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Abstract: By adding water to fuels, several objectives are pursued, with the main ones being to
stabilize combustion, minimize the anthropogenic gaseous emissions, homogenize and stabilize
the fuel, as well as improve its fire and explosion safety. Water can be injected into the furnace as
droplets or vapor and introduced as part of fuel samples. Water often serves as a coupling or carrier
medium for the delivery of the main fuel components. In this paper, we compare the combustion
behaviors of high-potential slurry fuels and gas hydrates. We also analyze the contribution of in
slurries and gas hydrates to the combustion process. The values of relative combustion efficiency
indicators are determined for gas hydrates and slurry fuels. The conditions are identified in which
these fuels can be burned effectively in power plants. The research findings can be used to rationalize
the alternative ways of using water resources, i.e., gas hydrate powder and promising composite
fuel droplets. The results can also help predict the conditions for the shortest possible ignition delay,
as well as effective combustion of gas hydrates as the most environmentally friendly new-generation
alternative fuel.

Keywords: methane–propane hydrate; gas hydrate combustion; gas hydrate dissociation; gas emis-
sion; coal–water slurry; coal slime; multi-criteria decision making

1. Introduction
1.1. Gas Hydrates

Alternative energy sources are becoming increasingly attractive with the growing
global energy consumption. This is especially true for gas hydrates [1,2]. These compounds
of water and gas—most commonly methane (up to 90%)—are formed at low temperatures
and high pressures [3]. Hydrogen-bonded water molecules form a stable cage, and methane
molecules are trapped within. In general, there are three main structures of gas hydrates:
structural I (sI), structural II (sII), and structure H (sH) [4]. In sI hydrate, water molecules
are automatically arranged to form cavities with 512 cages and 51262 cages [4,5]. Natural
gas hydrates are concentrated in deep water areas, mostly on the seabed and ocean floor.
Marine hydrates contain up to 90% of methane. The largest hydrate accumulations are
located in the southeast and west of North America, near Canada, Peru, Costa Rica, South
Korea, Mexico, and Japan. All these countries border the Pacific Ocean, which is the most
hydrate-rich zone [6,7]. Gas hydrate deposits were also discovered in South China Sea
and on the Arctic seafloor. In the World Ocean, gas hydrates are most often discovered
on continental slopes and shelves [8]. This is attributed to the accumulation of sediments
with elevated content of organic matter, which is a source of thermogenic and microbial
methane [9]. If there is a source of methane, marine gas hydrates are formed at a depth
of over 320 m. The depth of the seafloor at which hydrates are formed depends on the
bottom water temperature: the higher the temperature, the greater the sea depth is needed
for hydrate formation [10]. The sea level reduction and increase in the bottom water
temperature leads to the destruction of gas hydrates and release of methane into water and
the atmosphere [11] with an adverse effect on the environment. Researching gas hydrates
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is thus a topical objective in terms of environmental protection. A comprehensive review
on studies of natural gas hydrates is proposed in [4].

Discovery of gas hydrate deposits is a crucial and complicated part of gas hydrate
research. Gas hydrates can be detected by hydroacoustic survey, seismic sounding, geophys-
ical measurements, and electromagnetic exploration [12–14]. The most popular method of
hydrate detection on the seabed and ocean floor is standard and high-frequency seismic
exploration [13,15]. Seismic surveys can be two-dimensional (2D) and three-dimensional
(3D) [16]. The 2D survey data reveal the lower position of hydrate-bearing sediments with
a frequency of 30–120 Hz. A 3D seismic survey determines the top and bottom bound-
aries of hydrate-bearing sediments and provides data on the hydrate concentration in the
sediments. Geophysical measurements are extra sensitive to gas hydrates but technically
challenging [17]. When marine controlled-source electromagnetics is used, the data on
hydrate-saturated sediments are acquired using transmitters on the seafloor and the corre-
sponding receiver [12]. Drilling for gas hydrates using specialized rigs (Japan, Korea, and
China) has also become popular over the recent years [18,19].

In addition to gas hydrate detection methods, researchers focus on the technologies of
natural gas production from hydrates, hydrate dissociation, and self-preservation, as well
as hydrate ignition and combustion behavior [20]. Natural gas can be recovered from
hydrates by means of three main technologies [4,21–25]: using inhibitors, thermal method,
and combined method. Injecting inhibitors into a hydrate reservoir disturbs the phase equi-
librium of gas hydrates [26]. Saline or organic solutions can serve as inhibitors. The thermal
method makes it possible to produce gaseous methane at a rate that is an order of magni-
tude higher than what depressurization and inhibitor injection can provide [27]. However,
thermal stimulation requires a detailed study of the dissociation process and gas flow
dynamics. The combined method involving depressurization and thermal exposure at the
same time is considered the most promising one [24]. Heat can be supplied in the form
of electric heating or hot water or vapor. Hot water injection was found [24] to enhance
thermal convection and to accelerate the gas hydrate dissociation.

The understanding of the dissociation process is an important part of gas hydrate
research. The dissociation kinetics affects both the natural gas production from hydrates,
and the ignition and combustion behavior. In turn, the gas hydrate dissociation rate is
affected by a multitude of factors: hydrate particle size, type of hydrate, pressure, and
temperature. Research findings on the dissociation kinetics of natural gas hydrates from
marine hydrate deposits are presented in [28]. Higher temperature and mixing speed
significantly stimulated the dissociation of gas hydrate, whereas the granule size exhibited
a negligible effect. In addition, a highly accurate kinetic model was constructed to describe
the methane hydrate dissociation, which simultaneously reflected the impact of pressure,
temperature, and mixing speed on the seemingly constant hydrate dissociation rate [28].
The authors in [29,30] showed that the methane hydrate dissociation rate varies by up to
5 orders of magnitude in the temperature range of 230–268 K. The impact of temperature
and external pressure on the dissociation rate was studied by Stern et al. [31]. Misyura [32]
investigated the dissociation of different gas hydrates during their combustion. It was
established [32] that the dissociation rate of methane–propane double hydrate is higher than
that of methane hydrate. The dissociation rate of methane–isopropanol hydrate is much
lower than that of methane hydrate and methane–propane double hydrate. The flame front
velocity is highly nonlinear due to the gas hydrate self-preservation effect, which emerges
in the course of dissociation at negative temperatures [33]. This is a reduction in the rate of
hydrate decomposition into gas and water up to its complete stop [34]. According to Stern
et al. [31], the gas hydrate self-preservation is based on the morphological changes inside
the hydrate.

Not only dissociation but also combustion of gas hydrate is a subject of large-scale
research [35–38]. The combustion of methane hydrate has been poorly studied due to the
complex characteristics of the multiphase transition and the difficulty of working with
fuel that decomposes at standard temperature and pressure [39]. The combustion process
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can be subdivided into the following stages: ice shell melting, water evaporation, and
flammable component combustion [35]. The main feature of gas hydrate combustion is
the hydrate-dissociated reaction of the gas because such fuels consist of gas and water
molecules. The water content of the fuel has a significant effect on its stability, ignition,
and combustion characteristics. The effect of the introduction of hydrous ethanol with
different water content on the operation of a diesel engine was studied in [40]. The effect of
water on the stability of isopropanol–butanol–ethanol (IBE) and diesel fuel was studied
in [41]. It has been established that the use of a small amount of water can, to a certain
extent, improve the environmental and energy performance of a diesel engine. Water
evaporation and water vapor formation are considered the main factors influencing the
hydrate combustion kinetics. A water film is formed at the surface of gas hydrate while
it is burning [42]. A part of water evaporates and reaches the flame zone. Water also
partially drains down through the porous space between hydrate particles. The thickness
of the water film governs the heat exchange between the combustion source and the gas
hydrate surface. It depends on the ice melting rate, water evaporation rate, convection over
the film, as well as drainage rate [42]. With an increase in the water vapor concentration
from 0% to 70%, the total methane flow decreased by almost one order of magnitude.
Lower vapor content in the gas mixture leads to a considerable increase in the dissociation
rate [42]. The propane hydrate combustion time increases at high hydrate saturation and
porosity [36], and water formed from the hydrate dissociation plays a key part in this
process: it restrains the heat transfer from the flame to the hydrate and prevents the gas
from releasing to the combustion zone [36]. The impact of water on the flame characteristics
of methane hydrate combustion was studied in [38]. Water vapor released during the
hydrate combustion decreases in the flame temperature compared to the combustion of
pure methane, and its mechanistic action changes the water response to some elementary
reactions. The research findings [38] revealed that the addition of water vapor significantly
changed the reaction behavior of some elementary reactions (chemical effect), which led
to a reduction in flame temperature. However, the concentration of the intermediate
element components decreased as well (physical effect), thus inhibiting the combustion
rate [38]. At present, the direct combustion of gas hydrate has been actively studied. Dunn-
Rankin [43] proposed the concept of direct energy conversion by on-site combustion of
methane hydrates and carbon dioxide sequestration in the deep ocean. A new cylindrical
porous burner for burning gas hydrate was proposed in [39] to solve the problem of the
appearance of a water film and the self-preservation effect. The proposed burner makes
it possible to efficiently use methane hydrate and maintain a stable flame during the
combustion process. Using such a counterflow burner, the combustion of methane hydrate
can theoretically be categorized as a diffuse methane flame with a large amount of water
vapor in the fuel stream. Wu and Chao [44] also proposed a burner for maintaining stable
combustion of methane hydrate. It was established that the flame during the combustion
of methane hydrate using the proposed burner has an ideal round shape and is similar to a
simple symmetrical diffusion flame [44]. The measured gas release rate was about 7.5 mg/s
and the average flame temperature of methane hydrate was about 1650 K [44]. The mass
fraction of water vapor in the flame of methane hydrate was no more than 80% [44]. Chien
and Dunn-Rankin [45] ignited a methane hydrate sample using a piezo igniter and a butane
lighter. An ignition device with an open crucible was also used. As a result of the study,
the geometry of the flame was obtained from the moment of ignition of the methane
hydrate to the moment of its extinguishing. Direct combustion of propane hydrate in a
combustion chamber with an electronic igniter was considered in [36]. Chen et al. [36]
found that high rates of hydrate dissociation and gas release favor the combustion process.
Hydrate-dissociated water plays an important role in this process since the accumulation
of water significantly limits both the transfer of heat from the flame to the hydrates and the
release of gas into the combustion zone.

Among the multitude of research fields associated with gas hydrates, the study of
their ignition and combustion as high-potential fuels is of special interest. It is advisable to
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study the impact of water in hydrate on the key combustion stages and the environmental
friendliness of the whole process.

1.2. Coal–Water Slurries

Production of coal–water slurries (CWS) is an alternative way to involve water-based
resources in the power-generating sector. These fuels are a mixture of coal components and
water with mass concentrations ranging from 35 to 65 wt% [46,47]. Special-purpose additives
(biomass [48], used oils [49], oil sludge [50], etc.) in the amount of 5–20 wt% can also be
included to increase or reduce certain characteristics, for instance, energy or environmental
ones. Such fuels can be produced from a wide range of resources. In particular, coals of
different quality (high-rank anthracite or low-rank brown coals) [51,52] and their processing
waste (coal slime, middlings, etc.) can be used as the solid component [47,53]. Tap water
can serve as the liquid inert constituent. However, a number of research teams used service
water [54], liquid industrial waste [55,56], and sewage sludge [57,58] to produce CWS.
For instance, the authors in [54] presented experimental research into the impact of water
quality on coal–water slurry ignition behavior. The authors used service water obtained
from the city power station, tap water, and distilled water. It was experimentally established
that CWS based on service water exhibited 8% faster ignition and higher combustion
temperatures as compared to fuels based on purified water. This was attributed to the
presence of flammable additives and effluents in service water. Their evaporation and
combustion accelerated the heating and ignition of coke residue. However, the differences
in the ignition delay times between composite fuels based on water of different quality
are rather limited: they do not exceed 3% at oxidizer temperatures above 600 ◦C [54].
Lei et al. [58] studied the co-combustion of sewage sludge and bituminous coal in air. An
increase in the proportion of sewage sludge from 0% to 50% shortened the ignition delay
time and burnout time of volatiles [58]. Liu et al. [56] presented the experimental research
into the combustion of coal–water slurries containing liquid petrochemical waste instead
of water. The experimental findings showed that slurries containing liquid petrochemical
waste exhibited lower viscosity, faster ignition, higher flame temperature, and lower NOx
and SOx emissions compared to conventional coal–water slurries [56]. Thus, depending on
the conditions and requirements, service water can be used for CWS production without
treatment. This approach is rational as it saves pure water and makes use of service water,
which would otherwise be dumped.

1.3. Purpose and Motivation of the Research

The purpose of this research is to compare the prospects of gas hydrates against
water-based fuel blends using experiments and mathematical modeling. A comparative
analysis can establish the conditions in which water resources should be used to produce
fuel hydrates and multi-component blends. As part of the main algorithm employed to
compare the efficiency of water in alternative fuels, we calculated the total performance
value using multi-criteria decision making (MCDM). Multi-criteria decision analysis covers
a large amount of experimental data obtained as part of the research into hydrate and
slurry combustion.

2. Combustion of Gas Hydrates

To determine the relative performance indicators [59] of gas hydrate as a fuel blend,
it is necessary to take the following parameters into account: economic (fuel cost) [60,61],
energetic (minimum ignition temperature, ignition delay times, calorific value, degree of
burnout) [62,63], and environmental (anthropogenic gaseous emissions) [64–66]. The igni-
tion and combustion of methane–propane hydrate (the fraction of methane was 0.6, and
the fraction of propane was 0.4) was studied experimentally and theoretically to estab-
lish the characteristics listed above. Gas hydrate was a powder with a particle (granule)
size Rd = 0.25 mm.
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The hydrate ignition behavior was experimentally studied under the conditions of
radiative heating of gas hydrate powder according to the method described in detail
in [67]. The experimental setup for studying the ignition of gas hydrates is schematically
represented in Figure 1. The main element of the setup was a muffle furnace heated to high
temperatures. The gas hydrate samples were ignited in a high-temperature motionless air
medium generated in a hollow ceramic tube of an R 50/250/13 muffle furnace (Nabertherm
GmbH, Lilienthal, Germany). The air temperature in the furnace was varied from 700 to
1000 ◦C and monitored using an in-built type S thermocouple. The furnace was heated to a
given temperature in each series of 5 experiments. Gas hydrate with an initial temperature
of −70 ◦C was weighed on an AJH-620CE balance (Shinko Denshi Co., Ltd., Tokyo, Japan)
with an accuracy of ±0.001 g and placed into a V-shaped fine metal mesh (reservoir). Using
a positioning mechanism, we introduced the gas hydrate reservoir into a hollow tube of
the heated furnace. The processes taking place during the induction period were recorded
by a high-speed video camera. The resulting video recordings were analyzed using the
Tema Automotive software. The concentration of gases released from the combustion was
measured using a Test 1 gas analyzer (Bonair-VT, Novosibirsk, Russia). The gas analyzer
probe was introduced into the central combustion zone (muffle furnace). The gas released
during the combustion was supplied through the probe and the sampling hose to the gas
analyzer sensors. The resulting gas concentrations were monitored using the specialized
Test software. The average concentrations were calculated using the trapezoidal rule.
The calculation method is described in more detail in [68].
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furnace; 2—positioning mechanism; 3—electronic balance; 4—metal holder with a fuel sample; 5—gas
analyzer; 6—high-speed video camera; 7—laptop.

As a result of the experimental research, we determined the ignition delay times (τd1),
the minimum temperatures required for the gas hydrate ignition (Tg

min), and the degree of
fuel burnout. We also detected the main components of the gas mixture from the gas hy-
drate combustion: H2, CO2, CO, NOx, SO2. Using the experimental findings, we developed
a physical and mathematical model simulating the ignition of gas hydrates by radiative
heating. According to the problem statement, cold gas hydrate powder was introduced
into the motionless air of a muffle furnace heated to 700–1000 ◦C. When the powder was
heated by radiative heat supply, its surface temperature reached the gas hydrate disso-
ciation point. After it decomposed into gas and ice, the ice component started melting.
A melting front was formed with a boundary moving inward in the gas hydrate sample.
When the vaporization conditions were reached, the water film started evaporating from
the sample surface. Gas–vapor mixture was formed around the hydrate particle. When the
air temperature and the concentration of the mixture was sufficient for ignition, the gas
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hydrate started burning. The solution domain for heat transfer under the conditions of
radiative heating was described by a system of transient partial differential equations
with the corresponding boundary conditions similar to those used in [69]. The following
constants were used as source data in the numerical simulation: thermal conductivity of
gas hydrate λg = 1.33 W/(m·K); specific heat capacity of gas hydrate Cg = 2200 J/(kg·K);
density of gas hydrate ρg = 909 kg/m3; activation energy of the fuel vapor oxidation re-
action Ea = 145 × 103 J/mol; pre-exponential factor of the fuel vapor oxidation reaction
k0 = 7.4 × 108 s1; mass hydrate dissociation rate Wg = 0.01 kg/(m2·s); water evaporation
heat Qevap = 2.2 × 106 J/kg; dissociation heat of gas hydrate Qg = 108 × 103 J/kg; ice
melting heat Qmelt = 3.4 × 105 J/kg. The system of equations was solved using the fi-
nite difference method. The time increment was 10−6 s. The solution was carried out in
MATLAB [69]. As a result of the theoretical study, using the newly developed physical
and mathematical models, we determined the ignition delay times of gas hydrate and
the minimum temperature required for the ignition. Table 1 gives the minimum tem-
peratures required for the ignition of methane–propane hydrate obtained experimentally
and theoretically.

Table 1. Minimum temperatures required for the gas hydrate ignition and calorific value.

Minimum Ignition Temperature of Gas Hydrate Calorific Value of Gas Hydrate

Experimental Study Theoretical Study Qa
s [70]

570 ◦C 700 ◦C 24.22 MJ/kg

Figure 2 presents the double gas hydrate ignition delay times under radiative heating
obtained experimentally and theoretically with varying heating source temperature from
700 to 1000 ◦C.
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source temperature Tg from 700 to 1000 ◦C (hydrate particle size Rd = 0.25 mm).

Figure 2 shows that the ignition delay times of gas hydrates go down from 0.014 s
to 0.001 s with an increase in the heating source temperature. The ignition delay times
obtained experimentally and theoretically differ on average by up to 15%. With a heating
source temperature over 900 ◦C, the ignition delay times are one-third of those at 800 ◦C.
At high temperatures of the heating source (over 900 ◦C), higher gas hydrate dissociation
rate (decomposition into gas and water) sharply accelerates the exothermic reaction, thus
reducing the ignition delay times. A decrease in the ignition delay times by several
orders of magnitude suppresses the formation of water vapor around the fuel sample.
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As mentioned earlier, water vapor significantly changes the reaction behavior of some
elementary reactions (chemical effect), which leads to a reduction in flame temperature and
slows down combustion.

As a result of modeling, we obtained the curves of the gas hydrate ignition delay
time against the heating source temperature Tg with varying hydrate particle size Rd from
0.25 mm to 2 mm (Figure 3). The figure shows that the ignition delay times increase with
an increase in the hydrate particle radius (in particular, they triple with an increase in the
particle radius with the furnace temperature remaining constant). The ignition delay times
used in the calculations in Section 4 correspond to the gas hydrate particle size Rd = 2 mm,
which equals the size of slurry fuel droplets used in Section 3.
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It was experimentally established that the degree of the fuel sample burnout (m) at a
gas temperature ranging from 700 to 1000 ◦C is 100%. Due to the component composition
of gas hydrates, their combustion is notable for a high concentration of water vapor in
the flame, which has a significant impact on elementary chemical reactions and on the
combustion kinetics in general [38]. To reduce the harmful emissions while maintaining
the energetic, economic, and other indicators of the processes, it is necessary to study
the impact of temperature on the concentrations of anthropogenic emissions. The main
components of the gas–vapor mixture that generally fall under the radar are hydrogen
(H2), carbon monoxide (CO), nitrogen oxide (NOx), sulfur oxide (SO2), and carbon dioxide
(CO2) [68,71,72]. Greenhouse (CO2) and anthropogenic (NOx and SO2) gases have an
especially detrimental effect on the biosphere, human health, and climate [73–75]. Table 2
gives the average concentrations of the gaseous products of the methane–propane hydrate
combustion—in particular, anthropogenic and greenhouse gases—emitted at different
heating source temperatures. Clearly, the heating source temperature directly influences
the emission of all the gases detected in the experiments. An increase in the heating source
temperature from 700 to 1000 ◦C gives an up to 2.5-times increase in the concentrations of
the gaseous products of hydrate combustion. The main types of nitrogen oxides from the
combustion of gas hydrates are prompt and thermal NOx. The combustion rate and flame
temperature increases with an increase in the heating source temperature, which leads to
higher NOx concentrations in the gas mixture emitted from the combustion. Increasing
the gas temperature with an increment of 100 ◦C provides a 56% increase in the nitrogen
oxide concentration.

Gas hydrates are burned in a steam-air medium (because of ice shell melting and water
evaporation), so carbon monoxide is partially spent in the water gas shift reaction. As a
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result, additional H2 and CO2 are formed, and their concentration doubles with an increase
in the furnace temperature in the range of 700–1000 ◦C. Similarly to hydrogen, the con-
centrations of carbon monoxide (CO) increase noticeably at a furnace temperature above
900 ◦C. The concentrations of carbon monoxide increase from 13% to 75% in the tempera-
ture range of 700 ◦C to 1000 ◦C. Gas hydrate combustion does not emit sulfur oxides at all,
which confirms the environmental benefit of using hydrates instead of conventional fuels.

Table 2. Average gas concentrations released from the combustion of methane–propane gas hydrates
(Tg is the gas temperature in the combustion chamber).

H2, % CO2, % CO, % NOx, ppm SO2, ppm

Tg = 700 ◦C

0.65 1.45 0.38 17 0

Tg = 800 ◦C

0.83 1.61 0.43 23 0

Tg = 900 ◦C

1.06 2.08 0.48 35 0

Tg = 1000 ◦C

1.47 2.84 0.84 42 0

3. Combustion of Slurry Fuels

The ignition and combustion behavior of slurry fuels was analyzed on the basis of
experimental data. We chose the following parameters to characterize the slurry droplet
ignition and combustion: gas-phase ignition delay (τd1); heterogeneous ignition delay (τd2);
minimum ignition temperature (Tg

min); degree of burnout (m); concentration of the main
gases (CO2, CO, H2, NOx, SO2). We also calculated the calorific value (Qa

s) of slurry fuels
with regard to the component characteristics and mass concentration. These characteristics
are the key parameters describing the entire process flow including ignition (gas-phase ig-
nition delay times and minimum ignition temperatures), stable combustion (heterogeneous
ignition delay times, composition and concentration of combustion products), smoldering
and self-extinguishing (degree of burnout). The measurement of these parameters will
make it possible to fully evaluate the efficiency of combustion, compare different fuel types,
and identify the key strengths and weaknesses of the combustion scheme of choice, etc.
In addition, these parameters are especially typical of research into ignition and combustion
mechanisms of conventional and composite fuels [76–79]. For instance, Nguyen et al. [77]
studied the ignition behavior of hydrocarbon fuels produced from carbonized biomass.
They measured the ignition times and temperatures for solid fuels and slurries on their
basis by using radiative heating. The research findings demonstrated that hydrochar slurry
derived from biomass are easy to ignite (ignition delay times varied from 0.2 to 2.38 s) at
relatively low temperatures (89 to 103 ◦C) [77]. Zhu et al. [78] recorded the ignition delay
times and burnout rate of single droplets of biochar water slurry produced by biomass
pyrolysis. They showed that the ignition delays and burnout times increased with an
increase in the initial droplet size. It was also established that droplets with over 60% of
water were notable for higher combustion rate after water evaporation due to the enhanced
oxygen diffusion to the outer droplet layers [78]. Lei et al. [58] carried out the oxy-fuel
co-combustion of sewage sludge and bituminous coal. An increase in the proportion of
sewage sludge from 0% to 50% led to a decrease in the volatiles’ ignition delay time and
particle burnout time. The average flame temperature also increased by 66.8 ◦C. Gaber
et al. [46] found that it is important to use fine particles of pyrolytic carbon black to provide
the full burnout of a slurry. A high proportion of water (65–75%) in the blends contributed
to a decrease in NOx and CO emission to a fraction of the initial level with quite a limited
reduction in the combustion temperature. Zhang et al. [80] focused on the ignition and
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combustion of fuel blends based on anthracite and sawmill waste. The experimental re-
search established that fast volatiles’ emission from the combustion of wood components
accelerated the anthracite ignition and carbon burnout; at the same time, the temperature
and time of complete combustion decreased. The variation dynamics of SO2 and NO
concentrations during the combustion were analyzed as well. The SO2 emissions became
one tenth of the original value with an increase in the content of wood components from
0 to 50%. The NO emission decreased negligibly. The literature review has shown that
the entire array of characteristics (ignition delays and temperatures, degree of combustion,
and concentration of the main anthropogenic emissions) are not usually measured within
one study. Therefore, it is important to cover all the main water-based fuel combustion
parameters and characteristics in the present research. The resulting values will be further
used to calculate the relative parameters showing the strengths and weaknesses of slurry
fuels compared to gas hydrates.

The integral ignition and combustion characteristics of slurry fuels were determined
using a setup, similar to the one presented in Figure 1. A tubular muffle furnace was used
to provide a high-temperature medium. The temperature variation range was 700–1000 ◦C.
All the typical ignition and combustion stages of water-containing fuel slurries take place
in this temperature range. They are accompanied by active vaporization, which allowed
us to measure the concentrations of the gas mixture components accurately enough. After
heating the furnace, we placed a holder with the fuel into the furnace with the help of the
positioning mechanism. The key difference of this measurement technique from the one
presented in Section 2 is the introduction of fuel into the combustion chamber. Here we
used a metal structure with 15 holders with fuel droplets, 2 mm in diameter, suspended
on those holders. The fuel mass was 0.2 g. The snapshot showing the slurry supply to the
combustion chamber is presented in Figure 4.
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After the fuel introduction, the orifice was sealed by a thick layer of a heat insulation
material. A modular probe of the gas analyzer was inserted into a similar-sized orifice
on the opposite side. This orifice was also sealed. After the end of each experiment,
the gas channels and the space of the muffle furnace were aired to remove the remains
of the gases. For all the measured parameters, regardless of their type, we removed the
outliers, determined the variation coefficients, and calculated the confidence interval with
a confidence probability of 0.95. The average values in a series of experiments were used
to calculate the efficiency indicators. A more detailed description of the setup elements,
errors, measurement techniques, and data processing can be found in [81,82].

The coal–water slurry used in the experiments was based on coking bituminous coal
from Berezovskoe deposit (Kemerovo region, Russia) and coal slime—a typical processing
waste of the same-rank coal. This waste is generated at coal washing plants in the course of
flotation. The mean particle size of coal slime ranges from 80 to 100 µm. The size of coal
particles in the experiments was also 80–100 µm. Table 3 presents the results of elemental
and proximate analysis of coal and coal slime.
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Table 3. Proximate and ultimate analysis of components used in the experiments.

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

d, % Odaf, %

Coal components

Coal 2.05 14.65 27.03 29.76 79.79 4.486 1.84 0.868 12.70

Coal slime 43.5 26.46 23.08 24.83 87.20 5.090 2.05 1.022 4.46

Wa, moisture content; Ad, St
d, respectively ash and sulfur content to a dry basis; Vdaf, Cdaf, Hdaf, Ndaf, Odaf,

respectively volatile, carbon, hydrogen, nitrogen, and oxygen content to a dry ash-free state; Qa
s, higher

heat value.

We used these components to prepare two slurries with mass fractions of coal particles
and water maintained at 50 wt%: 50 wt% of coal and 50 wt% of water; 50 wt% of coal slime
and 50 wt% of water. The blends were based on tap water.

Table 4 presents the minimum ignition temperatures and calorific values of the two
slurries used in the experiments. The parameter Tg

min reflects the minimum temperature
of the air-vapor medium (temperature in the combustion chamber) providing the stable
ignition and subsequent heterogeneous combustion of the coal char. According to the
data obtained (Table 4), the slurry based on coal slime ignited at lower temperatures.
The difference in the threshold ignition temperatures for the two slurries under study was
50 ◦C. It can be attributed to the special aspects of liquid evaporation from the surface of
slurry fuel droplets. The slurry based on coal slime was denser and more viscous due to the
content of surfactants used in coal enrichment. Water evaporated from its surface faster than
from the surface of the coal-based slurry. Higher vapor concentration in the close vicinity of
slurry droplets based on coal slime enhanced its heating and reactivity. The calorific value
of the coal slime-based slurry is 16% lower than that of the coal-based fuel because the ash
content of coal slime is 1.8 times higher (Table 3). As a result, the content of combustible
components to a dry ash-free state is lower in coal slime than in coal.

Table 4. Minimum ignition temperatures and calorific value of coal–water slurry droplets.

Slurry Tg
min, ◦C Qa

s, MJ/kg

coal 50 wt%, water 50 wt% 450 14.88

coal slime 50 wt%, water 50 wt% 400 12.42

Figure 5 presents the gas-phase ignition delay time (solid line) and heterogeneous
ignition delay time (dotted line) of the slurry fuels. The gas-phase ignition of the coal-based
slurry was found to occur with a 20% shorter delay. This pattern is especially noticeable in
the temperature range from 750 to 850 ◦C. In this temperature range, the ignition of slurries
based on coal slime took 0.75–1.14 s longer. This is because bituminous coal contains
more volatile substances (Table 3), whose release intensifies the gas-phase ignition stage.
The gas-phase combustion of volatile substances contributes to a significant increase in
the char temperature and, hence, shortens its heterogeneous ignition delay. According
to the data obtained, the heterogeneous ignition of bituminous coal in the slurry also
occurred after a shorter delay in the temperature range of 700–900 ◦C as compared to coal
slime. However, the difference in the values of τd2 for the two blends is much smaller
than with τd1. This is also attributed to the content of volatiles in the coal components
and the duration of their combustion. As coal contains more volatiles, their burnout time
is longer, which levels out the difference in the heterogeneous ignition delay times. At a
peak temperature (1000 ◦C), the gas-phase and heterogeneous ignition delays of the two
fuels under study are practically the same. This suggests that the thermal effect dominates
the high-temperature zone, and fuel properties have a much smaller effect on the ignition
behavior. The research has also revealed that the gas-phase ignition delay times decreased
considerably with a temperature increase. However, higher temperature did not affect the
heterogeneous ignition delays quite as much. A temperature increase leads to an increase in
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the concentration of flammable gases around the fuel particle due to a higher decomposition
rate (the gas release is enhanced). Therefore, the burnout time of the gas mixture is longer
due to its larger amount. In this case, the fuel’s heterogeneous ignition begins somewhat
later. Thus, the interval between the gas-phase and heterogeneous ignition becomes longer
with a temperature increase.
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Figure 5. Gas-phase ignition delay (solid line) and heterogeneous ignition delay (dotted line) of
coal–water slurry droplets with Rd = 2 mm.

Figure 6 shows the relative fuel burnout indicator versus the temperature in the
combustion chamber, which was given by

m =
m0 − m1

m0
·100% (1)

where m0 is the initial mass of the sample, and m1 is the mass of the unburnt char.
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Figure 6. Relative indicator reflecting the degree of slurry droplet burnout (Rd = 2 mm) with varying
temperature in the combustion chamber.

In line with Equation (1), the greater the value of m, the higher the degree of fuel
burnout. Figure 6 shows a 3–10% increase in the burnout degree with a rise in temperature.
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Comparing the two coal components, we can see that the slurry based on bituminous coal
burned out better than coal slime. The degree of burnout is up to 7% higher for coal than
for coal slime due to the high ash content of the latter (Table 3). It is noteworthy, however,
that the degree of burnout ranging from 82% to 94% depending on the temperature in the
combustion chamber is overall not bad for slurries, especially for a waste-derived one. This
can serve as a rationale for the development of combustion technologies of fuel slurries
based on coal and coal slime in the form of mists and sprays due to the opportunity to
reduce the losses of incomplete combustion.

Environmental performance is among the most significant aspects of fuel combustion.
In particular, here we measured the concentrations of the main flue gas components emitted
from the combustion of the two slurries. The measurement results are presented in Table 5.
We have identified a number of dependences typical of slurry combustion. First, higher
temperature in the combustion chamber led to a marked increase in the concentrations of
all the gases under study but CO. The concentrations increased by 2.52–3.71 times for H2,
by 2.03–2.07 times for CO2, by 1.79–2.41 times for NOx, and by 9–12 times for SO2 with a
temperature increase from 700 to 1000 ◦C. Increased concentrations of these gases indicates
the intensified oxidation and decomposition reactions, whose rates depend directly on the
ambient temperature. Higher CO2 emissions with a simultaneous decrease in CO indicates
an increase in the burnout degree of the coal component: more fuel carbon participates
in combustion, hence lower carbon loss. Another important aspect is that the component-
specific findings correlate well with the content of carbon, sulfur, and nitrogen in coal
and coal slime. For instance, a difference in the NOx concentration is recorded, which is
9–17% higher for coal slurry than for coal slime at temperatures over 800 ◦C. This effect
is associated with a different content of fuel nitrogen (Table 3), which is 5% higher for
coal (with regard to the ash content of the components). Additionally, coal slime contains
1.8 times more ash. Thus, the proportion of the combustible part of the fuel, which contains
most of the fuel nitrogen, is much lower. As a result, the NOx concentrations are lower
from the decomposition and oxidation of burning coal slime. In addition, coal has a higher
calorific value, so its combustion produces more thermal energy. The temperature in the
combustion zone increases, thus intensifying the nitrogen oxide emission. The reasons
are similar for the differences in the concentrations of CO2 and CO, which are 26–33%
and 36–72% higher for the coal-based slurry. As for SO2 emissions, higher concentrations
are recorded from the combustion of coal slime, which also correlates with the content of
primary sulfur in the fuel (Table 3). Coal slime is an enrichment waste produced during
high-rank coal washing, which also removes sulfur from coal. Logically, the content of
mineral and organic sulfur in coal processing wastes will be much higher, which affects the
emissions of this gas.

Table 5. Average concentrations of gases from the combustion of slurry droplets with varying
temperature in the combustion chamber.

H2, % CO2,% CO,% NOx, ppm SO2, ppm

Slurry 1 * Slurry 2 * Slurry 1 Slurry 2 Slurry 1 Slurry 2 Slurry 1 Slurry 2 Slurry 1 Slurry 2

Tg = 700 ◦C

0.35 0.49 3.26 2.5 0.68 0.33 87 100 10 17

Tg = 800 ◦C

0.56 0.59 5.03 3.86 0.43 0.32 120 122 50 55

Tg = 900 ◦C

0.84 0.68 6.11 4.84 0.34 0.24 162 148 72 85

Tg = 1000 ◦C

1.3 1.25 6.74 5.07 0.12 0.07 210 179 120 153

* Slurry 1—50 wt% coal, 50 wt% water; Slurry 2—50 wt% coal slime, 50 wt% water.
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4. Relative Efficiency Indicators of Fuel Combustion

It is quite difficult to specify all the decision making criteria used when choosing be-
tween alternatives: in particular, when choosing an energy source in the power-generating
sector. Ranking the criteria for an objective and transparent evaluation of different options
is an important objective. This is what makes multi-criteria decision making methods
(MCDM) appealing. These methods provide the comparison of several options as part of
a preliminary analysis, which outlines the most preferable and inappropriate decisions.
They also compare the options when there are several, sometimes contradictory, criteria.
Finally, MCDM can help find a compromise in a scenario where different stakeholders have
conflicting goals or values. A set of criteria for analysis serves as the input data for such
methods. The criteria based on the target goals can be applied to all the alternatives in
order to differentiate between them. There are various methods within MCDM that govern
the weight assignment to each criterion and different ways of integrating the evaluations
into a total performance value using criteria for each option. For example, evaluations can
be integrated into a Weighted Sum Model (WSM) or Weighted Product Model (WPM) [83],
using the Analytic Hierarchy Process (AHP) [84] and Preference Ranking Organization
Method for Enrichment Evaluation (PROMETHEE) [84], as well as the Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) [85], etc. Despite the abundance of
methods, the main idea remains the same for most of them: alternatives are ranked using a
set of normalized (dimensionless) characteristics and compared with the best alternative
or ideal solution [86]. Weighted Sum Model (WSM) for one-dimensional problems is the
simplest and most popular method [84,86,87]. In this research, we also decided to use
this method as an initial evaluation of the efficiency of using water resources as part of
gas hydrates or slurry fuels. According to the WSM algorithm, all the criteria with the
weights assigned depending on their importance or priority are normalized to the best
value. As a result, all the criteria expressed in different units are normalized and converted
to dimensionless values. The values of the normalized criteria are within the interval of
0–1. The summarizing fuel combustion efficiency indicator is written as

An = ∑ γj·Xij (2)

where γj is the weight for each criterion, and Xij is the normalized value of a criterion.
Assigning weights can often be a challenge since the solution severely depends on the

weights chosen. When the problem is country-, region- or enterprise-specific, it is rational
to set priorities, while equal weights are mostly used when there is no detailed information
on the importance of a certain criterion. In this case, the total weight (100%) is distributed
evenly among all the criteria to obtain equal weights. This weight distribution method
is especially typical of simple MCDA systems and used for initial generalizing analysis.
That is why we used equal weights for this research. The fuel with the highest weighted
sum is considered the best in terms of the chosen criteria. Table 6 presents the absolute and
normalized values of fuel evaluation criteria obtained in this research. For a meaningful
comparison, all the values were normalized: the calorific value, gas concentrations, degree
of burnout, and cost were divided by the mass, and the ignition delay times were divided
by the fuel droplet size. In addition, since no heterogeneous combustion was recorded for
gas hydrate (unlike for slurries), the parameter reflecting this process (τd2) was removed
from further calculation of An.
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Table 6. Absolute (abs) and normalized (rel) values of fuel efficiency criteria for WSM.

Criteria

Fuel

Methane–Propane Hydrate Coal 50 wt%, Water 50 wt% Coal Slime 50 wt%, Water 50 wt%

abs rel abs rel abs rel

τd1

700 ◦C 0.014 s 1 8.08 s 0.0053 9.02 s 0.0048
800 ◦C 0.007 s 1 5.55 s 0.0034 6.84 s 0.0028
900 ◦C 0.003 s 1 4.74 s 0.0019 6.45 s 0.0014
1000 ◦C 0.001 s 1 4.18 s 0.0012 6.10 s 0.0008

Tg
min 570 ◦C 0.702 450 ◦C 0.889 400 ◦C 1

Qa
s 24.22 MJ/kg 1 14.88 MJ/kg 0.614 12.42 MJ/kg 0.513

m

700 ◦C 100% 1 88.41 % 0.884 82.68 % 0.827
800 ◦C 100% 1 91.39 % 0.913 86.71 % 0.867
900 ◦C 100% 1 92.87 % 0.929 89.67 % 0.897
1000 ◦C 100% 1 94% 0.940 91.5% 0.915

H2

700 ◦C 21.74 g/kg 1 10.73 g/kg 0.494 16.39 g/kg 0.754
800 ◦C 27.76 g/kg 1 17.17 g/kg 0.618 19.74 g/kg 0.711
900 ◦C 35.46 g/kg 1 25.76 g/kg 0.726 22.75 g/kg 0.642
1000 ◦C 49.17 g/kg 1 39.86 g/kg 0.811 41.81 g/kg 0.850

CO2

700 ◦C 1058.91 g/kg 1 2182.33 g/kg 0.485 1825.71 g/kg 0.580
800 ◦C 1175.76 g/kg 1 3367.22 g/kg 0.349 2818.90 g/kg 0.417
900 ◦C 1518.99 g/kg 1 4090.20 g/kg 0.371 3534.58 g/kg 0.430
1000 ◦C 2074.01 g/kg 1 4511.94 g/kg 0.460 3702.54 g/kg 0.560

CO

700 ◦C 176.62 g/kg 0.87 289.72 g/kg 0.529 153.38 g/kg 1
800 ◦C 199.86 g/kg 0.72 183.20 g/kg 0.786 144.08 g/kg 1
900 ◦C 223.10 g/kg 0.50 144.86 g/kg 0.770 111.55 g/kg 1
1000 ◦C 390.42 g/kg 0.08 51.13 g/kg 0.636 32.53 g/kg 1

NOx/SO2

700 ◦C 0.85/0 g/kg 1 4.33/0.97 g/kg 0.160 4.98/1.87 g/kg 0.125
800 ◦C 1.14/0 g/kg 1 5.97/4.87 g/kg 0.106 6.07/5.85 g/kg 0.096
900 ◦C 1.74/0 g/kg 1 8.06/7.01 g/kg 0.116 7.37/9.03 g/kg 0.106
1000 ◦C 2.09/0 g/kg 1 10.46/11.69 g/kg 0.094 8.91/16.26 g/kg 0.083

Sprod, $/kg 0.25 $/kg 0.160 0.04 $/kg 1 0.04 $/kg 1

Scost, $/kg 0.20 $/kg 0.027 0.028 $/kg 0.194 0.005 $/kg 1

Sprod, production cost; Scost, fuel cost.

Table 7 gives the total combustion efficiency indicators for the three fuel types calcu-
lated using Equation (2).

Table 7. Total fuel combustion efficiency indicators (An).

Fuel

Methane–propane Hydrate Coal 50 wt%, Water 50 wt% Coal Slime 50 wt%, Water 50 wt%

An

700 ◦C 7.61 5.25 6.80
800 ◦C 7.61 5.47 6.61
900 ◦C 7.39 5.61 6.59

1000 ◦C 6.97 5.64 6.92

The comparison of fuel combustion characteristics has shown that gas hydrates yield
the maximum total performance value. The calculated value of An for gas hydrates is
10–31% higher than that for slurry fuels (Table 7). This result can be attributed to the
dominance of gas hydrates in terms of energy-related characteristics (Figure 7).

The ignition delay is hundreds and thousands of times shorter for hydrates than
for slurries (Table 6). At the same time, the amount of thermal energy released from the
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combustion of one kilogram of fuel is somewhat higher in the case of hydrate. Environ-
mentally, gas hydrates are also clearly superior. The concentrations of the main harmful
emissions (CO2 and NOx) released from the combustion of slurries are 42–68% and 76–83%
higher, respectively. Another crucial factor is that sulfur oxides are not emitted during the
combustion of gas hydrates, which is a major environmental benefit of this fuel. In terms
of the regulatory documents (Table 8), the NOx and SO2 concentrations detected during
the slurry combustion at 700–900 ◦C also fall within the allowable range. The maximum
allowable concentrations presented in Table 8 imply that the flue gas has passed through
all the treatment stages enforced in actual power-generating facilities. In the experiments,
however, the concentrations were measured in the immediate vicinity of the burning fuel.
Therefore, if we assume that the flue gas emitted from the combustion of slurry fuels will be
exposed to the standard treatment procedure, the NOx and SO2 concentrations will comply
with European and Asian standards for the purity of flue gas (Table 8).
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Table 8. Emission standards for new CPPs in selected countries [88].

Country SOx NOx

Australia 75 ppm 641 ppm
Germany 56 ppm 120 ppm

Japan 50 ppm 200 ppm
Republic of Korea 50 ppm 50 ppm

China 75 ppm 160 ppm
India 30 ppm 64 ppm

Indonesia 282 ppm 601 ppm
Malaysia 188 ppm 401 ppm

Philippines 263 ppm 801 ppm
Thailand 180 ppm 200 ppm
Viet Nam 188 ppm 521 ppm

Figure 7 shows that gas hydrates are far inferior to slurry fuels in terms of economic
indicators. The cost of the industrial development of gas hydrate deposits is estimated as
much higher than other known ways of recovery suitable for conventional energy resources.
Low temperatures, high pressures, and high-salinity reservoir waters complicate the ex-
ploitation of arctic deposits and, hence, involve high procurement costs. Transportation
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of gas hydrates can be identified as a separate expenditure item. It requires large trans-
portation reservoirs maintaining low temperatures (at least −70 ◦C) and elevated pressure
(over 4 MPa). These economic issues are among the key barriers to the development of
this technology.

Additionally, the limiting factors for the use of gas hydrates are the existing methods of
fuel supply to the furnace and bed combustion technologies. The hydrate powder feeding
is accompanied by uneven filling, which leads to supercooling of the combustion chamber
walls and an instant decrease in the furnace temperature. It is necessary to ensure the
uniformity of the powder layer at all technological stages: fuel supply, residence in the
combustion chamber, and ignition process. Moreover, when the temperature rises, self-
preservation of the gas hydrate takes place, which is a problem for its direct combustion.
Self-preservation may occur throughout the entire reaction period and leads to the cessation
of the release of combustible gas to the surface and the flame failure in the combustion
chamber. Several concepts for the use of gas hydrates as fuel can be distinguished, excluding
the technological difficulties described above. There are several concepts for the use of gas
hydrates as a fuel in combustion chambers, excluding the listed technological difficulties.
For example, gas hydrate powder can be fed into the reactor using an automated conveyor
that levels the powder bed to a predetermined level. The gas hydrate dissociation occurs
in the reactor at constant temperature and pressure. The dissociated gas through the
pipes will be fed into the furnace or combustion chamber. The second concept is the direct
supply of gas hydrate to the combustion chamber without a preliminary dissociation reactor.
To prevent cooling of the furnace walls due to the large flow of gas hydrate, it is necessary to
consider the method of fuel powder supply. This can also be realized through an automated
conveyor belt, which will carry a uniform layer of powder through the combustion chamber.
It is necessary to calculate the total time for the conveyor belt to pass through the entire
area of the chamber so that the gas hydrate powder has time to completely dissociate and
release all the gas. The speed of the conveyor belt must be adjusted so that the volume
of combustible gas is sufficient to ensure continuous combustion. The third concept is to
use the similarity of Raschig rings. In this case, the hydrated powder is sprayed from the
top of the combustion chamber through the rings. Due to the mobility of the rings, it is
possible to provide vibration, which contributes to the uniformity of the powder layer at
all stages (rings) of the combustion chamber and further ignition of the released gas. The
effect of self-preservation of the gas hydrate can be avoided by constant mechanical friction
of the powder particles. This can be ensured by the use of specialized gratings, on the
surface of which gas hydrate particles will be supplied. Due to the constant movement
and impacts of the gratings between themselves, the fuel particles will be subjected to
mechanical displacement. Friction will occur between the powder particles, which will
prevent cooling and self-preservation.

Being a fraction of the cost of conventional energy resources, coal slime-based blends
turned out to be the most economically appealing. Low cost and large production volumes
of coal waste (over one billion tons annually) are major benefits of this technology. Moreover,
coal enrichment technology implies that the by-product of coal processing contains a
considerable amount of water (30 to 60 wt%) in addition to coal particles. Hence, this waste
type can be used without adding extra water.

5. Conclusions

The ignition and combustion behavior of promising alternative fuels based on water
and a combustible component was studied experimentally and theoretically. We used a
methane–propane hydrate and coal–water slurries based on coal and coal slime. The mini-
mum temperature required for the ignition of the methane–propane hydrate was found to
be 570 ◦C. The gas hydrate ignition delay times go down from 0.043 s to 0.005 s with an
increase in the temperature of the radiative heating source. The environmental analysis
has shown that the concentrations of gaseous products released from the hydrate com-
bustion increase by 2.5 times with a temperature increase from 700 to 1000 ◦C. The main
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environmental advantage of gas hydrates over conventional fuels consists in zero sulfur
oxide emission. The slurry based on coal slime was found to ignite at lower temperatures.
The difference in the threshold ignition temperatures for the two slurries under study
was 50 ◦C. At the same time, the gas-phase ignition delay of the coal-based slurry was
up to 20% shorter. The relative burnout indicator of the slurry based on bituminous coal
turned out to be 2–6% higher, which makes little difference and is attributed to the high
ash content of coal slime. The environmental combustion indicators of the two slurries fell
within quite a narrow concentration range. However, the combustion of the coal-based
slurry resulted in 26–33%, 36–72%, and 9–17% higher emissions of CO2, CO, and NOx,
respectively. As for SO2 concentrations, higher emissions were recorded from the com-
bustion of coal slime, which also correlates with the content of primary sulfur in the fuel.
Gas hydrate had the highest total performance value based on 10 separate components
from three categories. The calculated value of An for hydrates was 10–31% higher than
that for slurry fuels. The values of absolute, relative, and integral indicators obtained for
slurries and hydrates can be used in feasibility studies of alternative ways to involve water
resources in the power industry.
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