (for fuels 2 and 5; Table 4) with an average particle size of about 100 µm.
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Table 3. Weight coefficients of parameters, used in the weighted sum method (WSM) and the weighted
product method (WPM) calculations.

Indicators China Japan Russia

Energy indicators Weight coefficients

Gas-phase ignition delay time 0.0665 0.0665 0.0665
Heterogeneous ignition delay time 0.0665 0.0665 0.0665

Combustion duration 0.0665 0.0665 0.0665
Calorific value 0.0675 0.0675 0.0675

Minimum ignition temperature 0.0665 0.0665 0.0665
Ash content 0.0665 0.0665 0.0665

Environmental indicators

Sulfur oxide emissions 0.12 0.100 0.05
Nitrogen oxide emissions 0.12 0.100 0.05

Economic indicators

Fuel cost 0.06 0.030 0.1
Transportation costs 0.05 0.070 0.1

Availability of fuel (its components) 0.05 0.050 0.1

Safety indicators

Fire and explosion safety 0.05 0.05 0.05
Dusting 0.025 0.025 0.025

Convenience of storage and
transportation 0.025 0.025 0.025

Social indicators

Conservation of energy resources 0.05 0.075 0.05
Conservation of land resources 0.05 0.075 0.05

Table 4. Fuels under study.

Number Composition

1 100% filter cake (wet)
2 55% coal, 45% water
3 40% filter cake (dry), 50% water, 10% waste turbine oil
4 20% coal sludge, 30% filter cake, 10% peat, 40% water
5 100% coal

Table 5 shows the results of the proximate and ultimate analysis of the solid fuel components.
The properties of the combustible liquid are presented in Table 6.

Table 5. Properties of the solid fuel components.

Component Wa (%) Ad (%) Vdaf (%) Qa
s (MJ/kg) Cdaf (%) Hdaf (%) Ndaf (%) St

d (%) Odaf (%)

Coal sludge 18.8 16.4 20.80 21.61 88.27 4.35 2.18 0.57 4.63
Filter cake 43.5 37.0 41.47 19.24 73.27 4.90 1.02 0.22 20.59

Coal 10.1 8.5 40.19 24.82 77.46 6.25 2.27 0.35 13.67
Peat 9.9 22.8 74.80 11.79 52.06 6.31 3.58 0.20 37.85

Table 6. Waste turbine oil properties.

Density at 20 ◦C
(kg/m3) Ash (%) Flash Point (◦C) Ignition

Temperature (◦C)
High Calorific Value

(MJ/kg)

869 0.03 217 245 45.1
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A detailed analysis of the properties of components and characteristics of the fuel ignition and
combustion was not the main task of this research; therefore, the properties of the components
were not studied separately. In the MCDA calculations, we took the values that were obtained
experimentally using the techniques from Nyashina and colleagues [12,13]. Since many of the fuel
ignition and combustion parameters depended on the temperature in the combustion chamber, it was
reasonable to compare them at different temperatures (we chose the range from 700 to 900 ◦C).
The choice of the temperature range was due to both the capabilities of the experimental equipment
used in the experiments (heating not higher than 1000 ◦C) and the promise for practical applications.
In particular, the combustion of heterogeneous components in the composition of fuel suspensions
can be implemented in the specified temperature range using fluidized bed technologies [33].
Fluidized-bed combustors can be adapted to a wide range of components, including high ash
components. Furthermore, relatively low temperatures (700–900 ◦C) create conditions for reducing the
emission of harmful oxides [34]. A set of established parameters (absolute values) from the energy and
environmental categories, as well as the fuel cost, are presented in Tables 7 and 8.

Table 7. Absolute values of parameters characterizing the fuel ignition and combustion [35,36].

Tg (◦C) Fuel SOx (ppm) NOx (ppm) τd1 (s) τd2 (s) τb (s) Qa
s (MJ/kg) Tg

min (◦C) Ad (%)

700

1 15.00 50.00 7.85 11.70 32.76 13.66 475.00 19.67
2 12.00 100.00 8.95 10.13 25.30 16.37 400.00 8.06
3 15.00 141.00 1.60 3.60 6.64 12.21 550.00 5.86
4 48.00 60.00 2.95 7.94 21.90 13.09 430.00 17.71
5 50.00 50.00 3.90 5.95 12.14 25.79 350.00 13.90

800

1 25.00 85.00 6.97 7.50 26.80 13.66 475.00 19.67
2 25.00 150.00 5.77 8.70 22.70 16.37 400.00 8.06
3 25.00 157.00 1.25 3.25 4.85 12.21 550.00 5.86
4 50.00 120.00 2.76 4.40 23.80 13.09 430.00 17.71
5 200.00 200.00 2.09 3.79 13.96 25.79 350.00 13.90

900

1 60.00 140.00 5.38 4.50 64.04 13.66 475.00 19.67
2 45.00 250.00 5.15 6.47 15.10 16.37 400.00 8.06
3 63.00 180.00 1.25 1.75 3.15 12.21 550.00 5.86
4 53.00 175.00 2.50 3.36 20.30 13.09 430.00 17.71
5 250.00 275.00 0.75 1.45 14.68 25.79 350.00 13.90

Table 8. Estimation of the comparative fuel cost for different countries (€/kg).

Number Fuel Russia China Japan

1 100% filter cake (wet) 0.005 0.005 0.005
2 55% coal, 45% water 0.0275 0.0396 0.055

3 40% filter cake (dry), 50% water, 10%
waste turbine oil 0.0185 0.0185 0.0185

4 20% coal sludge, 30% filter cake, 10%
peat, 40% water 0.0072 0.0072 0.0072

5 100% coal 0.050 0.072 0.100

Tables 9 and 10 show a set of normalized criteria for five fuel types at three heating temperatures
for different countries. C, SOx, NOx, τd1, τd2, Tg

min and Ad were normalized relative to the smallest
typical value of the five fuels at a certain temperature (in case this parameter was dependent on
temperature). Qa

s was normalized relative to the greatest value. The data in Table 9 were obtained
using Table 7 and some additional calculations and estimates. Below are comments and necessary
explanations of some particular criteria.
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Table 9. Normalized values of the evaluation criteria.

Tg (◦C) Fuel No. CTR SOx NOx SR SE τd1 τd2 τb Qa
s Tg

min Ad P D Bkt

700

1 1.0 0.80 1.00 1.00 1.00 0.20 0.31 0.20 0.53 0.74 0.30 0.76 1.00 0.8
2 1.0 1.00 0.50 0.01 0.01 0.18 0.36 0.26 0.63 0.88 0.73 0.64 1.00 0.5
3 1.0 0.80 0.35 1.00 1.00 1.00 1.00 1.00 0.47 0.64 1.00 0.15 1.00 0.8
4 1.0 0.25 0.83 1.00 1.00 0.54 0.45 0.30 0.51 0.81 0.33 0.22 1.00 0.8
5 0.5 0.24 1.00 0.01 0.01 0.41 0.61 0.55 1.00 1.00 0.42 0.18 0.30 0.8

800

1 1.0 1.00 1.00 1.00 1.00 0.18 0.43 0.18 0.53 0.74 0.30 0.86 1.00 0.8
2 1.0 1.00 0.57 0.01 0.01 0.22 0.37 0.21 0.63 0.88 0.73 0.53 1.00 0.5
3 1.0 1.00 0.54 1.00 1.00 1.00 1.00 1.00 0.47 0.64 1.00 0.15 1.00 0.8
4 1.0 0.50 0.71 1.00 1.00 0.45 0.74 0.20 0.51 0.81 0.33 0.27 1.00 0.8
5 0.5 0.13 0.43 0.01 0.01 0.60 0.86 0.35 1.00 1.00 0.42 0.12 0.30 0.8

900

1 1.0 0.75 1.00 1.00 1.00 0.14 0.32 0.05 0.53 0.74 0.30 0.86 1.00 0.8
2 1.0 1.00 0.56 0.01 0.01 0.15 0.22 0.21 0.63 0.88 0.73 0.61 1.00 0.5
3 1.0 0.71 0.78 1.00 1.00 0.60 0.83 1.00 0.47 0.64 1.00 0.19 1.00 0.8
4 1.0 0.85 0.80 1.00 1.00 0.30 0.43 0.16 0.51 0.81 0.33 0.30 1.00 0.8
5 0.5 0.18 0.51 0.01 0.01 1.00 1.00 0.21 1.00 1.00 0.42 0.06 0.30 0.8

Table 10. Normalized values of the fuel cost and availability for different countries.

Fuel No. Composition China Japan Russia

C A C A C A

1 100% filter cake (wet) 1.00 1.0 1.00 0.5 1.00 1.0
2 55% coal, 45% water 0.13 1.0 0.09 0.5 0.18 1.0

3 40% filter cake (dry), 50% water, 10% waste turbine
oil 0.27 1.0 0.27 0.5 0.27 1.0

4 20% coal sludge, 30% filter cake, 10% peat, 40%
water 0.69 0.9 0.69 0.5 0.69 1.0

5 100% coal 0.07 1.0 0.05 0.5 0.10 1.0
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Equation (4) was used to estimate the fire and explosion safety (P). The factors in the equation (4)
were normalized differentially. Td

max was normalized relative to the smallest possible Td
max for all the

fuels under study. The maximum combustion temperatures of fuels were determined experimentally
and are presented in Table 11. Since the Td

max values varied only slightly in the temperature range from
700 ◦C to 900 ◦C, we took the average values for 700 ◦C in our calculations. At the same time, τd1 and
Tg

min were normalized relative to the greatest values of the corresponding parameters at a particular
temperature. The method used for obtaining normalized values when calculating P was based on the
fact that one fuel could be considered safer than another (in terms of the risk of unspecified ignition) if it
had a higher ignition temperature and ignition delay times, as well as lower combustion temperatures.

Table 11. Maximum combustion temperatures of the fuels under study (at 700 ◦C).

Fuel Td
max (◦C)

100% filter cake (wet) 880
55% coal, 45% water 1035

40% filter cake (dry), 50% water, 10% waste turbine oil 1050
20% coal sludge, 30% filter cake, 10% peat, 40% water 1023

100% coal 1350

Among the criteria under study (Figure 1), some factors were difficult to estimate quantitatively.
These parameters included fuel availability (A), transportation costs (CTR), conservation of land
resources (SE), conservation of fossil fuel resources (SR), dusting (D), and convenience of storage
and transportation (Bkt). In such cases, a normalized value was set individually in the domain from
0 to 1. For slurry fuels, the normalized indicator CTR, just like D, was taken as 1 since slurries are
not characterized by dusting and different types of transportation are available, including pipelines.
For coal, possible transportation types exclude pipelines, thus the dimensionless CTR was taken to be
0.5. The normalized indicator D for coal was taken to be 0.3, since ground coal tends to form dust
masses during storage, loading, and conveyor transportation.

Table 10 presents the normalized values of criteria for different countries. The cost was normalized
using absolute values (Table 8). A dimensionless parameter of availability (A) was assigned for each
fuel based on the results of analyzing the availability in each of the countries. Thus, in China and
Russia, all the components of compositions 1–4 and coal itself were produced or formed within their
own territory; therefore, A was assigned the value 1 (except for composition 4 for China since there
are no large sources of peat there). The fuel components under study are imported into Japan; thus,
the normalized value A was assigned the value 0.5.

The conservation of fossil fuel resources criterion (SR) was normalized by taking into account
the nature of the components (Table 9). Thus, for example, SR for filter cake, which is waste, and for
composite waste-derived fuels was equal to 1 since no valuable fuels like coal, oil, or gas are consumed
when using them. SR for coal dust and slurries based on this was taken to be 0.01. When assigning values
in the criterion of the conservation of land resources (SE), we used a similar rationale, by considering
the connection between using waste and freeing land resources to store it. In terms of storage and
transportation convenience (Bkt), all the fuels under study had specific advantages and disadvantages.
For instance, coal dust often requires special storage conditions in silos. Ready-to-use slurries can
be stored in land and underground reservoirs, whereas the initial components need to be stored in
silos in containers or tanks, depending on the type of component. Slurries based on coal dust tend
to laminate quickly, which requires stirring and using a stabilizer. The lamination rate of mixtures,
based on waste with oils, is much lower; therefore, no frequent or continuous stirring is necessary.
Consequently, coal and waste-derived slurries were assigned a normalized value of 0.8 for the criterion
under consideration, whereas coal-water fuel was assigned a value of 0.5 (Table 9).

Thus, using the data from Tables 9–11, we determined the integral efficiency indicators of five fuels for
three countries using the WSM and the WPM. The calculation results are presented in Tables 12 and 13.
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Table 12. Integral efficiency indicators of the fuels using the WSM.

No. of Fuel Composition Russia Japan China

700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C

1 100% filter cake (wet) 0.725 0.745 0.714 0.690 0.720 0.677 0.711 0.745 0.697
2 55% coal, 45% water 0.566 0.564 0.553 0.521 0.523 0.511 0.561 0.564 0.552
3 40% filter cake (dry), 50% water, 10% waste turbine oil 0.777 0.797 0.758 0.761 0.800 0.759 0.747 0.794 0.752
4 20% coal sludge, 30% filter cake, 10% peat, 40% water 0.675 0.690 0.681 0.626 0.648 0.660 0.618 0.643 0.664
5 100% coal 0.526 0.505 0.535 0.490 0.434 0.471 0.532 0.462 0.502

Table 13. Integral efficiency indicators of the fuels using the WPM.

No. of Fuel Composition Russia Japan China

700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C

1 100% filter cake (wet) 0.628 0.644 0.562 0.600 0.622 0.535 0.618 0.644 0.551
2 55% coal, 45% water 0.354 0.353 0.335 0.290 0.291 0.275 0.354 0.357 0.337
3 40% filter cake (dry), 50% water, 10% waste turbine oil 0.686 0.709 0.686 0.682 0.728 0.705 0.662 0.716 0.694
4 20% coal sludge, 30% filter cake, 10% peat, 40% water 0.604 0.622 0.599 0.553 0.586 0.582 0.546 0.584 0.589
5 100% coal 0.319 0.296 0.296 0.268 0.230 0.236 0.321 0.268 0.278
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5. Calculating the Fuel Efficiency Indicator Using the AHP

The weight coefficients in the AHP are determined using pairwise comparisons (see Section 2.3).
For this, the criteria within each group and then between the groups were compared. The fuel costs
were not compared since the cost was in the zeroth level in the hierarchy. The comparison results are
presented in Tables 14–18. The sum of the common fractions is presented as a decimal fraction.

Table 14. Comparison matrix of economic indicators.

CTR A Sum Normalized Sum (Weight
Coefficient wj)

CTR 1/1 1/2 1.5 0.33
A 2/1 1/1 3 0.67

Total 4.5 1

Table 15. Comparison matrix of environmental indicators.

SOx NOx Sum Normalized Sum (Weight
Coefficient wj)

SOx 1/1 1/1 2 0.50
NOx 1/1 1/1 2 0.50

Total 4 1

Table 16. Comparison matrix of social indicators.

SR SE Sum Normalized Sum (Weight
Coefficient wj)

SR 1/1 1/1 2 0.50
SE 1/1 1/1 2 0.50

Total 4 1

Table 17. Comparison matrix of energy performance indicators.

τd1 τd2 τb Qa
s Tg

min Ad Sum Normalized Sum
(Weight Coefficient wj)

τd1 1/1 1/1 1/1 1/2 1/1 1/2 5 0.125
τd2 1/1 1/1 1/1 1/2 1/1 1/2 5 0.125
τb 1/1 1/1 1/1 1/2 1/1 1/2 5 0.125

Qa
s 2/1 2/1 2/1 1/1 2/1 1/1 10 0.25

Tg
min 1/1 1/1 1/1 1/2 1/1 1/2 5 0.125

Ad 2/1 2/1 2/1 1/1 2/1 1/1 10 0.250

Total 40 1

Table 18. Comparison matrix of safety indicators.

P D Bkt Sum Normalized Sum
(Weight Coefficient wj)

P 1/1 3/1 3/1 7 0.575
D 1/3 1/1 1/2 1.833 0.151
Bkt 1/3 2/1 1/1 3.333 0.274

Total 12.166 1

During the next stage, the groups of criteria were compared pairwise for the three countries under
study. The results are presented in Tables 19–21.
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Table 19. Results of the pairwise comparison of the groups of criteria for Russia.

Economic Environmental Social Energy
Performance Safety

Economic 1/1 1/1 2/1 2/1 1/1
Environmental 1/1 1/1 2/1 2/1 1/1

Social 1/2 1/2 1/1 2/1 1/1
Energy performance 1/2 1/2 1/2 1/1 1/1

Safety 1/1 1/1 1/1 1/1 1/1

Table 20. Results of the pairwise comparison of the groups of criteria for Japan.

Economic Environmental Social Energy
Performance Safety

Economic 1/1 1/2 1/2 2/1 1/1
Environmental 2/1 1/1 1/1 2/1 1/1

Social 2/1 1/1 1/1 2/1 1/1
Energy performance 1/2 1/2 1/2 1/1 1/1

Safety 1/1 1/1 1/1 1/1 1/1

Table 21. Results of the pairwise comparison of the groups of criteria for China.

Economic Environmental Social Energy
Performance Safety

Economic 1/1 1/2 2/1 2/1 1/1
Environmental 2/1 1/1 2/1 2/1 1/1

Social 1/2 1/2 1/1 2/1 1/1
Energy performance 1/2 1/2 1/2 1/1 1/1

Safety 1/1 1/1 1/1 1/1 1/1

Using the procedure described in Section 2.3, we determined the weight coefficients of the groups
of criteria for each country (Table 22).

Table 22. Weight coefficients for each group of criteria.

Criteria Group Russia Japan China

Economic 0.25 0.18 0.23
Environmental 0.25 0.25 0.29

Social 0.18 0.25 0.18
Energy performance 0.13 0.13 0.13

Safety 0.18 0.18 0.18

To calculate the fuel efficiency indicator (An) using the AHP, we used Equation (3). The calculation
results are presented in Table 23.

Table 23. Integral efficiency indicator, which was determined by the analytic hierarchy process (AHP)
(fuel numbers correspond to the compositions indicated in Table 4).

Fuel No.
Russia Japan China

700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C 700 ◦C 800 ◦C 900 ◦C

1 0.851 0.887 0.852 0.790 0.827 0.791 0.867 0.907 0.867
2 0.113 0.113 0.113 0.045 0.045 0.045 0.083 0.083 0.083
3 0.206 0.219 0.216 0.190 0.203 0.200 0.207 0.222 0.219
4 0.494 0.509 0.545 0.452 0.468 0.503 0.484 0.502 0.543
5 0.052 0.043 0.045 0.020 0.016 0.017 0.037 0.030 0.031
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6. Discussion of Results

There are currently a lot of limitations to the creation and development of the technologies of
industrial waste recovery as slurries of complex compositions. One of these limitations is a lack of
knowledge about the characteristics and threshold conditions of fuel slurry combustion, as well as
the absence of a complex evaluation and comparison with more widespread (traditional) fuel types.
In this section, we aim to analyze the generalized efficiency indicators for bituminous coal, coal–water
slurry, and three waste-derived slurries, using MCDA.

Figure 2 illustrates the values of the integral efficiency indicator for the five fuels under study
and the three calculation techniques. Figure 2 also shows the range that the fuel efficiency indicator
can vary within, depending on the country that was analyzed. We can see that coal featured as the
lowest indicator, and the slurries outrated it to a greater or lesser degree. This conclusion was true for
all the countries and calculation methods. Coal differed from the other fuels in the following ranges:
10%–45% using the WSM (Figure 2a), 16%–70% using the WPM (Figure 2b), and 65%–95% using the
AHP (Figure 2c). Despite the high priority of the energy parameter category in the WSM and the
WPM (the weight of this category exceeded the weights of the other groups of parameters for all three
countries), the good energy performance indicators of coal (Table 3) did not allow it to score highly
overall. There were several reasons for the big discrepancy in the values of these criteria for coal and
slurries. First, coal combustion products contain a higher amount of sulfur and nitrogen oxides than
slurries (Table 7). The benefits of slurries in SOx and NOx emissions are explained not only by a lower
temperature in the combustion zone, but also by the possibility of some chemical reactions involving
water vapors, which prevent (or rather, reduce the rate of) the oxidation of nitrogen and sulfur [37–40].
Second, coal is fire-hazardous and is characterized by dusting. The third reason is large-scale and
long-term: using coal only cuts down its emergency stocks and increases inherent processing waste.
The fourth reason is that coal is more valuable, and thus, more expensive than the waste components
of slurries. The last two reasons, as well as additional storage difficulties (due to high lamination rate),
were responsible for the rather low efficiency indicator of coal–water fuel (Figure 2).

To illustrate the contribution of each indicator to the integral An, in Figure 3, we present a diagram of
the relative criteria when using the WSM and the WPM. Here, Russia is used as an example. The typical
ignition and combustion indicators were taken from the experiments at a heating temperature of about
700 ◦C. The results are shown for coal and slurries with the highest and lowest efficiency. It is clear
from Figure 3 that there was a significant difference in almost each particular criterion, which was
especially distinct for coal and waste-derived slurries.

According to the AHP calculations, coal and coal–water slurry have the lowest integral efficiency
indicators (lower than in the WSM and the WPM). Moreover, the category of energy parameters
obtained a low weight coefficient (Table 23) in the pairwise comparison of the AHP. This category
characterized the overall advantages of coal and coal–water slurry (Table 5). Moreover, we put the
fuel cost, which was the definitive factor for the final An, at the zeroth (most important) level of the
hierarchy. Therefore, we can see the greatest deviation of An for bituminous coal and coal–water slurry
from that of cheaper fuels (Figure 2c). In particular, there was a 32-fold difference between filter cake
and coal for China in the calculations using the AHP (Figure 2c). Undoubtedly, this approach can bring
a low-cost fuel with poor environmental characteristics and a high fire hazard to the top of the ranking.
This point needs to be taken into account at the stage involving the pairwise comparison of criteria.
Despite this, the potential of AHP is that we can place a parameter of interest at the zeroth level of the
hierarchy and obtain an indicator that shows the fuel efficiency with a focus on the set priority.
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It is clear from Figure 3 that An was not the same for all countries. In this case, the dominant
reasons were the ones associated with the availability and cost of the fuel or its components in different
regions, as well as the difference in the priorities given to certain categories of parameters linked to the
specific aspects of the current state of the environment and the economy in the countries under study
(Section 4). Notably, in each of the MCDA methods, fuels retained their overall ranking, irrespective
of the country, i.e., variations in the role of single factors (cost, availability) and weight coefficients
of a group of parameters for different countries did not significantly change An. Depending on the
country, An for the same fuel could vary in the following ranges: 3%–15% using the WSM, 3%–25%
using the WPM, and 10%–60% using the AHP. The WSM and WPM calculations have a common
concept. Therefore, the relative rating we composed for the fuels was identical, despite quantitative
differences (Figure 2a,b). The slurry consisting of 40% filter cake (dry), 50% water, and 10% waste
turbine oil had the highest coefficient. The rating of the fuels was rearranged when AHP was used.
In this case, the leading role belonged to coal processing waste without additives and slurry with peat
(Figure 2c, compositions 1 and 4). These fuels have environmental and social significance, as well as
the benefit of low cost, which played a crucial role in the calculation of the integral efficiency indicator
using AHP.

The influence of heating temperature on the integral efficiency indicator is shown in Figure 4.
The curves presented are for waste-derived slurry with peat (calculated for Japan). The analysis
of Figure 4 and the results in Table 12, Table 13, and Table 23 indicates that there was no obvious
increase or decrease in the fuel efficiency indicator when varying the temperature. This conclusion
was also true for the position of the extremum of An at various temperatures with different fuels and
calculation techniques. The obtained result was explained by the fact that the parameters that depend
on temperature (e.g., SOx and NOx emissions, ignition delay time) were normalized separately at
each temperature value. Thus, even if the absolute values of a parameter did change with an increase
of temperature, there was no guarantee that a normalized parameter would retain the same pattern
of changes (Tables 7 and 9). Consequently, it was reasonable to perform a detailed analysis of the
fuel efficiency that involved taking into account the absolute values of the constituents whose values
depend on temperature. The relative change of An with a temperature increase (700–900 ◦C) had the
following maximum values for different estimation methods: 15% for filter cake, ≈7% for coal–water
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slurry and waste-derived slurry with turbine oil, 10% for waste-derived slurry with peat, and 20%
for coal.
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Figure 5 shows a change in the efficiency indicator that was dependant on a set of conditions
and factors (fuel composition, heating temperature, method of calculation), as illustrated by China.
The An values corresponded to the range of 0.03–0.907. The maximum efficiency of most fuels was
achieved when the combustion chamber temperature was about 800 ◦C. The highest An belonged to
coal processing waste (fuel 1) and waste-derived slurry with turbine oil (fuel 3) when calculated using
AHP. When making the transition from the WSM and the WPM to the AHP, the integral efficiency
indicator changed substantially (the difference reached 90% with some types of fuels; see Figure 5a).
Coal had the lowest efficiency indicator of all the fuels under study. Coal–water slurry (fuel 2) was
closest to coal in terms of the integral efficiency indicator. Thus, we can conclude that the country
under consideration could be interested in using the combustion technologies of coal processing waste
(filter cake in a wet state) and slurries with a combustible liquid to achieve the maximum effect in the
environment, energy performance, economy, social life, and enterprise safety.
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By generalizing the research findings, we can conclude that it makes sense to use MCDA methods
to evaluate and compare several fuel alternatives. Without them, it seems impossible to identify the
best options when the number of contributing factors increases. The final MCDA result does not give
the full picture to understand the specific advantages and disadvantages of fuel alternatives. It is
necessary to apply the comparison matrices of absolute and normalized parameter values. Nevertheless,
multi-criteria analysis methods can be exploited as a tool for the planning, designing, and use of
combustible waste disposal technologies to produce thermal and electrical energy. Thus, for example,
it was found that the waste-derived slurries under study had the lowest efficiency indicators in Japan.
However, on the whole, such fuels have great potential in different spheres, since their generalized
efficiency indicator exceeds that of coal 20–50 times.

In earlier works (for example, Vershinina and colleagues [35,36]) that dealt with atypical fuel
mixtures from wastes, specific multi-criteria analysis methods were not used. The dimensionless
ratios of several parameters when compared with coal or fuel oil were used in these studies. However,
the fact of interest is that despite the difference in the calculation procedures in the present work and
previous studies, the total efficiency indicator for fuel waste-derived slurries was still higher than for
coal or close to it. Of course, the methods used in Vershinina and colleagues [35,36] were more limited
since they did not explicitly present the variability of priorities and all the assessments were performed
without any reference to the region or enterprises. In contrast, this study aimed to apply the MCDA
tools to the assessment of waste-based fuels for different countries by taking into account different
economic, social, and environmental priorities.

The modern energy sector needs diversification, which is due to several economic and
environmental problems (high energy rates, environmental degradation, fuel deficit, and others).
This need can be satisfied by developing alternative energy sources. Renewable power generation
can be viable and efficient under certain conditions, but its development is limited by the lack of
investment, geographical, and climate opportunities of particular regions. On the other hand, waste,
considered as a fuel slurry component, is available even where it is difficult or impossible to put
in place the production of energy from renewable energy sources. When taken critically, each of
the fuels under consideration has both benefits and disadvantages. With waste-derived slurries,
there are problems of integration into the existing energy production cycles, as well as pending issues
of the viability of designing new systems for their combustion. Another important factor is the need
to comply with all formal, legislative requirements to obtain permits for operating a plant for the
incineration of unconventional raw materials. The cause of such problems is the lack of experience,
fundamental data, and general assessment of the efficiency of new fuels. The results obtained in this
study make it clear that waste-based fuel slurries, despite some of their disadvantages, can compete
with coal. Evaluations similar to the one performed in this study can be used for practical purposes in
engineering investigations and for informing the representatives of industrial enterprises and other
parties concerned.

7. Conclusions

(i) Multi-criteria analysis methods can be used for an objective comparative analysis of the efficiency
of traditional and promising fuels. In this research, waste-derived slurries were found to have a greater
efficiency than coal and coal–water slurry (the difference being 1.5–50 times). According to the WSM and
WPM calculations, the composition based on coal processing waste and used turbine oil turned out to be
the most promising (An = 0.662–0.800). The calculation results using the AHP showed that coal processing
waste without additives had the maximum efficiency indicator (An = 0.790–0.887).

(ii) The results of calculating the integral efficiency parameters of the fuels using the AHP had
the greatest deviations from the results obtained using the WSM and the WPM, from 20% to 90%.
Such a difference was explained using the specific aspects of the algorithm of weight coefficient choice,
as well as the presence of the zeroth hierarchy level, which was a crucial contribution to the integral
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indicator. To develop the model of the fuel evaluation using the AHP method, it was necessary to vary
the parameter of the zeroth hierarchy level of the analysis with a focus on the set priority.

(iii) More detailed efficiency analysis of different composite fuels requires using dimensional
and dimensionless values of characteristics, taking into account the key indicators in the energy,
environmental, social, and other spheres. The efficiency indicator depends on several parameters.
In this study, these parameters changed by 5%–20%, when varying the temperature from 700 to
900 ◦C. The extremum of An is defined by the specific aspects of normalizing the parameters at
different temperatures.
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Abbreviations
AHP analytic hierarchy process
MCDA multiple-criteria decision analysis
WSM weighted sum method
WPM weighted product method
Symbols
A parameter characterizing fuel availability
Ad ash content of fuel (%)
An integral efficiency indicator of fuel
Bkt parameter characterizing fuel storage and transportation conditions
C normalized fuel cost

Cdaf, Hdaf, Ndaf, Odaf fraction of carbon, hydrogen, nitrogen, and oxygen a the fuel sample converted to a dry
ash-free state (%)

CTR transportation costs
D parameter characterizing fuel dusting
P fire and explosion safety indicator of fuel
Qa

s high heat of combustion (MJ/kg)
SE parameter characterizing conservation of land resources when using fuel
SR parameter characterizing conservation of energy resources when using fuel
Td

max maximum combustion temperature of fuel (◦C)
Tmax

d normalized maximum combustion temperature of fuel
Tg temperature in combustion chamber (◦C)
Tg

min minimum ignition temperature (◦C)

Tmin
g normalized minimum ignition temperature of fuel

Vdaf yield of volatiles in fuel sample converted to a dry ash-free state (%)
Wa water content of the original fuel sample (%)
wj weight coefficient of criterion
wn weight coefficient of a group of criteria
xij normalized value of criterion
Greek symbols
τb duration of fuel combustion (s)
τd1 gas-phase ignition delay time of fuel (s)
τd1 normalized gas-phase ignition delay time of fuel
τd2 heterogeneous ignition delay time of fuel (s)
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