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Abstract: An experimental study was carried out for lignites of different places of origin, i.e., Poland,
Greece, Romania and Australia, using a toroidal bed dryer. The effect of the temperature on the
drying efficiency, including the loss of moisture content over time under fixed drying conditions was
the subject of the investigation. The main goal was to confirm the possibility of the use of a toroidal
bed as a base for a drying system that could utilize low quality heat from sources such as flue gases
from a boiler and determine the optimum parameters for such a system. The conducted study has
conclusively proven the feasibility of the use of low temperature heat sources for drying lignite in
a toroidal bed. A moisture content of 20% could be achieved for most of the tested lignites, using
the toroidal bed, with reasonably short residence times (approx. 30 min) and an air temperature as
low as 60 ◦C. Moreover, the change of the particle size distribution, to some degree, affected the final
moisture content due to the entrainment of wet, fine particles. The study also determined that the
in-bed attrition of the particles is partially responsible for the generation of fines.

Keywords: drying; lignite; toroidal bed; attrition; energy efficiency

1. Introduction

1.1. Drying of Lignite

Lignite is a solid fossil fuel that is mostly used for power generation. Despite recent increases in
the installed renewable energy source power, the use of lignite is still significant all over the world.
In 2015 worldwide mining of lignite reached almost 811 million tons [1], including 399 million tons
mined across the EU [2]; the share of power production originating from lignite exceeds 20 % in several
countries such as Australia, Bulgaria, Czech, Germany, Greece, Poland, Romania, Serbia and others [2].
Lignite is a low rank solid fuel [3], characterized by high moisture content. Reducing the moisture
content of lignite prior to its utilization can increase its calorific value, reduce the cost of its long
distance transport and reduce greenhouse gas emissions from its utilization. Drying is also a typical
pre-requisite for technologies aiming to produce high-added value products from lignite, such as soil
amendments [4]. Therefore, an investigation aimed to rationalize the use of lignite and in the same
time utilize the low grade heat, that would have been wasted otherwise, seems to be well justified.

A lot of work has been performed recently on fundamental aspects of lignite drying. Park et al.
investigated the impact of the drying time, temperature and the velocity of the drying agent on the
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drying efficiency of Indonesian lignite and developed a mathematical model that would allow the
prediction of the moisture content depending on the residence time and drying conditions [5]. Si et al.
investigated a 3-stage microwave assisted fluidized bed drying of Shengli lump lignite and determined
that the porosity of the dried lignite decreased with increasing power of the microwaves [6]. Song et al.
determined that the overall moisture content of the lignite from eastern Inner Mongolia decreased more
rapidly under higher microwave power [7]. Pusat and Herdem determined the drying characteristics
of the Turkish Konya-Ilgin lignite in a fixed bed dryer [8]. The study determined that the required
drying time increased with an increase of the bed height, and the effect of the temperature on the drying
rate increased with an increase of the bed height [8]. Yang et al. experimentally tested re-absorption
of moisture by lignite after drying in a fixed bed and determined the highest re-absorbed moisture
yield for lignite dried in 100 ◦C due to the high relative volume ratio of mesopores [9]. Feng et al.
investigated the effect of the Mechanical Thermal Expression on the structure of lignite and determined
changes in volume of pores between the raw lignite and lignites dried at drying temperatures between
120 ◦C and 150 ◦C under pressures of 10 MPa and 30 MPa respectively [10]. Wen et al. investigated the
drying kinetics of raw and re-moisturised lignite and determined the drying rate of the former was
slower in comparison to the latter [11]. Moreover, the study found the effective diffusion coefficient for
the moisturised lignite to be higher than a corresponding value for a raw lignite [11].

Pawlak-Kruczek et al. conducted a study that involved both experimental investigation and
numerical simulation of lignite drying in a fluidized bed, using a low temperature drying agent
(air, max. 50 ◦C) [12]. The study has proven the overall feasibility of the concept of utilization of a
low temperature heat source. Moreover, the study revealed importance of factors such as structural
properties of the lignite along with its shrinkage during drying [12]. Agraniotis et al. compared CFD
simulations with experimental results from a 1 MWth pulverised fuel combustion facility [13]. Results
showed good agreement between the simulation and the experimental results. Temperatures measured
along the axis of the furnace, especially at the bottom part of the furnace, were highest for the case of
firing of dry lignite, where vapours and carrier gas were not re-circulated into the furnace [13]. This
seems to be in good agreement with results of another study, conducted by Tahmasebi et al. which
investigated relationship between the moisture content and ignition of the particles of Chinese and
Indonesian lignite [14]. This study determined that increase in the moisture content of the tested
lignite significantly delayed their ignition [14]. Numerical simulations, performed by Drosatos et al.
demonstrated that the use of pre-dried lignite can improve the flexibility of the boiler and allow its
operation under extremely low load, equal to 35% of the nominal load [15]. Komatsu et al. conducted
experiments involving drying of coarse particles of lignite, using superheated steam at 110 ◦C up
to 170 ◦C [16]. The study concluded that value of drying rate, during constant drying rate period
depended solely on the temperature and particle size of lignite, whereas relationship during the
decreasing drying rate period was much more complicated due to the cracks, that started to form
on the surface of the dried particle [16]. Pusat et al. investigated drying of the Turkish lignite in a
fixed bed, using drying air at temperatures between 70 ◦C and 130 ◦C and velocities between 0.4 and
1.1 m/s [17]. Particle size of the lignite varied between 20 and 50 mm and for such coarse particles
a constant drying rate period was not observed during the performed experiments [17]. Sciazko et
al. performed experimental investigations on the influence of petrographic properties on the drying
characteristics of Turoszów lignite in superheated steam drying [18]. Investigation was performed,
using 5 mm and 10 mm spherical particles, with temperatures ranging from 110 ◦C to 170 ◦C [18] and
concluded that drying time, drying rate, temperature gradients, cracking and shrinking behaviour are
dependent on the lithotype of tested lignite [18].

Breakage and attrition during drying of Australian lignite in a fixed bed and fluidized bed at
temperature of 130 ◦C were the subject of an extensive study performed by Stokie et al. [19]. The study
concluded that the main reason for breakage is the transition between bulk and non-freezable water [19].
Changes of the particle size between small fixed bed and small fluidized bed (sample of 10 g), indicated
by d50 diameter, were insignificant. Nonetheless, a significant difference in the change in the particle
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size was noted for the big fluidized bed (sample size 3 kg) indicating the large influence of the effect of
the scale of the bed.

1.2. Toroidal Bed Reactor

The toroidal fluidized bed reactor is a special type of fluidized bed reactor, with a gas distribution
system that consists of angled blades, located at the bottom of the reactor [20]. This arrangement allows
intensification of the bed performance [21,22], i.e., intensification of heat and mass transfer [20,21] as
well as improved mixing [21,23,24]. This is due to the vortex flow pattern and is characteristic for all
vortex reactors [24–27]. In terms of the reactor’s performance it allows increased throughput (increased
productivity) with reduced residence times [28]. Most of the work published so far, on such types of
bed, involves various types of thermal processing [29,30], calcination process [31] or intensification of
the sorption for carbon capture [32]. There is scarce information on drying in such fluidized beds with
toroidal flow patterns [33]. This study aims to address this knowledge gap.

1.3. Aims, Scope and Novelty Aspects of the Performed Work

As shown in Section 1.1, lignite drying is a complex process, dependent on many parameters
(temperature, residence time, drying agent, drying method and properties of the lignite). There is a
knowledge gap, concerning the drying kinetics and energy consumption for drying in highly turbulent
toroidal beds. Moreover, it is a pre-requisite for any studies aiming at integration of such dryers, using
low quality waste heat, into lignite power plants. This would allow one to compare potential savings
of the use of novel solutions with energy savings, already demonstrated for existing lignite drying
solutions, using drying agents at higher temperatures [34–46].

This study aims to fill that gap by investigation on the drying of lignites of various origins in a
toroidal bed, using air as a drying agent. It was expected that such a configuration will cause the mass
and heat transfer to be intensified, subsequently enabling the use of the drying agent at a relatively
low temperature. An experimental study, using a toroidal bed dryer, was carried out for lignites of
different countries of origin, i.e., Poland, Greece, Romania and Australia. The effect of the temperature
on the efficiency of drying, including the loss of moisture content over time at fixed drying conditions
was a subject of the investigation. The kinetics of drying and energy consumption during the drying
at different average temperatures were determined and compared. The study aimed to identify the
optimum of the drying process parameters, i.e., temperature and residence time, taking into account
drying rate and energy consumption. However, other factors, such as relative humidity of the drying
agent along with the inherent properties of the feedstock also had a profound influence on the drying
process. The methodology used in the study is universally applicable for drying processes in general.
In that respect, the performed suite of experiments can be treated as a case study that proves the wide
applicability of the test method.

The main purpose of the performed study was to confirm the possibility of using a toroidal bed
as a base for a drying system that could utilize low quality heat from sources such as flue gases from
a boiler. Such a type of the fluidized bed dryer has never been used for drying lignite which, along
with potential use of low quality heat, underlines the novelty of the performed study. Moreover,
the performed study aimed to find the most effective dryer parameters, i.e., the parameters that enable
to one achieve the minimum consumption of energy to remove 1 kg H2O contained at the surface and
the pores of lignite particles.

2. Materials and Methods

2.1. Characteristics of the Tested Lignites

Samples of Polish lignite were obtained from the Sieniawa open cast mine. Lignite from Sieniawa
consists predominantly of xylodetritic and detroxylytic lithotypes [47]. Greek lignite was obtained
from the South Field mine that supplies the Agios Dimitrios power plant operated by the Public Power



Energies 2019, 12, 1191 4 of 22

Corporation. A sample of Romanian lignite was taken from the Pes, teana mine, which provide fuel to
the Rovinari power plant of the Oltenia Energy Complex. Australian lignite was obtained from the
Yallourn mine in the Latrobe Valley, which feeds the Yallourn power plant of Energy Australia. All of
the lignites had been pre-crushed to the nominal top size of 8 mm, prior to the performed tests.

Basic characterisation of lignites used for this study was performed by means of proximate and
ultimate analysis, which is typical way to characterise solid fuels. Proximate analysis of the lignites
(Table 1) was performed using a Perkin Elmer Diamond TGA (331 Treble Cove Rd., Billerica, MA 01862,
USA). The following program was applied during these tests:

• (1) Initial stage

◦ Heat up to 105 ◦C; ramp 10 ◦C/min
◦ Hold 10 min

• (2 a) To obtain ash content air was used:

◦ Heat up to 815 ◦C; ramp 50 ◦C/min
◦ Hold 15 min

• (2 b) To obtain volatile matter content argon was used:

◦ Heat up to 850 ◦C; ramp 50 ◦C/min
◦ Hold 15 min

Table 1. Proximate and elemental analysis of tested lignites.

Parameter Symbol Polish
(Sieniawa)

Greek (Agios
Dimitrios)

Romanian
(Pes, teana)

Australian
(Yallourn) Unit

Moisture content 1 MC 42.70 40.82 39.18 62.77 % ar
Volatile matter content VM 66.70 42.30 35.00 38.60 % db

Ash content A 11.00 41.21 43.46 1.90 % db
Higher heating value HHV 22.97 11.07 14.72 22.90 MJ/kg db
Lower heating value 2 LHV 11.59 5.22 7.66 7.08 MJ/kg ar

Carbon content C 51.00 27.8 31.86 61.54 % db
Hydrogen content H 4.23 2.55 3.22 3.87 % db
Nitrogen content N 0.94 0.56 0.74 0.61 % db

Sulfur content S 0.87 0.49 1.14 0.50 % db
Oxygen content 3 O 42.96 27.39 19.58 31.58 % db

1 Wet basis; 2 Calculated using formula from EN 14918:2009; 3 Calculated by difference; ar As received; db Dry basis.

Higher heating value was determined using an IKA C2000 basic bomb calorimeter (KA®-Werke
GmbH & Co. KG, Janke & Kunkel-Str. 10, 79219 Staufen, Germany), in compliance with the ISO 1928
norm. The isoperibolic method was used. Lower Heating Value was calculated using the moisture
and hydrogen content. Ultimate analysis (Table 1) was performed using a Perkin Elmer 2400 analyser
(331 Treble Cove Rd., Billerica, MA 01862, USA), according to Polish standard PKN-ISO/TS 12902:2007.
Particle size distribution was determined using a set of calibrated sieves, compliant with ISO 3310-1.

2.2. Test Rig—Toroidal Fluidized Bed Dryer

During the suite of experiments described in this study, a toroidal fluidized bed rig was used to
perform the drying. A diagram of the installation is shown in Figure 1. The test rig worked in a batch
mode. A batch of approximately 2.5 kg of lignite was manually fed through a feeding hopper (E4 in
Figure 1) during each test. The temperature of the drying air was maintained using two heaters with a
temperature control system, each with a nominal power of 3 kW (E20 and E17 in Figure 1). Drying air
was supplied by a blower (E3 in Figure 1) with a flow rate of the hot air of approximately 130 m3/h
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in order to obtain the same velocities for each of the tests. The flow rate was controlled using valves
(E7 in Figure 1).
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Figure 1. Torbed installation—diagram.

The toroidal bed dryer, shown in Figure 1, is a vertical cylindrical column closed at the top with
an inverted truncated cone, wherein the heat exchange between the air and the dried material takes
place directly. At the bottom of the fluidization chamber swirl blades are installed in order to create a
vortex inside of the drying chamber.

During the suite of performed experiments the following parameters were measured: temperature,
relative humidity, air flow rate and consumption of the electricity by each of the devices. Temperature
and humidity sensors were installed at the inlet of the hot air to the dryer (T4 and Rh1 in Figure 1)
and at the outlet of the installation (T2 and Rh2 in Figure 1). Temperatures were measured using
standard Pt1000 sensors, with specifications compliant with class A requirements defined in EN 60751.
Relative humidity (RH), which is the volume of water vapour in air divided by the maximum volume
of water vapour, for a given temperature and pressure, was measured using HC1000-400 sensors and
EE31transmitters with a working range of 0 up to 100% RH, temperature range falling between −40 up
to 80 ◦C, response time < 15 s and the accuracy reaching 2.4% (for the confidence interval of 95%). Flow
rate of the drying air was measured by a FCI ST-50 mass flow meter with an accuracy of ±2% of the
reading. Electrical load of the blower was measured with a Watt meter using a ND20 network meter
produced by Lumel, with an accuracy of ±1% of the measuring range (1.65 kW). All of the values were
recorded with a sampling interval of 1 s.
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2.3. Zero-Dimensional Calculation Model of Drying—the Heat Balance of the Dryer

A diagram of a zero dimensional model of the dryer, used for this study, is shown in Figure 2.
The model describes a single stage dryer with an additional external drying agent heater. The model
consists of a couple of sub-components. It was used for the calculation of the energy consumed by the
dryer along the whole experiment, as well as for the calculation of the mass of removed water, based
on the relative humidity of the air at the outlet of the dryer. According to the law of conservation of
the energy, the sum of enthalpy entering the dryer must be equal to the sum of enthalpy leaving the
dryer. The equation of the respective model of the dryer is:

I1 + I2 = I3 + I4 + I5 (1)

where:

I1 is the enthalpy of the drying air at the exit of the heat exchanger;
I2 is the enthalpy of wet lignite entering the dryer, which could be separated into the enthalpy of water
in the material and the enthalpy of dry matter;
I3 is the enthalpy of the moist air leaving the dryer;
I4 is the enthalpy of dried lignite leaving the dryer;
I5 represents the loss of the enthalpy to the ambient by the casing of the dryer.

Energies 2019, 12, x FOR PEER REVIEW 6 of 22 

 

2.3. Zero-Dimensional Calculation Model of Drying—the Heat Balance of the Dryer 

A diagram of a zero dimensional model of the dryer, used for this study, is shown in Figure 2. 
The model describes a single stage dryer with an additional external drying agent heater. The model 
consists of a couple of sub-components. It was used for the calculation of the energy consumed by 
the dryer along the whole experiment, as well as for the calculation of the mass of removed water, 
based on the relative humidity of the air at the outlet of the dryer. According to the law of 
conservation of the energy, the sum of enthalpy entering the dryer must be equal to the sum of 
enthalpy leaving the dryer. The equation of the respective model of the dryer is: 𝐼 𝐼 𝐼 𝐼 𝐼  (1)

where:  𝐼  is the enthalpy of the drying air at the exit of the heat exchanger;  𝐼  is the enthalpy of wet lignite entering the dryer, which could be separated into the enthalpy of 
water in the material and the enthalpy of dry matter; 𝐼  is the enthalpy of the moist air leaving the dryer; 𝐼  is the enthalpy of dried lignite leaving the dryer; 𝐼  represents the loss of the enthalpy to the ambient by the casing of the dryer.  

 
Figure 2. Diagram of a single stage dryer with additional external drying agent heater. 

According to standard EN ISO 13788:2001 saturated vapour pressure was calculated: 𝑝 610 𝑒 , ,  𝑓𝑜𝑟 𝑇 0°𝐶 (2)

where: 
psat—saturated vapour pressure, Pa; 
T—temperature, °C. 

Absolute moisture content in the air, taking into account the measured relative humidity: 𝑋 0.622 𝜑 𝑝100 𝑝 𝜑 𝑝  (3)

where: 
X—absolute moisture content in the air, kg·m−3 (dry air); 
φ—air relative humidity, %; 
p—humid (ambient) air pressure, Pa; 
psat—saturated vapour pressure, Pa. 

The increase of moisture content in the air corresponding to the loss of moisture content in the 
lignite: ∆𝑋 0.622 𝜑 𝑝100 𝑝 𝜑 𝑝 𝜑 𝑝100 𝑝 𝜑 𝑝  (4)

where: 

Figure 2. Diagram of a single stage dryer with additional external drying agent heater.

According to standard EN ISO 13788:2001 saturated vapour pressure was calculated:

psat = 610·e
17,269·T
237,5+T f or T ≥ 0 ◦C (2)

where:

psat—saturated vapour pressure, Pa;
T—temperature, ◦C.

Absolute moisture content in the air, taking into account the measured relative humidity:

X = 0.622
ϕ·psat

100·p − ϕ·psat
(3)

where:

X—absolute moisture content in the air, kg·m−3 (dry air);
ϕ—air relative humidity, %;
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p—humid (ambient) air pressure, Pa;
psat—saturated vapour pressure, Pa.

The increase of moisture content in the air corresponding to the loss of moisture content in
the lignite:

∆X = 0.622
(

ϕ2·psat2

100·p − ϕ2·psat2
− ϕ0·psat0

100·p − ϕ0·psat0

)
(4)

where:

∆X—increase of the absolute moisture of the drying agent (air), kg·m−3;

The amount of water removed from the lignite in a given time interval corresponds to
the difference in the amount of water contained in the air at the inlet and outlet of the dryer.
The instantaneous value of the loss of water by the lignite (between two moments t1 and t2) are
determined from the formula:

Mevap =
∆X
ρdry

·Vwet·ρwet(t2 − t1) (5)

where:

Mevap—loss of water in the coal, kg;
∆X—increase of the absolute moisture of the drying agent (air), kg·m−3;
ρwet—density of the wet air, kg·m−3;
ρdry—density of the dry air, kg·m−3;

Vwet—the air flow at the inlet of the dryer, m3·h−1.

2.4. Test Method and Schedule

Drying tests were performed on the stand presented in Figure 1 for the stream of hot air of
130 m3·h−1 at temperatures of 35 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and 80 ◦C. Tests were carried out until the
change of the humidity of the drying air, between the inlet and the outlet of the dryer, was deemed
to be insignificant (see Figure 3). When that point was reached, the lignite had achieved equilibrium
with the incoming dry air, thus further drying was not possible. Reaching this state by the dryer is
referred to as reaching the final moisture content and the time to reach this value is called the drying
time. With the increase of the drying agent temperature a lower final moisture content was typically
reached within relatively shorter drying times. Figure 3 shows the measured and recorded values
during the drying testing of Polish lignite at the temperature of 50 ◦C. The graph shows only those
parameters that are used to calculate the drying kinetics and to determine the energy consumption of
the drying process, i.e., air flow, temperature and humidity on the dryer inlet and outlet).
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3. Results

Drying tests for the torbed dryer were performed, using lignites from Poland, Greece, Romania
and Australia. Results of the proximate and elemental analysis are presented in Table 1. Figure 4
presents the particle size distributions, which are averages for all the tests, performed within the whole
range of temperatures.Energies 2019, 12, x FOR PEER REVIEW 8 of 22 
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Figure 4. Particle size distribution of lignite of various origin before and after drying in the
Torbed installation.

Figure 5 compares median particle size for wet and dry lignite and compares results obtained in
this study with results published in another study on drying in a fluidized bed. It depicts respective
changes of median particle size (d50) for each of the lignites due to the performed drying. It depicts
the difference between Polish lignite and other lignites used for this study. It also shows that changes
in the median particle size varied between the lignites. Changes in d50 diameters varied between
different lignites (Figure 5), with the relative change being the highest for Australian lignite and lowest
for Romanian lignite.
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Figure 5. Median particle size (d50) for wet and dried lignite (* results of Stokie et al. [19] for comparison).

Taking into consideration the principle of operation of the toroidal bed dryer, it seems plausible
to expect that the attrition of the particles could be also considered as one of the factors influencing the
change of the particle size distribution after drying. Evidence of the weakened, cracked structure of
the particles dried in the toroidal bed, is demonstrated in SEM pictures shown in Figure 8.
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Figures 6 and 7 show examples of different distributions of moisture content between particles
of different sizes. These two figures clearly demonstrate that the fine particles were prematurely
entrained out of the toroidal bed. This resulted in higher moisture content of the entrained fines, at
the outlet of the dryer. Figure 8 shows a difference in terms of the surface of two lignite particles, one
dried in a muffle furnace at 100 ◦C and another dried in toroidal bed at 50 ◦C.Energies 2019, 12, x FOR PEER REVIEW 9 of 22 
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Figure 7. Difference between the moisture content of particles of different sizes for wet and dried
lignite—an example of Australian lignite for various temperatures of the drying process. Drying
kinetics, for Sieniawa lignite, in the torbed installation and total energy consumption per kg of removed
water are presented in Figures 9 and 10, respectively. Figure 9 shows curves representing the loss of
moisture for the lignite from Sieniawa mine. Below the final moisture content of 15% a significant
reduction in drying rate occurs for all temperatures of the drying agent. This value is called critical
moisture content and depends mostly on the structure of the lignite and its chemistry. This is a useful
indicator that allows to determine the proportion of the water held physically within the structure of
the lignite through capillary forces and the amount of water bound chemically, for example by weak
hydrogen bonds with OH functional groups. The parameter itself does not give a sharp cut away point
and depends slightly on the drying conditions.
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sieved through screen with aperture of 0.4 mm.
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Figure 10. Total energy consumption per kg of removed water during drying of Polish lignite in the
torbed installation.

In a similar manner drying kinetics, for Greek lignite, in the torbed installation and total energy
consumption per kg of removed water are presented in Figures 11 and 12, respectively. Greek lignite
required much higher residence times in order to reach the same moisture content, in comparison to
Polish lignite. Specific drying energy, shown in Figure 12, was similar to the levels registered for Polish
lignite. However, a rapid increase of the specific energy consumption started much sooner for the
Greek lignite. Taking into the account the almost identical initial moisture content of Polish and Greek
lignite it seems plausible to conclude that the latter exhibits a higher critical moisture content—i.e., its
drying is more difficult.
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Figure 12. Total energy consumption per kg of removed water during drying of the Greek lignite in
the torbed installation.

Figures 13 and 14 show, respectively, the drying kinetics in the torbed installation and total energy
consumption per kg of removed water, for Romanian lignite. In terms of its drying kinetics Romanian
lignite (Figure 13) can be considered an intermediate type that dries faster in comparison to Greek
lignite and slower when compared to Polish lignite. The sample of the Romanian lignite exhibited the
lowest initial moisture content of all the tested samples. In terms of the specific energy consumption,
Romanian lignite demonstrated a behaviour similar to the Greek lignite with respect to the time when
the sharp increase started (Figure 14). Drying kinetics, in the torbed installation and total energy
consumption per kg of removed water, for Australian lignite are presented in Figures 15 and 16.
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the torbed installation.

Data presented in Figure 17 gives an indication of the required residence time necessary to achieve
the moisture content of 20%, with the exception of Australian lignite. In that case the drying time
required to obtain the final moisture content of 35% is shown. Australian lignite usually needed
substantially higher residence times in comparison to other samples.
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Figure 16. The energy consumption per kg of removed water during drying of the Australian lignite in
the torbed installation.

Figure 18 summarizes average energy consumption required to achieve moisture content of 20%
for tested types of lignite in the torbed installation (with exception for Australian lignite, for which
the energy to dry up to 35% for moisture content is given). Data presented in Figure 18 gives a bit of
an insight that could help in the optimisation of the drying process for a lignite dryer based on the
toroidal bed design. It shows an average total energy consumption per kg of water removed during
drying process. An average is taken, as the consumption of the energy by the whole process is of
interest from practical point of view. Australian lignite was unlike the other lignites tested, with its
initial moisture content close to 65% and an exceptionally low ash content, slightly lower than 2% (see
Table 1). This lignite proved to be the most difficult to dry (see Figure 15) and required the longest
time in order to reach a final moisture content comparable to those achieved by the other lignites.
Overall, the final moisture content (corresponding to the value of equilibrium moisture at temperature
of drying air) for each of the drying temperatures was the highest in case of Australian lignite.
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of lignite in the torbed installation (* energy consumption for Australian lignite is given for a final
moisture content of 35%, due to a relatively high initial moisture content).

4. Discussion

Drying of the lignite, in the toroidal bed dryer, is followed by the reduction of individual particles
sizes, resulting in a significant change of the size distribution. It is clear, looking at the Figure 4, that
a certain amount of finer particles is being produced during the drying process. Results obtained
by Stokie et al. for the same type of lignite were slightly different, i.e., attrition being much lower
(Figure 5). In the fluidized bed, according to Stokie et al. [19], the effect of scale was significant, as
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experiments with 10 g sample, resulted in no attrition, whereas experiments with a sample of 3 kg
showed some differences between d50 of wet and dried lignite samples (Figure 5). As the sample size
used for this study, was similar (2.5 kg) it can be stated, that the effect of the attrition during drying
in the toroidal bed is much higher, in comparison with a typical fluidized bed. This can be used as a
confirmation of higher degree of turbulence taking place in the toroidal bed.

Looking at the examples of the Greek and Australian lignite effect of drying (Figures 6 and 7,
respectively) it is relatively easy to observe that generally fine particles exhibit relatively higher
moisture content after drying in the toroidal bed. It seems plausible to assume that this is due to the
entrainment of the fine particles out of the toroidal bed, when the density of the particle decreases
with drying, thus lowering the terminal velocity of the particular particle. The highest difference was
obtained for the Australian lignite, which also had much lower ash content, in comparison to the
other types of lignite. It seems plausible to presume that low ash content corresponds with lower true
density of the particles. The observed entrainment decreased the residence time of the particles, which
impeded the drying of fine particles. Obviously low enough temperature of the drying agent in the
toroidal bed, decreased by evaporation, decreases its velocity enough to minimize the loss of wet fines,
which is clearly demonstrated at the Figure 7.

In some of the cases (Figure 7) also particles of Australian lignite with a diameter relatively close
to the top size exhibited a moisture content above the average for the whole sample. This on the other
hand should be attributed to the insufficient drying time, which was a consequence of the significantly
high initial moisture content of the lignite. In the case of coarse particles higher residence time would
be required to achieve the moisture content similar to that of the particles of average size.

Another factor playing an important role in the change of the particle size distribution of the
dried sample is the shrinkage of the particles during drying process—as already depicted in Figure 4.
That behaviour could cause bigger particles shrink, thus increasing the total share of fine particles
when the cumulative size distribution is considered. On the other hand, it is reasonable to expect the
particle shrinkage to counterbalance the aforementioned effect of the premature entrainment of fine
particles, due to increased density for the same dry mass of the particle, caused by decreased volume
of the particle.

Cracks of the structure are clearly visible in SEM pictures with higher magnifications (×1500).
These cracks did not appear when the same sample was dried in a laboratory muffle furnace (on trays).
Therefore, it seems plausible to draw the conclusion that the cracks were not caused by the evaporation
of the water itself, but rather by the working principle of the bed. Thus attrition and falling apart
of the particles could be considered as one of the factors influencing the change in the particle size
distribution of the dried lignite. Due to the aforementioned weakening of the structure of dried
particles, it can be reasonably expected that the grindability of dried lignite would surely increase in
comparison to the corresponding wet feedstock. Moreover, the degree of changes between lignites of
different origins varied considerably for the same drying conditions (Figure 4), which implies some
structural differences between all the different types of lignite within the scope of this study. However,
negative effects should not be overlooked, as the production of the additional amounts of fines might
bring the mixture of drying agent and dried lignite within the explosive concentration limit, which in
combination with the high friction could cause a static discharge and explosion. Therefore, much of the
designer’s attention should be directed towards grounding the parts in dryer and ducting that are in
contact with the bed of material entrained by the drying agent. Moreover, solid load (the proportion of
the volumetric air flow and the mass flow rate of the feedstock) should be considered carefully in order
to achieve a concentration of fines below the lower explosive limit (LEL) of the particular feedstock.

Specific energy consumed for removing a kilogram of water, depicted in Figure 10, consists of
the heat needed to heat up the drying agent (air) from ambient to the drying temperature and the
electricity consumed by the blower. The latter changes slightly due to the decreased pressure drop
through the toroidal bed, caused by the decreased mass, due to the gradual drying. However, the major
change of the specific drying energy is caused by the fact that the same thermal energy input of air
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is consumed by a smaller amount of moisture removed from the material—i.e., the mass loss due
to the moisture removal is gradually smaller (smaller dm/dt). Similar information can be obtained
from Figure 3, where the relative humidity of the drying agent at the outlet of the dryer exhibits clear
maximum and starts decreasing past that point.

The total specific energy for drying can be significantly lower in the case of recovery of heat from
outlet air, especially for higher air temperature input. Observations are similar for all the tested lignite
samples. Nonetheless, the results themselves are different, despite sharing a common pattern. These
differences suggest structural differences between lignites of different origins.

One interesting phenomenon was a higher energy consumption for drying of Romanian lignite
at 35 ◦C and 50 ◦C. This can be explained by a relatively high resistance of the bed in comparison
with other lignites. Moreover, the change in the particle size distribution between the wet and dried
Romanian lignite is one of the lowest among all the lignite (see Figure 4). This might suggest that
attrition gets more significant only after drying at temperatures higher than 50 ◦C. Comparing it to
the energy consumption for drying of Greek lignite (Figure 12) it is reasonable to conclude that the
attrition threshold is higher in the case of Romanian lignite (Figure 4). In case of the Greek lignite only
the test performed at 35 ◦C yielded higher energy consumption when compared to drying of the same
lignite in higher temperatures. In case of both sorts of lignite, structural differences seem to be the
only plausible explanation of this behaviour. Moreover, such a behaviour was not observed during
trials performed with Polish lignite. A common indicator of the structural similarity might be the ash
content as it was similar for both Greek and Romanian lignite (approx. 40%), which was different to
both Polish lignite (ash content approx. 20% for both).

Proper selection of the optimum drying parameters should be selected for each type of lignite
individually, due to its unique properties, determined by its structure. Moreover, first estimate of the
drying parameters is also of crucial importance in terms of the proper sizing of the dryer that should
meet the required expectations in terms of its capacity and the quality of the product, defined by its
required moisture content of the dried lignite. Summary of the data is presented in Figures 17 and 18.
The obtained results clearly show that the change in required residence time loses significance for
drying temperatures higher than 60 ◦C, which implies that higher drying temperatures would not
allow to any significant gain in terms of the downsizing of the drying equipment. The data could
also be used for the optimisation of the existing unit, under the assumption that the similar test
procedure would be applied to the particular lignite. Presented data could also be helpful in managing
the expectations as to the moisture content that can be achieved in practice for each of the lignites
individually. The suite of performed tests allowed us to determine that for most of the lignites feasible
moisture content that can be achieved after drying is 20%. The only exception is the lignite from
Australia, in case of which the feasible moisture content after drying was assessed to be 35%. Lignite
from Sieniawa was selected as an overall representative sample for Polish lignites.

High initial moisture content and physical structure of Australian lignite posed practical
difficulties, due to the lumps of bed material sticking to the walls and falling back to the bed due
to attrition, which distorted the measurements of the specific energy consumption (see Figure 16).
The lumps that stuck to the walls of the dryer at some point fell down, probably due to the attrition,
caused by the toroidal bed. Nonetheless, it can be stated that the specific energy consumption for
drying of the Australian lignite, was much higher than for all the other types of lignite for a final
moisture in the order of 10%.

Overall all the lignites, except the Australian one, exhibit similar required residence times, which
indicates that the required size of the dryer would not be significantly different in these cases. For the
case of drying of Polish lignite at 35 ◦C, the required time is also significantly different, in comparison
to Romanian and Greek lignite. For Polish lignite, the lignite drying time at 35 ◦C was 73 min reaching
a final moisture content of 12.9%. Drying at 70 ◦C and 80 ◦C resulted in a significantly shorter drying
time (about 28 min) and allowed to achieve greater degree of drying—reaching a final moisture
below 8%.
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Looking at Figure 18 makes it clear that for all the lignites, except the Australian one, a drying
temperature of 60 ◦C is the most beneficial, from an energy optimisation perspective, as it allows one
to minimize the energy consumption. The optimum drying temperature for the Australian lignite is
clearly 50 ◦C. It seems important to note that the specific energy consumption for Romanian lignite still
decreases slightly for drying temperatures higher than 60 ◦C. However, the significance is negligible,
therefore the lowest feasible drying temperature is advised in that case. The reason for that would
not be connected directly to the dryer itself, but rather to the heat source. Assuming that the drying
would take place at the source of the lignite, where the power plant is also located, one of the possible
heat sources for the heated air would be the flue gases after the air-pre heater. Lower temperature of
the drying air would therefore allow higher ∆t for the heat exchanger preheating the drying air. Thus
smaller heat exchange surface would be required, implying a lower cost of such a device. Moreover,
if temperature below the dew point of the flue gases could be achieved, condensing heat exchanger
would allow to recover additional heat from the flue gases.

One of the most important parameters is the energy consumption per kg of moisture removed
from the material. Energy consumption is very important in terms of economy of the drying process.
Its value will depend on the availability of heat for drying and the possibility of using waste heat.
Residence time is also important, as it determines the size of the equipment, which in turn has a
profound influence on total cost of the dryer.

There seems to be no rule of thumb as to the best possible type of dryer that could be picked in
case of any type of lignite. In the choice of the most suitable type of the dryer and subsequent choice of
the optimum process parameters, multiple factors have to be taken into account. In terms of drying in
the toroidal bed, one of the factors determining the optimum process parameters is the particle size
distribution of the feedstock. Concerns are valid both from the performance and health & safety point
of view. One of the key aspects is the flow rate of the drying agent and ratio of the drying agent to the
amount of dried solids. Drying with too low volumetric flow rate of the drying agent will determine
relatively high residence time needed, which could result in a higher capex due to the bigger dryer.
On the other hand too high volumetric flow rate of the drying agent can cause nonuniform drying
due to a premature entrainment of fines out of the bed. Moreover, due to the nature of the toroidal
bed, increased friction may increase generation of fines, thus amplifying the process. On top of that
additional generation of fines might potentially pose a safety issue, if enough fines are generated
to obtain an explosive atmosphere, especially taking into consideration friction that can potentially
induce a static discharge (source of ignition). Fortunately, in this case water vapours, carried away
by the drying air, are a natural inhibitor. However, this aspect has to be considered for each of the
cases individually, as different lignites exhibited different behaviour in terms of the generation of fines,
during drying. Proper grounding of the device, should be implemented in any case as a precautionary
measure against a static discharge. Moreover, proper choice of the comminution machinery resulting
in a more favourable size distribution of the processed feedstock could additionally improve the safety
aspect. Temperature is an important parameter both due to its influence on the drying process and its
influence on the flow rate of the drying agent, since it changes the density of the drying agent and also
has some impact on the hydraulic resistance to the bed itself. Too low temperature would increase
the residence time and too high could additionally amplify non-uniform drying of the particles of
different sizes.

On the other hand, high temperature and high flow rate of drying air enhances cracking of
the particles, which could be beneficial in terms of the grindability of dried lignite. From the energy
efficiency perspective, it seems to be beneficial to maximize the difference between the relative humidity
of the drying agent at the outlet and the inlet to the dryer. This may give some additional safety related
benefits mentioned above (water vapours have inerting properties). Moreover, the highest possible
relative humidity seems beneficial in the case when latent heat is to be at least partially recovered
in a heat exchanger, following the dryer. If the designed dryer is to be located in the power plant,
the lowest possible drying temperature would also enhance the latent heat recovery from the flue
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gases, by enabling the use of low quality heat. Same would be true for the heat recovery from cooling
water of the condenser. However, in this case temperature of the drying agent would have to be low
enough to allow heat exchange, between the drying agent taken from the ambient and cooling water
out of the condenser. In both of the cases trade-off would be the size of heat exchangers as well as the
size of the dryer itself and consumption of the electricity for auxiliaries, such as blowers.

Specifically, from the feedstock point of view, it seems important to note that the differences
between the properties of the different types of lignite and the different results from the drying tests
imply structural differences between the tested species. Moreover, it seems that an ash content might
be a valuable indicator of the similarity between two different types of lignite and its behaviour
during drying.

Drying using air at the lower range of temperatures proved that much greater residence time
would be needed in order to achieve a desired moisture content. This would imply a comparably bigger
dryer in order to achieve similar capacity. However, specific energy required to remove 1 kg of water
was a subject of a significant increase at the high range of drying temperatures. In general, the study
proved the feasibility of using low quality waste heat. Nonetheless, the necessity for the individual
approach to each type of lignite cannot be overlooked and the optimization of the temperature of the
drying agent should be done on a case to case basis. Most of the types of lignites enabled the possibility
to achieve a final moisture content of 20%, with the exception of the Australian lignite, for which
moisture content of 35% seems to be a better target value, where drying in toroidal bed is considered.
In case of this type of lignite, using a different drying principle, other than toroidal bed might be a
better choice.

Higher temperatures would definitely be beneficial in terms of the required residence time and
they seem to be possible to achieve, with the starting point of thermal decomposition being the only
limitation. On the other hand, higher temperatures would limit the option to use the heat from the
outlet of boiler flue gases, thus having a detrimental influence on the efficiency of the whole system as
far as the integration with the lignite fired power plant is considered.

5. Conclusions

The conducted study has conclusively proven the feasibility of the use of low temperature heat
source (below 80 ◦C) for drying of lignite in a toroidal bed. The moisture content of 20% could be
achieved for most of the tested lignites, using a toroidal bed, with reasonably short residence times
(approx. 30 min) and air temperatures as low as 60 ◦C, which seems to be the optimum temperature
for most of the lignites, with respect to energy consumption and residence time. Australian lignite
is an exception and in this case, optimum temperature of the drying agent seems to be 50 ◦C, as the
average drying rate for higher temperatures was not significantly different. Additionally, it should
not be overlooked that the change of the particle size distribution, to some extent, affected the final
moisture content due to the entrainment of wet, fine particles.

Performed experiments showed that, for the same conditions in the toroidal bed, different types
of lignite might exhibit different behavior. Differences in terms of the drying kinetics were clearly
observed. Furthermore, each of the lignites exhibited differences between their initial and final particle
size distribution. However, these differences could not be explained solely by the loss of water and by
the shrinkage of the particles during drying. Moreover, investigation using SEM revealed attrition of
the particles of dried lignites leading to formation of cracks. In-bed attrition, leading to comminution
of the particles within the toroidal bed, consequently caused the entrainment of smaller particles,
which subsequently caused problems with their drying. In an industrial installation, recirculation
of fine particles should be taken into consideration. Moreover, the aforementioned attrition might
introduce additional counter-measures related with possible explosion hazards.
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