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Abstract: This article provides a comprehensive review of the state of the art and more recent
developments of the thermochemical treatments of slurry fuels in fluidized beds (FB). The review
focuses on FB combustion and gasification of slurry fuels based on coal, biomass, sludge, and wastes
from industry, agriculture, and the civil sector. The investigations at research and industrial levels
over the last decades are presented and discussed, highlighting the adopted technological solutions,
the results in terms of feasibility and efficiency, and the perspectives of future development. The
different behavior between bubbling and circulating beds was addressed, in particular the optimal
choice depending on the process (combustion/gasification/pyrolysis) and fuel properties (e.g., water
content). Fundamental studies on interactions between the slurry fuels and the hot bed materials
are also reviewed. The cumulative trend of reviewed investigations over the last decades depicts
the abandonment of coal-based mixtures used in large plants, and the growing interest in the use of
biomass-based slurries for small size application. In this respect, the shift from coal to biomass opens
new challenges because of the different properties of biomass (density, fibrous structure, spontaneous
degradation, hydrophilic behavior, etc.). Biomass-based slurries circumvent problems posed by using
solid dry biomass, particularly in handling, storing, and feeding. Although slurry fuels represent a
narrow sector, the results of the research investigations and the experience gained with coal can be
exploited to contribute to the achievement of a circular approach based on renewable resources in
the near future.

Keywords: fluidized bed; slurry fuel; combustion; gasification

1. Introduction

Fluidized bed (FB) technology has been widely used in the energy sector and indus-
trial chemistry for accomplishing heterogeneous processes for converting various feedstock
into chemicals or heat. FB technology is very flexible towards the properties of the ma-
terials to be processed (i.e., feedstock heating value, moisture, particle size and density,
sulfur content, etc.) [1] and possesses superior performance in terms of heat [2] and mass
transfer [3,4]. In particular, combustion and gasification have been developed and carried
out in the last five decades at small and medium size using solid fuels in the form of coarse
powder, granules, chips, and pellet both of fossil and renewable origin [5,6]. The most
relevant features of FB with respect to other technologies (i.e., fixed beds, moved beds,
and rotating furnaces) [7,8] are the temperature homogeneity, the elevated heat transfer
rate, the good mixing of the solid particles, and the possibility of accomplishing further
sub-processes, e.g., particle drying, heterogeneous catalysis, and SO2/CO2 capture [9–11].
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FB reactors can be used in different configurations, such as bubbling (BFB) and
circulating (CFB) fluidized beds [12]. In a BFB, the bed media is made of particles typically
0.5–1.0 mm in size, Group B of the Geldart classification [2] and is fluidized from the
bottom with a velocity varying in a range from 1 to 3 m/s [3]. Under these conditions,
the bed\material is fully fluidized and behaves like a boiling liquid [13]. The fluidization
state is maintained by a gas-bubble emulsion which continuously agitates the solid phase,
enabling good mass and heat transfer between the solid and gas phase. In the upper part
of the reactor, i.e., the freeboard, only the gas phase is present, as the bed material does not
normally get carried this high. Some of the gas-phase reactions take place here, even though
the main stages of thermochemical conversion occur within or just above the fluidized
bed [14]. In CFBs, the bed material, typically of a smaller diameter (e.g., 0.2–0.5 mm) than in
BFBs, is fluidized with superficial velocities up to three to five times (5–10 m/s) larger than
in BFBs [3]. As a consequence, char and bed particles become entrained in the gas stream,
thus increasing the amount of solids in the freeboard. A downstream unit is, therefore,
required to separate (e.g., using a cyclone) and recirculate these particles. Recycling the
solids has the advantage of increasing the particle residence time, thus improving the
carbon conversion efficiency and reaction rates [15,16]. The pressurized variant of FB
technology (PFB) has been also developed over the last decades for the obvious advantages
in plant capacity and compactness, as well as the increase of electrical efficiency when flue
gases are expanded in a turbine [17].

Coal–water mixtures (CWM) have been proposed as substitute of heavy oil in the
decades between 1970 and 1990 for the feeding of conventional power plants. CWMs
are composed of water, coal, and additives, giving rise to an oil-like liquid. In their
preparation, the coal particle diameter is between 10 and 100 µm, upon milling of the
parent coal [18], and the water content is around 30% wt. [19]. CWMs drastically limit
the hazards of pulverized coal storage/handling and the logistic costs, both CAPEX and
OPEX, contributing to reducing the environmental impact of coal [20]. Different from
coal/water mixtures, attaining a high solids content but also high viscosity, Antonini and
Francois [21] first pointed out that if the water is added to produce an aqueous foam
the resulting coal/water/air mixture will be more stable, easy to prepare, and readily
pumpable because of the lubricant effect of surfactants. Both CWMs and coal foams were
the object of investigation for FB combustion in the last decades [22].

In parallel, the combustion in fluidized beds of unconventional liquid-like fuels for
heath and power generation or their conversion into more valuable streams via gasification
were undertaken at a research and industrial level in response to requests for exploit-
ing locally available resources or as an alternative to landfill disposal in the logic of a
circular economy.

Fluidized bed reactors have distinctive features that confer them the superiority to
treat slurries, sludge, or other waste (e.g., industrial, agricultural, and animal waste) in
dried form [23,24] or with high water content [25,26]. First, the high turbulent motion of
particles disperses the fed wet materials throughout the bed. Second the high thermal
inertia of the bed enables water evaporation while maintaining good temperature control.
Moreover, a fluidized bed reactor can be easily supported with a secondary fuel when
wastes with high water content and low heating value are processed. A fluidized bed can
handle or co-fire fuels with different phases: solid, liquid, or even gaseous fuels [27,28].
Alternatively, an entrained flow gasifier and conventional burner can handle only well-
pre-treated coal or biomass slurry. In this respect the fuel should be well-pulverized, and
the slurry should have good atomization characteristics [29,30]. On the other side, sludge
needs to be dried and briquetted before being processed in fixed bed reactors [31]. Only
rotary kiln reactors may process wet sludge with similar efficiency as FB, but a lower, even
null, heat transfer rate [32]. One of the most relevant drawbacks of FB processes is the
occurrence of agglomeration phenomena due to bed sintering induced by alkali content
in fuels, in particular wastes and residues, leading to plant malfunction and maintenance
intervention [33]. In this respect, using suitable and cheap alternative materials to silica
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sand would be effective for inhibition of agglomeration phenomena [34,35]. Comminution
phenomena are also likely to occur in FB plants and should be considered as possible
causes of loss in efficiency [36]. This aspect is particularly serious in the case of less reactive
fuels and the gasification process.

The possibility of using uncommon feedstocks contributed to expanding the appli-
cation of FB technology, thanks to FB enhanced flexibility with respect to the nature and
properties of the fuel. Thus, they are interesting alternatives to substitute granular fossil
and renewable fuels. For instance by-products of the mining industry [37] and sludge of
agro-industrial processes [38] can be turned out into mixtures with auxiliary fuels, to be
directly burnt without additional costs of drying or disposal.

The advantages of using liquid-like fuels in pressurized operation are evident when
considering the complex technology required to handle and to feed granular or pulverized
coal to pressurized plants [22]. So far, the use of liquid-like fuels is much easier and safer,
only requiring conventional equipment, such as tanks, pipelines, and pumps.

Keeping out of this review fuels derived from liquid hydrocarbons or their suspensions
in water [39], the unconventional liquid-like fuels that are considered hereinafter may be
classified according to the following scheme:

• Coal/coke Water Mixture (CWM)
• Coal Water Paste (CWP)
• Coal–oil Slurry (COS)
• Coal–water Foam (C-WAM)
• Waste Derived Mixture (WASMIX)

Results of research and exploitation at laboratory, pilot, and industrial scales are
reviewed and discussed for the sake of giving recommendations for combustion, gasi-
fication/pyrolysis, and other related issues. In particular, the present paper provides a
comprehensive review of the state of the art and more recent developments of the thermo-
chemical treatments of slurry fuels by means of FB combustion and gasification. Therefore,
it can be helpful for all readers, from both academia and also industry, who are interested
in the available and efficient processes/technologies for exploiting slurry fuels and in the
related technical issues/challenges. In addition to this, this review is also intended to give
practical insights for the orientation of the scientific and technical community during the
current transition from fossil fuels to renewable energy systems.

2. Coal Water Mixture (CWM)

The utilization of coal–water mixtures as a fuel in FBC was proposed since the 1980s.
Table 1 reports the chronology of studies concerning the feeding of ordinary and special-
purpose CWM in FB combustors of various sizes and geometries, under atmospheric and
pressurized conditions. In general, submerged feeding was adopted.

2.1. Combustion Efficiency

The pioneering work of La Nauze et al. [40] was indeed devoted to investigating the
incineration of coal washery liquid wastes. They demonstrated the ability of FB combustion
to efficiently burn the waste without recourse to auxiliary fuel and with high recovery of
heat. Trivett et al. [41,42] developed and tested a small-scale (30 kW) combustor that was
intended as a replacement for the oil furnace in domestic heating and in light industrial
application. Massimilla’s group [43,44] keenly investigated the effect of submerged CWM
feeding in an atmospheric pilot plant by means of an air-assisted fuel injector. They
speculated and verified the carbon load in the bed under both isolated particle and sand
adhered phases, whose extent was determined by the injection conditions.

Pressurized combustion was investigated by Roberts et al. [37] and Hoy et al. [45] in
pilot plants operated at up to 2 MPa.
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Table 1. Investigations on coal-based mixtures in fluidized bed.

Internal Size (mm) Slurry Fuel Feeding Point Pressure Process Ref.

2600 × 1600 2 CWM overbed atmospheric combustion [40]
250 1 CWM overbed atmospheric combustion [41,42]
600 1 CWM submerged 0.6 MPa combustion [37,45]
80 1

250 2

500 2
CWM overbed atmospheric combustion [46]

450 1 CWM underbed atmospheric combustion [47]
370 1 CWM submerged atmospheric combustion [43,44]
300 2 CWM submerged 2 MPa combustion [45]
200 1 CWM submerged atmospheric combustion [48]
140 1 CWM submerged atmospheric pyrolysis [49]

5640 1 CWP n.a. 1.2 MPa combustion [50]
51 1 COS submerged atmospheric combustion [51]

600 1 C-WAM submerged atmospheric combustion [52]
1130 1 C-WAM submerged pressurized combustion [52]
140 1 C-WAM submerged atmospheric pyrolysis [52]

1 Circular geometry; 2 Square/rectangular geometry.

During the combustion of CWM in a fluidized bed, comparatively higher combustion
efficiencies were obtained by many researchers with respect to dry coal feed. The excess air
ratio was kept in the typical range of FB combustion for coal (1.1–1.3), with O2 concentration
in flue gases up to 5%vol [43]. The combustion efficiencies reported by several investigators
were in the range 0.85–0.98 under atmospheric conditions [44,46] and exceeded 0.99 for
pressurized FB combustion [45]. The comparison with dry coal feeding under the same
operating conditions turns out favorable for CWM that exhibit an appreciable gain of
efficiency (5 to 10 percentage points) [46,48]. The improved performance of CWM is
primarily attributed to the formation of rather strong char agglomerates upon interaction
of wet feed with the hot bed particles, which provide a large reaction surface area and
reduce elutriation of fines from the bed.

2.2. Fuel Dispersion in the Bed

The mechanism of CWM dispersion in the bed and the interactions between droplets
and bed particles were keenly investigated under inert conditions both theoretically [53]
and experimentally [49]. Three different and coexisting ways were evidenced, by which
fixed carbon is made available from CWM within the bed: they are bed particle–carbon
aggregates, carbon-spotted bed particles and flying carbon fines (Figure 1). The formation
rates and the yields of the three carbon fractions were estimated by a mathematical model
based on the establishment of a flare region at the combustor wall where the injected slurry
interacts with hot bed particles. For a fixed design of the injection device, the distribution in
three fractions is dependent on the coal rank, gas dispersion velocity at the nozzle and mass
ratio between gas and slurry flow rates [53]. The fate of the three carbon fractions is also
reported in Figure 1; in particular, they are converted in a gas product (i.e., CO2), whereas
the fines may be partially elutriated. The model validation was obtained by experimental
investigation in a dedicated plant at a semi-pilot-scale, providing rather good agreement
between predictions and experimental results [49]. It is remarkable that utilization of
bituminous coal with respect to coke or hard coal is to be preferred because of its high
tendency to formation of aggregates with beneficial effects on the combustion mechanism.
Miccio et al. [49] reported fractions in the ranges 0.45–0.70, 0.25–0.50, and 0.05–0.18 for A-,
S-, and F-phases, respectively. It is worth noting that the error on fixed carbon balance was
higher (about 20%) for CWM with an appreciable content of volatiles, whilst it was lower
than 10% in the case of CWM based on petroleum–coke.
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The described mechanism of phase formation applies only to the case of submerged
feeding that is more complex but also more efficient for retaining and spreading com-
bustible matter in the bed. In this configuration (under-bed), a dilute region establishes in
the dense bed close to the fuel injection port with periodic detachment of bubbles contain-
ing slurry vapors and the dispersion gas [53]. This behavior is similar to that of a fluidized
bed with lateral gas jets [54].

3. Coal–Water Pastes (CWP) and Coal Oils Slurries (COS)

Coal–water pastes (CWP) are produced from coarse coal particles with a size up to
a few millimeters, sometimes with a bimodal distribution [55]. Contrary to the case of
CWM conceived for spray burners, sophisticated rheological properties are not required
for fluidized bed feeding of CWPs, provided that they have enough stability during storage
and transport. Overall, they behave as a non-Newtonian Herschel–Bulkley fluid, whose
rheology can be tuned by changing water content, particle size distribution, and additives
(e.g., the latter for desulphurization) [55].

CWP were used to fire utility-scale PFB boilers that were developed by ABB Car-
bon [50] as compact modules for electricity generation with a combined cycle. The PFBC
boiler has the characteristic of integrating into a single component, the pressure vessel, the
fluid bed for combustion and desulfurization, heat exchangers for steam production, and
the multi-cyclone system for flue gas de-dusting. This technological solution has generally
favored coal supply in the form of a water paste, which is lower than 30% wt. in H2O,
pumpable, and versatile in use. The nominal power of a single module P200 was 200 MWt.
at a pressure of 12 bar. A number of plants were commissioned and operate in the world
and more than 70,000 h of operation have been accumulated on P200 modules, demonstrat-
ing the reliability and efficiency of this PFB technology [56]. The CWP combustion in PFB
commercial units yielded a combustion efficiency up to 99.7%, a desulfurization efficiency
of the order of 90% and an overall combined cycle efficiency close to 40%.

Coal–oil–water slurries (COS) are suspensions where an appreciable fraction of hydro-
carbons is present, with beneficial effects on heating value, kinetic properties (e.g., ignition
delay), and rheology [57]. Purposely prepared coal–oil (50/50 wt.) and coal–oil–water
(47/12/40 wt.) slurries were gasified in a laboratory-scale FB plant in a steam–oxygen and
CO2–oxygen atmosphere [51]. Typical compositions of COS are reported in Table 2. In
both cases, rapeseed oil was used for slurry preparation. Polish coal and German lignite
were alternatively used in form of powder, with a size below 315 µm. The main differences
between the two used coals were the hydrophilic/hydrophobic character and the content
of fixed carbon. The gasification at temperature between 800 and 900 ◦C gave rise to
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producer gas with different characteristics, depending on parent fuel, water content and
gasifying agent. Cold gas efficiency was highest (up to 61%) for coal–oil slurry based on
German lignite in both atmospheres, owing to the higher reactivity of its char. The highest
heating value of the producer gas was obtained for coal–oil slurry based on German lignite,
achieving value up to 18 MJ/m3 (N2 free). However, tar content is very high for coal–oil
slurries with respect to coal–oil–water slurries in inert (silica sand) bed. The author also
reported that formation of stable coal–oil–water slurries requires irradiation by ultrasound
and addition of an emulsifier (1% wt.) Moreover, long term stability of such slurries is
weaker than the stability of coal–oil slurries.

Table 2. Typical composition data for COS [51,58].

Components (% wt.) German Coal–Oil Slurry
(50/50)

Polish Coal–Oil Slurry
(50/50)

Polish Coal–Oil–Water Slurry
(47/40/12)

Water 4.50 3.85 43.37
Ash 1.90 4.33 4.07

Volatiles 71.7 61.7 33.9
Fixed carbon 21.8 30.1 18.6

C (dry) 70.94 75.98 73.42
H (dry) 8.18 7.88 5.76
O (dry) 18.46 10.86 12.42
N (dry) 0.347 0.552 0.880
S (dry) 0.084 0.220 0.326
Cl (dry) <0.1 <0.4 <0.4

LHV, MJ/kg 29.8 32.3 16.8

4. Coal–Water Foam (C-WAM)

A research project dedicated to FB combustion of C-WAM was funded by the European
Commission under the JOULE Programme from 1990 to 1994. The project provided useful
insights into the utilization of C-WAM at different plant scales, as well as atmospheric
and pressurized conditions. Three main experimental facilities were employed [52]: a
pilot-scale, 1200 mm ID, pressurized combustor (FLAP) at ENEL/CRT (Livorno, I); a pilot-
scale, 600 mm ID, atmospheric combustor at CERCHAR (Mazingarbe, F); and a semi-pilot
facility at CNR (Napoli, I). Both the ENEL and CERCHAR combustors were fired under
steady-state conditions in a number of tests that were purposely planned without sorbent
addition. The ENEL plant was operated at a pressure of about 0.3 MPa gauge. The CNR
facility was employed in hot tests that were aimed at determining the bed dispersion
characteristics of the foam and, therefore, was run batch-wise without combustion. In
all three cases C-WAM was smoothly fed into the bed by horizontal injectors of similar
geometry and submerged condition.

4.1. Combustion Behavior

On the basis of test runs at CERCHAR and ENEL, C-WAM combustion turned out
feasible at atmospheric and moderately high pressure (0.3 MPa gauge). At atmospheric
pressure, successful burning was achieved by operating air staging. The excess air ratio
was up to 1.3. Under pressurized conditions, reliable operation was obtained without air
staging and ash recycling. The combustion efficiency was up to 92% [52], representing a
quite acceptable value, considering the absence of elutriated fines recycles.

The temperature profiles along the vertical axis proved that during the tests with dry
coal the freeboard was cooler than in tests with C-WAM that exhibited a freeboard tempera-
ture increase up to 30 ◦C [52]. This finding appears rather surprising as the overbed feeding
adopted for dry coal usually leads to a larger heat release in the freeboard. Therefore,
the higher temperatures measured along the freeboard demonstrate that, combustion of
C-WAM is partially shifted from bed to freeboard due to carbon fines elutriation. Hence,
the freeboard should be designed to be an effective post-combustor of unburned particles
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and gases, which are released from the bed especially when this latter one is over-loaded
of fines.

4.2. Fuel Dispersion in the Bed

C-WAM has the same general behavior as CWMs, as far as the formation of carbon
phases is concerned. The experiments carried out with a semi-pilot facility demonstrated
that all three phases are formed when injecting C-WAM into the bed. Bed sampling proved
that sand turned out gray and the surface of particles appeared spotted by tiny carbon
deposits. This observation was confirmed by chemical analysis: the bed fraction containing
most of sand, i.e., the size fraction from 0.60 to 0.85 mm, had a carbon content one to two
orders of magnitude larger than that found in combustion tests with dry feed of same coal,
where formation of spotted sand is unlikely.

Compared to standard CWM, C-WAM has a lower tendency to form aggregates, with
about 10% of fixed carbon converted to A-phase [52]. Both the latter findings and the high
formation rate of fines are in the direction of making C-WAMs more difficult to burn in
bubbling FBC. Once formed, fines have a low residence time in the bed as they percolate
through the interstices of the dense phase and are rapidly entrained by gases leaving
the bed. As a consequence, they can reach the exit of the combustor with unsatisfactory
conversion. Formation rate of an S-phase, however, is high: this plays a role in an opposite
direction as carbon deposited on bed particles cannot leave the bed until it is burned or
abraded. It is likely that the violent expansion of the C-WAM stream issuing from the
nozzle creates a three-phase zone in the bed and this region contains gas (fluidizing air and
propelling air from C-WAM, volatiles, and water vapor), liquid water and solids (coal and
sand). Fine carbon particles escape from the bulk of C-WAM and hit bed particles inside
and, more likely, at the boundaries of this region, forming an S-phase.

5. Waste-Derived Mixtures (WASMIX)

Waste derived mixtures (WASMIX) include liquid refuse-streams, such as suspension,
slurry, and sludge, etc., that are produced by civil and industrial activities. They may have
variable water content, depending on the season. WASMIXs are also subjected to changes
in their properties during storage and handling, loss of odors in the atmosphere, as well
biological degradation. Their beneficiation or incineration in conventional thermochemical
facilities (e.g., grid furnace) is generally hindered by the high water content and intrinsic
heterogeneity that makes it difficult to have reliable plant operation. Liquid refuse-streams
are often characterized by small volumes and considerable spreading over the territory,
especially in rural areas. Their treatment in relatively small plants would avoid shipping
to large facilities, e.g., biomass-fired power plants and waste incinerators, with benefits for
the CO2 footprint. It would be desirable to devise fluidized bed treatments (combustion
or gasification) that could simultaneously ensure de-odorization, reduction of volumes,
destruction of pollutants and the recovery of their energy.

Table 3 summarizes the experimental and theoretical investigations on WASMIX
conversion in a fluidized bed, also including the cases of coal (C-WASMIX) or biomass
(B-WASMIX) addition to the slurry.

Caprolactam tails, a slurry waste produced in the synthesis of caprolactam, were
incinerated in a lab-scale FB plant [59]. The high water (65% wt.) and ash (25% wt.) contents
required external heating, accomplished by an electric furnace. The bed temperature was
kept at a relatively low level (500 and 600 ◦C), giving rise to an accumulation of bed
carbon that was periodically burnt by switching to oxidizing conditions. This pioneering
research demonstrated advantages (mixing and heat transfer) and limits (carbon and ash
accumulation) of FB incineration for a difficult slurry waste.

Acid tar wastes from oil refining with a water content of about 69% wt. and an
ash content of 2.6% wt. were incinerated in a pilot FB plant operated with limestone
addition for SO2 removal at an optimal temperature of 850 ◦C [60]. Coal was also added
separately for sustaining the bed temperature. The combustion efficiency was high (around
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99%), whereas average SO2 emission-levels (in the flue gas) of around 400 ppm at 4% O2
(vol.) were achieved, thus complying with the former limits on emissions. Difficulties
were experienced in limiting SO2 fluctuations as a consequence of some unreliability in
limestone feeding.

Table 3. Investigations on waste derived mixtures in a fluidized bed.

Internal Size, mm Slurry Fuel Feeding Point Pressure Process Ref.

40 1 WASMIX submerged atmospheric combustion [59]
20 WASMIX submerged atmospheric gasification [61]

600 × 600 2 WASMIX submerged atmospheric combustion [25]
1200 × 1200 2 WASMIX submerged atmospheric combustion [60]

n.a. C-WASMIX submerged atmospheric combustion [62]
370 1 C-WASMIX submerged atmospheric combustion [63]

3050 × 3050 2 C-WASMIX submerged 1.5 MPa combustion [64]
230 × 230 2 C-WASMIX submerged atmospheric combustion [65]

110 1 C-WASMIX overbed atmospheric combustion [66]
140 1 C-WASMIX submerged atmospheric gasification [67]

300 × 300 2 B-WASMIX submerged atmospheric combustion [68]
9000 1 B-WASMIX § submerged 2.2 MPa gasification [26]
9000 1 B-WASMIX § submerged 4.1 MPa gasification [69]

1 Circular geometry; 2 Square/rectangular geometry, § modelling.

5.1. Waste Derived Mixtures with Coal Addition (C-WASMIX)

Coal-based mixtures (C-WASMIX) can be obtained by addition of pulverized coal to liq-
uid refuse-streams in order to increase the heating value and sustain incineration/combustion.
Generally, the calorific value of the raw effluent is very low and, as a consequence, co-
combustion is required. For ease of preparation and for direct use on site, the idea of
turning such liquid streams into mixtures with coal seems attractive. Contrary to the case
of CWM conceived for spray burners, sophisticated rheological properties are not required
for FB feeding, and mixtures should be similar in consistency and stability to coal–water
pastes, having coal particle size up to few millimeters and optimized pseudo-viscosity [55].

Bonfitto et al. [38] proposed such an approach for agro-industrial effluents in order
to have an environmentally-compatible disposal with energy recovery by co-firing with
coal. They reported tests of thermal treatment in a pilot (1 MWt) FB plant designed for
the combustion of RDF or biomass [62]. Olive mill waste waters and sludge from wine
distillation were used. The addition of the slurry in the dense phase region of the bed
did not significantly modify the performance of the plant. The combustion efficiency
was greater than 99%, but the presence of alkali in the ash of the fuel gave rise to some
fouling and slagging problems. The investigators proposed in the same paper a process
for combined production of heat and power from the thermo-chemical disposal of agricul-
tural liquid streams. This would result in useful energy conversion, even in plants with
limited capacity.

Following the idea proposed by Bonfitto et al. [38], an experimental campaign at a
semi-pilot-scale (200 kWt) was carried out in bubbling FB [63] with a slurry formed by a
concentrated distillery sludge and sub-bituminous coal. The mixture was prepared on site
by adding to the distillery sludge coal particles with an average size of 0.22 mm, upon
mechanical stirring with the agro-industrial sludge. The obtained mixture was stable
for hours and was fed to the FB combustor by means of a volumetric, low-speed pump.
The fuel was smoothly burnt at a temperature of 850 ◦C, though the water content of the
mixture achieved was up to 64% by mass. The combustion efficiency achieved was up
to 99.4%, with an appreciable conversion of unburned species (CO and C fines) in the
freeboard and cyclone. The combustion performance was also dependent on the dispersing
air velocity at the slurry inlet, leading to higher CO emission and lower combustion
efficiency, because of a larger formation rate of carbon fines. Similarly to CWM combustion,
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formation of both carbon deposits and aggregates are beneficial for the FB combustion
mechanism as they ensure an improved residence time in the chamber. In the same
study [63] a theoretical approach was proposed in order to estimate the size of the slurry
droplet, detaching from the injection nozzle in the absence of dispersing air. Theoretical
results were in good agreement with experimental trends, obtained in bench-scale tests
and aimed at determining the yields of carbon phases generated by slurry injection under
inert atmosphere and hot conditions.

North and Eleftheriades [64] presented the results of co-firing coal and coffee ground
sludge with water at 87% wt. After preliminary tests at a small scale, they successfully
used a large-scale FB boiler operated at 1.5 MPa for the sludge incineration, even if the
most difficult aspect of their trials was the sludge feeding, because of the tendency to form
a cake inside the pumping device. They also derived a thermal balance over the small-scale
unit in order to evaluate the optimal water loss in the freeboard from the falling sludge,
upon over-bed feeding. Therefore, the residence time of the sludge in the freeboard before
the contact with the bed was fixed at a value that prevented the excessive cooling of the
gas leaving the bed.

C-WASMIX was produced upon mixing CWM with printing and dyeing sewage
sludge at different ratios. The resulting slurry was incinerated in a semi-pilot circulating
fluidized bed (CFB) (230 × 230 mm) under atmospheric pressure [65]. At an operating
temperature of 1000 ◦C, the concentrations of pollutants were well below the emission
standard. The operation was optimal when the sludge content was between 20% and 30%
wt. Recently, the comparison between combustion characteristics of CWM and lignite
washery tails (a waste stream from lignite preparation) was obtained in a bench-scale
CFB combustor (36 kWth) [66]. The authors reported similar combustion characteristics
in terms of efficiency and emissions, complying with European and Chinese standards.
However, the thermal response was worsened when washery tails were used with respect
to CWM, giving a reduced temperature profile along the vertical axis that suggest the need
for optimization of air staging and plant design.

The air gasification of a slurry at equivalence ratio 0.5 produced by mixing wet olive
husks, pulverized coal and small amount of rape-seed oil was investigated by Ruoppolo
et al. [67] in a lab-scale bubbling FB gasifier, equipped with a conical distributor. The coal
and water contents in the slurry were 18 and 70% wt., respectively. Although the test rig
was electrically heated at 800 ◦C, some useful insights were obtained: reliable feeding of the
gasifier, steady generation of syngas with total concentration of combustible species up to
20% vol., and relatively high tar yield due to the presence of the rape-seed oil. In a further
study [70], a similar slurry was gasified in an inert and catalytic bed, obtaining substantially
high improvement of tar conversion, even if the gasification efficiency remained below 30%.
The low coal reactivity and the limited bed temperature (830 ◦C) were indicated as the
major causes of carbon fine elutriation and loss, with drawbacks in gasification efficiency.

5.2. Waste-Derived Mixture with Biomass Addition (B-WASMIX)

Biomass-based mixtures (B-WASMIX) are made of watery industrial wastes (e.g., wet
tomato skin and seeds) or can be obtained by addition of biogenic solids (e.g., sawdust,
crushed nutshell, and olive husks) to liquid refuse-streams.

The FB incineration of an agro-industrial sludge was investigated by Miccio et al. [25] in
a demonstration plant (500 kWth bubbling FB combustor with square section of 0.4 × 0.4 m).
This plant was erected and installed inside an olive-oil mill for burning a concentrated
liquid stream (i.e., wet olive husks) as waste after oil extraction. In this investigation, no
addition of auxiliary fuel (coal or biomass) was done, the water content of olive husks
being about 65% wt. The plant operation was reliable and efficient at a bed temperature
between 800 and 850 ◦C and an excess air ratio 1.3 ± 0.1. The temperature increase in the
freeboard was very limited (10–20 ◦C), confirming the high efficiency of the bed region
to convert the fuel. Only NOx emission was critical, owing to the high nitrogen content
in olive husks. Thanks to the large plant size, standard equipment of the olive-oil factory,
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such as pumps, kneads, hoppers, and tanks were directly connected to the FB incinerator,
providing benefits for process intensification. Although the plant was not equipped with
exchangers, the heat recovery from hot flue-gases, exiting at same temperature as the bed,
would provide large heat for steam generation to be used in the olive-oil factory.

A sludge from biodiesel production, very rich in lignin, was tested in a semi-pilot
combustor after mixing with rape-seed oil, for improving the heating value of the feed-
stock [68]. The obtained emulsion, having a sludge/oil/water composition of 60/16/24%
on a mass basis and a total water content of 63% wt., resulted stable for more than 30 days,
even in the absence of emulsifiers. A rheological characterization proved it to be a pseudo-
plastic behavior with viscosity approaching that of rape-seed at high shear stress. In any
case, the sludge was effectively managed by means of an industrial peristaltic pump. The
combustion tests at temperature of about 830 ◦C and excess air ratio 1.3 ± 0.1 showed that
the carbon loss at the cyclone was very low, and the combustion efficiency was higher
than 99.5%. A temperature increase up to 80 ◦C was experienced in the freeboard as
a consequence of vapor and volatile matter combustion as in the case of solid biomass
fuels [71]. It is worth noting that the normalized NO concentration was compliant with the
Italian regulation for biomass combustion plants; also, no agglomeration phenomena of
bed materials were detected.

Raw glycerol, a residue of biodiesel production, represents around 10% of the whole
process stream and its purification is quite expensive. Therefore, its utilization has been
proposed as an improvement on the alternatives based on solid fuel-water slurries; i.e.,
glycerol can be used as the liquid media or part of that media in slurry fuels instead of
water [26]. Experiments of glycerol gasification were carried out in a lab-scale FB plant in
an alumina bed at temperatures of 700–900 ◦C under an N2/O2 atmosphere [61]. Glycerol
waste gasification resulted in less char formation when compared with other biomass and
a heating value of product gas from 0.8–4.9 MJ/m3 was obtained. In this framework, de
Souza-Santos et al. [26] theoretically studied the co-gasification of raw glycerol and biomass
(sugar cane bagasse, SCB) slurries for power generation. Two different configurations have
been investigated: in configuration A, SCB, leaving the mill with approximately 50%
moisture, is preliminarily dried in a fluidized bed atmospheric dryer, and then mixed with
glycerol and pumped into a pressurized bubbling fluidized bed gasifier; in configuration B,
wet SCB is directly mixed with raw glycerol to form a slurry, which is then directly injected
into the pressurized bubbling fluidized bed gasifier. In both cases, gasification takes place
at 2 MPa and it is coupled with a Rankine cycle to produced steam at 10 MPa. An overall
1st Law efficiency of about 43% and 41.5% has been achieved in configurations A and
B, respectively, which are remarkably higher than the 20% achieved at existing power
generation units consuming SCB [69]. Nevertheless, in spite of a slightly lower efficiency,
configuration B may be more attractive since it does not require the preliminary drying
stage and involves a lower consumption of glycerol, which can be very significant since it
is preferable for sugar-alcohol mills to employ lower amounts of other feedstock than SCB
into their processes of power generation. The study of power generation consuming SCB-
glycerol slurries has been deepened: increasing the gasification pressure from 2 to 4 MPa
in combination with variations of glycerol injection rates makes it possible to enhance the
theoretical efficiency up to about 46% [72].

6. Discussion and Perspectives

Most of the reported studies on slurry fuels have been carried out in bubbling fluidized
beds (BFB) and, hence, no deductions can be directly made on the comparison with CFB
options. Nevertheless, on the basis of the fundamental studies on jets in fluidized beds, the
presence of a dense phase, as in the case of BFB, speeds up the evaporation of the water and
promotes the formation of carbon condensed phases [49]. Conversely, an CFB alternative
would be more effective for the different hydrodynamics of the riser [73], with limited
back-mixing and enhanced heat transfer [74]. An alternative could be given by fluidized
beds with an innovative design of the distributor and the presence of internals that favor
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both bed mixing/circulation and transport phenomena. In this respect internal circulating
FBs [75] or spouted/jet fountain configurations [76] are expected to couple advantages of
both BFB and CFB.

The most relevant operating conditions of combustion and gasification are temperature
and excess air ratio (equivalence ratio for gasification) [5]. The reviewed literature showed
that the effect of bed temperature, always in the range 800–900 ◦C, was as expected: the
higher the process temperature, the better the performance of the combustor/gasifier.
The excess air ratio or equivalence ratio were kept at typical values for FB combustion
(1.10–1.30) or gasification (0.30–0.50). It is worth recalling that the choice of these variables
should be a compromise between better plant performance (emissions, efficiency, carbon
conversion, and syngas quality) and power/heat requests for the fluidization stream.

Figure 2 displays the graphical distribution of the reviewed investigations per each
slurry fuel, denoting the predominance of research and industrial activities on coal-based
mixtures (CWM, CWP, C-WAM, C-WASMIX, and COS), accounting for about 75%. CWM
and C-WASMIX, representing an easy process option, have the highest value (25%).
Biomass-based slurries (WASMIX, B-WASMIX) are equally distributed.
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Figure 2. Distribution of slurry fuels used in the reviewed investigations.

Figure 3 shows the cumulative trend along the last four decades of the reviewed
investigations, also including the distinction between three different cases of (i) coal-
based mixtures; (ii) coal–biomass-based mixtures; and (iii) biomass-based mixtures. In
the decades between 1980 and 2000, most of the investigations were devoted to the use of
coal-based mixtures. The situation reversed after 2000 with a growing interest in the use
of biomass-based slurries and a rapid growth in the last decade of the curve relating to
biomass alone.

As shown in Figure 3, the research and the commercial applications of FB combustion
of coal-based mixtures and pastes date back 20–30 years. That was a historical period
in which a strong push, either political, financial, or scientific, was enacted to support
and expand coal utilization in the energy sector, likely with a higher energy conversion
efficiency and with a reduced generation of pollutants (in atmosphere, surface water, and
soil) as enabled by the adoption of new technologies. To date, this is not true any longer;
actually, it is well known that coal-based technologies are subject to stricter and stricter
regulatory issues or even a ban due to climate change constraints and roadmaps.
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In any case, the results of research investigations and the experience gained after
commercial applications of FBC to coal-based mixtures and pastes remain of interest: much
of the scientific understanding (e.g., the interaction of wet feed with the hot bed) and many
of the technological and engineering solutions (e.g., pumping and feeding slurries and
compacting and operating plant components sealed in a pressure vessel) have already been
or will be transferred to other process cases dealing with watery feedstocks and wet slurry
feed (e.g., biomass-based).

Furthermore, biomass-based watery mixtures circumvent some problems posed using
solid biomass directly as a feedstock. For instance, with reference to the handling and
feeding section of biomass to the thermal conversion plant, some important technological
challenges arise: fiber-rich solid biomass impairs rotating valves due to the interlacing of
fibers of neighboring particles inside the hopper [26]; humid biomass feedstocks undergo
fermentation and putrefaction; dry biomass inside the storage or feeding hoppers may
be subjected to pyrolysis or even self-combustion [77], and hence require a non-oxidizing
atmosphere and injection of a cooling inert gas. All of the above problems can be overcome
when the solid biomass is mixed with a liquid, even a refuse-stream, and additives to form
a slurry or a suspension, which can be easily stored or pumped into the vessel.

It is also worth noting that using biomass slurries instead of dry biomass/waste
granules in BFB plants can limit the occurrence of dynamic [78] and segregation phenom-
ena [79], as well as bed bypass to the freeboard due to the fast release of volatiles from fuel
particles [80].

In contrast to coal-based slurries and pastes, biomass-based mixtures, regardless of the
biogenic liquid and solid component, are “renewable” by definition. Therefore, they have
the potential of exploiting bio-resources in the sustainable production of heat and power.
This is a crucial point in the framework of the ongoing transition [81] to technologies that are
considered to be resource-saving for a circular economy and environmentally friendly for
zeroing of emissions and global warming control. This desirable transition is qualitatively
shown in Figure 4, where the paradigm shift of the circular approach is implemented by
replacing coal with biomass. In this respect, new challenges and, hence, new research
investigations will arise from the need of coping with different material properties in
formulating the waste-derived mixture with biomass addition: (i) the hydrophilic behavior
of biomass with respect to the hydrophobic coal; (ii) the lower heating value of biomass;
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(iii) the fibrous structure; and (iv) the lower grindability, the tendency to degrade in
presence of water; etc. (Figure 4).
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