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Abstract
Low production costs have contributed to the important role of lignite in the energy mixes of numerous countries worldwide.
High moisture content, though, diminishes the applicability of lignite in power generation. Superheated steam drying is a
prospective method of raising the calorific value of this fuel. This study describes the numerical model of superheated steam
drying of lignite from the Belchatow mine in Poland in two aspects: single and multi-particle. The experimental investigation
preceded the numerical analysis and provided the necessary data for the preparation and verification of the model. Spheres of 2.5
to 30 mm in diameter were exposed to the drying medium at the temperature range of 110 to 170 °C. The drying kinetics were
described in the form of moisture content, drying rate and temperature profile curves against time. Basic coal properties, such as
density or specific heat, as well as the mechanisms of heat and mass transfer in the particular stages of the process laid the
foundations for the model construction. The model illustrated the drying behavior of a single particle in the entire range of steam
temperature as well as the sample diameter. Furthermore, the numerical analyses of coal batches containing particles of various
sizes were conducted to reflect the operating conditions of the dryer. They were followed by deliberation on the calorific value
improvement achieved by drying, in terms of coal ingredients, power plant efficiency and dryer input composition. The initial
period of drying was found crucial for upgrading the quality of coal. The accuracy of the model is capable of further improvement
regarding the process parameters.

Keywords Superheatedsteamdrying .Low-rankcoal .Multi-particledrying .Numerical simulation .Fuelupgrading .Belchatow
lignite

Nomenclature
Symbols:
b Half of layer’s thickness [m]
B Uniformity constant for coal particle distribution

equation [−]
c Specific heat [J kg−1 °C−1]
{CO2} Unit emission of carbon dioxide [kg kg−1] or [kg

kWh−1]
d diameter [m]
D Diffusion coefficient of free water [m2 s−1]
E Electricity generation per fuel mass unit [kWh kg−1]
h Heat transfer coefficient [W m−2 °C−1]
ΔH Enthalpy change of bound water evaporation

[J kg−1]
HHV Higher heating value [J kg−1]
η Thermal efficiency [%]
λ Thermal conductivity [W m−1 °C−1]
L Latent heat of free water [J kg−1]
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LHV Lower heating value [J kg−1]
m Mass [kg]
n Normal vector
N Number of layers within a lignite sphere
q̇V Volumetric heat sink [W m−3]
ΔQ Heat input/consumption [J]
r Radius [m]
ρ Density [kg m−3]
t Time [s]
Δt Time step [s]
T Temperature [°C]
ΔT Change of temperature [°C]
V Volume [m3]
WP Water percentage [mass%]
WS Water share [mass%]
X Moisture content [−]
Sub- and superscripts:
a Superheated steam
b Bulk
ad Air-dried coal
apr Approximated
avg Average
c Dry coal
CDRP Constant drying rate period
cond Condensation
cons Consumption
d Dried coal
dry Drying
evap Evaporated water
exp Experimental
free Referring to free water
i Time instance
ini Initial
n Referring to n-th layer
raw As-received coal
s Surface
trans Water transfer
w Water

1 Introduction

Lignite (also known as brown coal) has a vital position in a
number of power generation systems, particularly in Europe.
Shallow deposits of this widely distributed resource are cheap
in extraction, therefore the total cost of electricity generation in
lignite-fired power plants is relatively low [1]. On the other hand,
coalification processes did not develop as much as in the case of
bituminous coal, what negatively influenced the elemental car-
bon share in brown coal. Unfortunately, in terms of power gen-
eration applicability, water content often prevails over combus-
tible matter, what undermines the calorific value of this energy
carrier. The occurrence of water also makes transportation and

storage economically unjustified. Yet, the aforementioned low
production costs combined with significant volatile matter share,
which boosts gasification potential, makes upgrading the quality
of lignite by drying worthy of consideration.

The key aspect of drying in any technological process is max-
imization of the ratio between the achieved increase in material
quality (measured by the expiration date, water percentage, calo-
rific value etc. [2–4]) and the heat consumed by the drying sys-
tem. Superheated steam drying is one of the prospective methods,
promising the possibility of latent heat recovery, what might con-
siderably reduce the heat demand of fuel preparation devices.

This drying medium has been discussed since the early
twentieth century [5] and its application as an alternative to
hot air for dewatering granular objects was proposed in 1951
[6]. The advantages of superheated steam drying include the
reduction of spontaneous ignition hazard and, above a certain
temperature, higher drying efficiency than hot air [7]. The key
benefit, though, is the capability for latent heat recovery. One
of the applications realizing such an idea is the superheated
steam fluidized bed dryer [8, 9]. In this concept, the drying
system operating in a self-heat recuperation configuration en-
ables the collection of steam from the moisture in the raw fuel,
followed by the recirculation of its latent and sensible heat for
the drying of another fuel portion [10, 11]. By that means, the
heat of the phase transition is not given off to the ambience,
what results in the decline of energy consumption, thus ele-
vating the thermal efficiency of the system.

The reliable approach to the design and construction of a
superheated steam drying (SSD) system coupled with a power
generation unit, entails a thorough study on fuel taken into con-
sideration. This kind of works often include numerical analysis
as a cheap and precise manner of describing heat and mass
transfer phenomena which occur in the drying process. The food
industry has commonly adapted such a method of drying opti-
mization. The model of fixed bed dryer of brewers’ spent grain
using superheated steam one of the examples [12]. Applying the
finite difference method, changes in moisture content and tem-
perature in the slice of pork were simulated for SSD [2]. Power
engineering also reached for the superheated steam drying
models, what resulted in the numerical analysis of the combined
heat and power plant fueled by corn ethanol [4] as well as the
self-heat recuperative fluidized bed dryer of biomass, which con-
sumed 95% less energy than conventional systems [3]. Coal
became the object of drying simulations with regard to its gran-
ular form [13]. Another study [14] came outwith a single particle
SSD model prepared for Australian lignite from the Loy Yang
mine. The work was followed by a simulation of multi-object
drying [15]. The experimental methodology of the two last men-
tioned works was analogical as in this study.

A previously verified [16] numerical model of super-
heated steam drying of Belchatow lignite was applied to
this study, relying on the experimental research conducted
beforehand on the drying characteristics of Polish lignite
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excavated from the Belchatow deposit. Outcomes ac-
quired from the drying of variously sized objects is ap-
plied in this study to numerically analyze multi-particle
SSD, which can reflect the actual operation mode of a
dryer more precisely. The simulation is utilized to evalu-
ate the potential of calorific value enhancement, including
diverse scenarios of input composition and its influence
on the performance of the superheated steam dryer.

2 Experimental methodology

2.1 Samples

Spherical objects of four diameters were included in the
examination: 30, 10, 5 and 2.5 mm. The investigated ma-
terial originated in the Belchatow lignite mine and was
excavated in a batch denominated B2013. Each sample

type was prepared by rolling a piece of lignite on a plate
with a series of punctuated holes, which diameter declined
stepwise to the demanded size. The particles of various
sizes differed in methods of suspension inside the test
section and the temperature measurement.

Figure 1 presents the lignite samples together with the
installation methods. Particles of 30 (Fig. 1a) and 10 mm
(Fig. 1b) were equipped with two thermocouples per each,
measuring temperatures in the half of the radius (later
called Bmidpoint^) and the center. The other function of
the thermocouples was the suspension of the sphere in the
experimental vessel, however, the largest sample was ad-
ditionally stabilized with polyester thread passed through
its interior. One thermocouple, measuring temperature in
the center, was placed in the object of 5 mm (Fig. 1c). In
the case of 2.5 mm (Fig. 1d) no thermocouple was applied
and a quadruple glass hanger was used to suspend the
four samples at a time.

Fig. 1 Samples of a) 30, b) 10, c)
5, d) 2.5 mm with characteristic
equipment
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2.2 Setup and procedure

The scheme of the experimental apparatus is presented in Fig. 2.
Before the tests, the examined sphere (or spheres) was inserted
into the test cylinder, which was heated and insulated in order to
assure the thermal stability. The distilled water was used to gen-
erate superheated steam. It was degassed, pumped to an evapo-
rator, turned to steam and then superheated. The gaseous medi-
um filled the test vessel through a baffle plate, used for the
uniform distribution of steam within the chamber. The input rate
of the water into pump and degasser was 8 cm3 min−1.

The temperature of the steam varied between 110 and
170 °C, depending on the test case, while its pressure was kept
at 1 atmosphere. The assumptions of water condensation and
coal volatilization limited the temperature range from the bot-
tom and top, respectively. The decomposition of lignite struc-
ture was not observed [17] below 180 °C, hence the water
removal is treated as an exclusive reason for the descent of
the sample weight.

The temperature measurement of the coal interior was real-
ized depending on the particle diameter, as mentioned in the
previous subsection. Moreover, an independent measurement
of coal surface temperaturewas conducted bymeans of thermog-
raphy for objects of all sizes. The electronic balance with a metal
rod, on which the lignite was suspended, enabled the weight
measurement. The completion of steam drying was followed
by the substitution of medium to nitrogen, which was applied
to remove the residual water within the coal. More details of the
experimental procedure, with respect to each type of examined
object, are given in the previous works [18–20].

2.3 Drying indicators

Relying on the mass of the sample after the completion of
nitrogen drying, two parameters, applied for quantitative

description of the drying process, were calculated. They are
introduced below.

Moisture content X, is expressed as a ratio of water mass in
coal (variable in time) to the mass of the dry coal remaining
after drying. The formula is given in Eq. 1:

X i ¼ mi
w

mc
ð1Þ

Water percentage WP, represents the share of the water in
the lignite sample, related to the initial mass of the sample. It is
formulated as mass percentage and shown in Eq. 2:

WPi ¼ mi
w

m0
⋅100 ¼ mi

w

m0
w þ mc

⋅100 ð2Þ

3 Model of superheated steam drying

3.1 Physical model

The physical model of drying was assumed to be a sphere,
comprising of three phases of different thermophysical prop-
erties: dry coal matter, free water and bound water. Dry coal
matter represents the solid mixture of carbon, carbohydrates
and ash that are not subject to evaporation and therefore their
total mass does not vary through the drying process. Free
water is assumed to evaporate at saturation temperature, which
is 100 °C under atmospheric pressure, while bound water
turns to steam above this temperature.

The model was constructed on the assumption that the
object is a perfect sphere of isotropic properties. The parame-
ters of dry coal, such as density ρc, specific heat cc or thermal
conductivity kc, are constant during drying. On the other hand,
the analogical properties of water are significantly dependent

Fig. 2 Scheme of the
experimental setup
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on temperature, so the empirical formulas need to be applied
as the temperature increases. Moreover, evaporation and dif-
fusion alter the moisture content in the lignite interior (along
the radius), what impacts the resultant values of particular
properties.

The significantly important parameters for conducting this
study are given in Table 1. For the purpose of simulation,
some physical and chemical properties, due to the lack of
proper data on Belchatow coal, were adapted from other lig-
nite types. A few of themwere derived directly for Belchatow,
based on empirical data, found in an auxiliary investigation or
acquired from commissioned research.

3.2 Mathematical model

Due to the above-mentioned isotropy of the properties, a one-
dimensional model of transient heat transfer, along the sample
radius, might be applied. The formula describing the temper-
ature field under those conditions, is given by Eq. 3:

c r; tð Þρ r; tð Þ ∂T r; tð Þ
∂t

¼ ∇ ⋅ λ r; tð Þ∇Tð Þ−q˙ V ð3Þ

where q̇V stands for the volumetric heat sink represents heat
loss by the evaporation of free and bound water
(Section 3.3.3.). The first component of the right-hand side
of Eq. 3 can also be expressed in that case as:

∇ ⋅ λ r; tð Þ∇Tð Þ ¼ 1

r2
∂
∂r

r2λ r; tð Þ ∂T r; tð Þ
∂r

� �
ð4Þ

The initial condition is:

T r; tð Þjt¼0 ¼ T0 ¼ 40°C ð5Þ

The boundary conditions reflect the symmetry condition
and the transfer of heat from the steam to the surface of a
sample, respectively:

∂T r; tð Þjr¼0

∂r
¼ 0 ð6Þ

−λ
∂T r; tð Þjr¼r1

∂r
¼ h r1; T að Þ T a−T1 tð Þ½ � ð7Þ

Heat transfer coefficient h in Eq. 7 is a function of the steam
temperature (the surrounding space around the sample is ful-
filled with steam) and sample diameter. It was previously de-
rived relying on thermodynamic deliberation on superheated
steam drying, performed for the same lignite type [18]. The
used formula is given in Table 1.

Whether the moisture content Xn in layer n is higher than
equilibrium moisture content Xeq in the current temperature
(see Table 1), the diffusion of water to the layer n-1 occurs.
The mass flow is governed by the Fick’s law:

m˙ w ¼ −DA
∂ρb;w
∂r

ð8Þ

where ρb,w is a bulk density or mass concentration of water
within lignite and D, which value is given in Table 1, stands
for diffusion coefficient of free water [14].

3.3 Numerical model

3.3.1 Discretization scheme

In order to transform the differential equations into alge-
braic formulas, the control-volume method was applied

Table 1 Selected properties of coal applied in the simulation (lignite types: B – Belchatow, Y – Yallourn, LY – Loy Yang)

Parameter Lignite Value Source

initial moisture content X0 B 1.05 experimental average, equal to
WS = 51.25%

specific heat (dry coal) cc B 1246 J kg−1 °C−1 commissioned research

thermal conductivity (dry coal) λc B 0.33 W m−1 °C−1 auxiliary in-house tests

heat transfer coefficient h from superheated steam
with temperature Ta[°C] to spherical particle
of diameter d[m]

B (2.38 × 10−4/d-9.17 × 10−2) × Ta-
-(3.52 × 10−4/d-19.63)
W m−2 °C−1

thermodynamically derived in [18]

equilibrium moisture content Xeq Y 0.71/(Tn-98.58) + 0.06 in range 100–114.1 °C, adapted
from [14]

B 4.77 × exp.[2.36 × (Tn-100)
0.18] in range 114.1–170 °C,

experimental data

enthalpy change of bound water evaporation ΔH Y 2.93 × 106–6.76 × 105×
×exp.[−0.08 × (Tn-100)] J/kg

adapted from [14]

linear shrinkage
1-l/lini

LY −0.27 × (Vw/V
0
w)

3 + 0.66×
×(Vw/V

0
w)

2–0.55 × (Vw/V
0
w) + 0.16

adapted from [14]

diffusion coefficient of free water
D

LY 3.0 × 10−9 m s−2 adapted from [14]
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[21, 22]. Assuming element n within a sphere, which vol-
ume is Vn and area equals to An, Eq. 3 can be integrated
on this element as:

∫
Vn

c r; tð Þρ r; tð Þ ∂T r; tð Þ
∂t

dV

¼ ∫
Vn

∇ ⋅ λ r; tð Þ∇Tð ÞdV− ∫
Vn

q˙ VdV ð9Þ

The first component of right-hand side in Eq. 9 is equal to:

∫
Vn

∇ ⋅ λ r; tð Þ∇Tð ÞdV ¼ ∫
An

n⋅ λ r; tð Þ∇Tð ÞdA ð10Þ

where n is a normal vector.
Density ρn, thermal conductivity λn and specific heat

cn are assumed to be constant over the entire element n.
Therefore, the apparent values dependent of volume frac-
tion of coal and steam in each time step are used in the
calculation domains, so Eqs. 9 and 10 might be integrat-
ed to:

∫
Vn

c r; tð Þρ r; tð Þ ∂T r; tð Þ
∂t

dV ¼ Vnρncn
∂Tn

∂t
ð11Þ

and:

∫
An

n⋅ λ r; tð Þ∇Tð ÞdA ¼ ∑ Q˙ in;n−Q
˙
out;n

� � ð12Þ

where the right-side of Eq. 12 represent heat fluxes by
the conduction driven into and out of layer n.

As to the mass diffusion between the layers, integration of
Eq. 8 from rn to rn + 1 gives:

m˙ in;n ¼ D
4πrnrnþ1ρb;c;n X nþ1−X nð Þ

rn−rnþ1
ð13Þ

3.3.2 Particular discretization assumptions

Besides those introduced in the previous section, the fol-
lowing assumptions related to the discretization need to
be listed:

& The uniform spatial distribution of the elements
along the radius was applied, forming a series of
concentric layers characterized with an initial width
equal to 2b. Only the initial width of extreme ele-
ments, number 1 and N + 1, was equal to b in order
to avoid overlapping of the control-volume balances
(Fig. 3).

& The sample division N was chosen to be 50, what
ensures the accuracy of the numerical prediction inde-
pendent from the grid size of the computational
domain.

& The simulation was performed using the explicit method
with a specific value of the time step width Δt adjusted to
the conditions:

Δt <
Δxð Þ2
2α

ð14Þ

By default, Δt was equal to 10−3 s, nonetheless it was set at
10−4 s for samples smaller than 2.5 mm in diameter and for
objects of diameter smaller than 1 mm it was 10−5 s.

3.3.3 Specificity of particular drying stages

During the drying process, the mechanisms of heat and mass
transfer vary, with the occurrence of water and temperature
level as the main criteria. The numerical model, prepared with
regard to the assumptions pointed out in sections 3.1–3.3 was
structurally segmented with respect to the mechanism of
dewatering. Consecutive drying stages, characterized with
various sets of numerical equations, are described in the fol-
lowing subsections. However, the heat conduction between
adjacent layers was a common mechanism for all stages and
is presented by Eq. 15.

ΔQiþ1
n ¼ 4πrin;out

bin�1= λi
n�1; r

i
n�1

� �þ bin= λi
nrin

� � Ti
n−1−T

i
n

� �
Δt ð15Þ

Condensation of water on the surface The temperature of the
sample in the initial stage of drying is lower than the saturation
temperature. That is why, a condensation of water occurs on
the coal surface. The total heat input to the dried object is
covered by this mechanism, what is reflected by Eq. 16:

ΔQiþ1
1 ¼ hcond4π r01

� �2
100−Ti

s

� �
Δt ð16Þ

The heat consumed at that time causes the increase in the
temperature of the dry coal and moisture within the sphere.

ΔQiþ1
cons;n ¼ ccmc;n þ ciw;nm

i
w;n

� �
ΔTi

n ð17Þ

Evaporation of water from the surfaceAs the temperature of
the surface of the coal sample reaches 100 °C, heat trans-
fer to the sample becomes proportional to the temperature
difference between the superheated steam and saturation

Fig. 3 Distribution of elements within a lignite sphere
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temperature of water remaining in the sample, what is
presented in Eq. 18.

ΔQiþ1
1 ¼ h4π ri1

� �2
T a−100ð ÞΔt ð18Þ

The heat transfer coefficient applied to this period was
evaluated relying on the mass evaporated during the constant
drying rate period, as shown in Eq. 7. Then, it was linearized
in the form of function, of which the variables are the temper-
ature of the superheated steam and the reciprocal of the sample
diameter, as seen in Table 1. In this stage of drying, the water
film formed by condensation and exudation, remained on the
surface. In the case of the larger samples it tended to exceed
the critical mass and a part of it fell down in the form of
droplets. The assumptions beyond the droplet formation were
adapted from another study [15].

Evaporation of free water The mechanism beyond heat trans-
fer to the sample surface does not change after the removal of
water from the surface, however, heat input becomes propor-
tional to the difference between the gas temperature and cur-
rent temperature, which exceeds 100 °C and gradually in-
creases (Eq. 19).

ΔQiþ1
1 ¼ h4π ri1

� �2
T a−Ti

s

� �
Δt ð19Þ

Free water in coal, similarly to water on the surface, evap-
orates at saturation temperature. The relation between heat
consumed by the layer and the mass of water evaporated from
it can be formulated as:

ΔQiþ1
cons;n ¼ Δmi

evap;nL ð20Þ

Due to evaporation of water, the moisture content gradient
occurs between the layers. The gradient induces water trans-
port between the layers. The bulk density of the water may be
expressed as:

ρb;w;n ¼
mw;n

Vn

mc;n

mc;n
¼ mw;n

mc;n

mc;n

Vn
¼ X nρb;c;n ð21Þ

Taking formula 21 into account, the transfer mechanism of
free water, is illustrated by Eq. 22.

Δmiþ1
trans;in;n ¼ −Dρc4πr

i
nr

i
nþ1

X i
n−X

i
nþ1

bin þ binþ1

Δt ð22Þ

Evaporation of bound water When the temperature of a par-
ticular layer exceeds 100 °C, it signalizes that free water evap-
oration is over and bound water only remains in the coal
sample. Bound water is held firmlywithin the lignite structure,
therefore its evaporation poses a greater challenge than the
removal of free water. The evaporation rate at a certain mo-
ment is limited, therefore a surplus of heat input is allocated on

raising the temperature. Instead of the simple kinetic of latent
heat consumed in the evaporation mechanism, an enthalpy
change of bound water evaporation which can be described
as the function of the layer temperature, applies at that stage.
The heat consumption during bound water evaporation is pre-
sented in Eq. 23.

ΔQiþ1
cons;n ¼ ccmc;n þ ciw;n mi

w;n−Δmi
evap;n

� �h i
ΔTi

n

þΔmi
evap;nΔHi

n ð23Þ

The observation of the sample appearance indicated a con-
siderable shrinkage phenomenon below the moisture content
of around 0.6 [23]. Such a value is characteristic for the stages
of drying when the surface temperature is over 100 °C, what
means bound water is being evaporated from the shallow parts
of the coal. Hence, the shrinkage equation, dependent on the
moisture content, was implemented to modify the particle size
during simulation, as presented in Table 1.

4 Results and discussion

4.1 Simulation of single particle drying
in superheated steam

4.1.1 Comparison of empirical and numerical results

The simulation results were put together with the experimental
data in Fig. 4. The changes in the moisture content, the drying
rate (which is a time derivative of the moisture content) and
the temperature profiles (surface and center) were included in
the drying characteristics. Midpoint temperatures were
neglected on purpose due to the clarity of the presented
graphs. The comparison was made for 10 mm samples, ex-
posed to the steam at the entire temperature range. The empir-
ical results were appropriated from the previous study [16].
The simulation was conducted for the initial water percentage
agreed in each case with the experimental value in order to
check the coherence of the results. The other independent
variables, in particular those indicated in Table 1 remained
unaffected for all instances.

Concluding from the charts, a high temperature of the
superheated steam entailed the elevated speed of drying.
For that reason, water from lignite was discarded sooner
and the sample reached thermal equilibrium with the
steam, reducing the time required for the completion of
the process.

The rise of the temperature, especially in the case of the
temperature at the center of the sample, was more gradual for
the experimental results and it occurred sooner than the time
predicted by the simulation. Moreover, the apparent distinc-
tion between the surface and center temperature predicted
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numerically, does not occur in the experiments with the ex-
ception for a) and b) instances. The model adapted in this
study assumed the increase of the temperature over 100 °C
in the particular layer only after the complete removal of the
free water in this layer. Uniformity of structure within the
lignite and deformations occurring in the drying process
may influence the boundary between the free and bound water
moved at various paces within the different cross-sections, and
made the temperature profile inconsistent with the calculated
prediction as seen in Fig. 4.

Similarly to the set of results presented for the partic-
ular diameter, another one was prepared for the tempera-
ture fixed at 150 °C and a wide range of sizes. It is illus-
trated in Fig. 5. Note that due to a lack of interior tem-
perature measurement, only one experimental curve

representing the surface is given in the temperature profile
of the 2.5 mm sample chart.

The major disparity is visible in the time and speed of
drying, however, the trends followed by the correspond-
ing curves are alike. The oscillations on the drying rate
experimentally obtained, are enhanced with the decrease
in diameter and are resulted from the precision of the
electronic balance (0.1 mg), which influences the smaller
objects to a greater degree. In the case of Fig. 5a) the
predicted drying rate slightly overshoots the empirical
level, unlike the other cases, but the agreement between
the analogical parts of the temperature profile seems the
most precise. The same observations apply to the instance
of 170 °C in Fig. 4a). The issue requires further improve-
ments, including deliberation on the empirically obtained
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heat transfer coefficient and the parameters related to the
thermal conduction within the sphere.

4.1.2 Prediction of temperature dependence on drying
performance

In order to quantify the particular features of drying kinetics,
another computation was conducted at the same temperature
range with the interval of 10 °C. The initial water percentage
was assumed to be 51.3%, a value averaged over multiple
experimental attempts on B2013 coal. The selected parame-
ters are presented in Table 2.

The time of drying tdry predicted by the simulation inclines
sharply with the decrease of steam temperature, especially in
the vicinity of 100 °C. For instance, temperature drop from
120 to 110 °C induces the extension of the drying process by

76%. The drying rate (dX/dt)max achieves peak value at the
temperature of 170 °C. This value was simulated during the
period, when dewatering is the most intense – the constant
drying rate period (CDRP). The duration of this stage, tCDRP,
was expected to last from 1.7% (170 °C) to 8.9% (110 °C) of
the entire drying time. This relatively short period of the pro-
cess has a decisive impact on the final effect of drying, what is
displayed in section 4.2.2. The increase in the center temper-
ature of over 100 °C, triggered by the complete evaporation of
the free water in the sample, happens around half of the total
time for higher steam temperatures and reduced to 1/3 when
approaching the saturation temperature. It is marked as tfree.
The largest gap between the temperatures of the surface and
center (ΔT1,51,max) was computed at 32.3 °C, while in the
opposite case it was as low as 1.8 °C. Therefore, the objects
dried at high temperatures, what results in considerable
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thermal stresses, are more exposed to the hazard of structure
deformation, what was illustrated in the video analysis includ-
ed in the previous study [18].

An analogical juxtaposition of the parameters for the dry-
ing of the 5 mm sample is gathered in Table 3. The time
required for drying is around 3 times shorter, regardless of
the gas temperature. The constant drying rate period occupies
a similar part of the entire process (3.0% to 8.2%), however,
the peak speed in dewatering is 2.5 times higher than of a
larger object. The evaporation of the free water in the case
of the 5 mm sample at 120 °C takes as much time as the
analogical process conducted at 170 °C for the 10 mm object.
Due to the smaller dimensions of the 5 mm sample, heat is
transported through the sample much faster, what reduces the
maximal level of the temperature gradient and limits the de-
structive impact of thermal stress on the coal structure.

4.1.3 Quantitative verification of numerical computations

In order to comprehensively analyse the coherence of the
computational and empirical results, a summary of the values
attained at the end of drying, total time of drying and residual
water percentage, was prepared for the 10 mm sample in
Fig. 6. The simulated results (square marker) are given for
the entire temperature range with an interval of 10 °C, while
three representative experimental cases and the averaged

value those from Ref. [16] are presented only for the condi-
tions applied in the tests.

The experimental attempts served to formulate the equa-
tion, which was applied in the model for the estimation of the
residual amount of water with regard to the drying tempera-
ture. Hence, a good agreement was achieved. In the case of the
drying time, numerical values oscillated around the empirical
results as well as the dashed line, which represents the approx-
imation equation (Eq. 24) for the time of drying proposed in
the previous work of the authors [18].

tdry;app ¼ 107e−0:028T−7:238 ð24Þ

The empirical results of the drying time texp from Fig. 6 are
shown altogether with their standard deviations s(texp) in
Table 4. With reference to the values of texp, the root-mean-
square error related to both approximation R(tdry,app) and mod-
elR(tdry) was evaluated. The coherence of the empirical results
increases with the rise of the drying temperature. Similarly, the
approximated and numerical results evince greater consis-
tence with the experiment, however, the simulation offers pre-
cise prediction only for higher temperatures. The case of
110 °C was overshot by the model, whereas drying in
130 °C lasted longer than the one predicted from the
simulation.

4.2 Simulation of multi-particle drying in superheated
steam

4.2.1 Drying of various coal assortments

The coal input to the grinder, which supplies the dryer, comes
in various size assortment. As demonstrated in Fig. 5, drying
time significantly decreases with the decline in object diame-
ter. Hence, the energy consumed by the grinder on granulating

Fig. 6 Residual water and drying time against drying temperature of
10 mm sample

Table 2 Prediction of drying for 10 mm sample

T
[°C]

tdry
[min]

tCDRP
[min]

(dX/dt)max

[s−1]
tfree
[min]

ΔT1,51,max

[°C]

170 62.6 1.0 8.89 24.2 32.3

160 74.1 1.5 7.31 27.9 26.2

150 90.9 2.6 5.83 33.4 20.6

140 117.0 4.5 4.45 39.4 15.3

130 162.5 7.2 3.18 51.0 9.7

120 256.5 12.5 2.02 70.2 5.0

110 450.2 40.1 0.96 129.8 1.8

Table 3 Prediction of drying for 5 mm sample

T
[°C]

tdry
[min]

tCDRP
[min]

(dX/dt)max
[s−1]

tfree
[min]

ΔT1,51,max

[°C]

170 21.9 0.7 22.24 8.4 22.5

160 26.0 0.9 18.31 9.6 18.1

150 29.2 1.2 14.63 11.5 13.8

140 41.1 1.9 11.20 13.7 9.3

130 51.7 3.0 8.02 18.0 5.7

120 89.3 5.3 5.09 25.4 3.0

110 144.1 11.9 2.42 48.7 1.1
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the fuel entails reduction of time, and thus energy, required for
the operation of the dryer. The present study investigates the
latter component of this interdependence.

The diameters of lignite spheres were assumed to fit the
Rosin-Rammler equation, applied frequently to describe size
distribution in fragmented minerals [24, 25]:

f dð Þ ¼ 100� e−
d
deð ÞB ð25Þ

In the formula above, f(d) stands for a mass percent
ratio of particles of diameter higher than d to total mass
of the lignite group, de is a characteristic particle size for
the particular group and B is a uniformity constant equal
to 1 [15]. Due to the asymptotical character of Eq. 25
which tends to 0 as the diameter tends to infinity, the dmax

value is introduced to represent the size over which the
particles account for 1% of the mass distribution. Hence,
to simplify the calculation, the mass percent ratio is di-
vided into 10 subgroups. The derivative of f(d) is present-
ed for the case of d

max
= 80 mm in Fig. 7.

Particles larger than 80 mm are not taken into account,
subgroup 1 represents 9% of the total mass distribution, while
subgroups 2–10 stand for 10% each. The square markers in
the bottom axis illustrate the mean particle diameters in the
particular subgroups.

Three scenarios of size distribution in the lignite batch ex-
posed to the superheated steam were taken into consideration.
The maximum diameter values of Bfine^, Bmedium^ and
Bthick^ lignite groups were 40, 80 and 300 mm, respectively,
what corresponds to the industrial practice of the Belchatow
coal producer [26, 27]. The representative values for corre-
sponding subgroups are shown in Table 5.

In Fig. 8, for the first 60 min of the process, the moisture
content and drying rate of the multi-particle simulation for
medium coal is plotted alongside the moisture content curves
for the particular subgroups. The stepwise decline of the dry-
ing rate corresponds to the values attained by the samples of
particular size at the subsequent stages of the process.

The visualized drying process of the particle grouped de-
fined in the size quality, illustrated as the curves of the drying
rate along the moisture apparent content, is presented in Fig. 9.
The composition of the coal batch strongly influence the dry-
ing rate [28]. The dominant content of the smaller samples
boosts the peak speed of the dewatering, determining the
shape of the correlation curves. The computational graphs
display irregularities, which were caused by a series of falling
droplets formed from the water on the surface. Such a phe-
nomenon, specific for the objects of around 30mm and higher
[19], occurred rarely in the drying of other samples [18]. The

Table 4 Accuracy of drying time prediction

T
[°C]

texp
[min]

s(texp)
[min]

tdry,app
[min]

R(tdry,app)
[min]

tdry
[min]

R(tdry)
[min]

170 76.0 73.1 68.0 3.3 61.6 11.3 62.6 10.3

150 81.1 92.7 74.8 7.4 107.8 25.9 90.9 10.9

130 200.0 226.5 224.2 12.0 188.7 30.7 162.5 55.7

110 316.8 346.0 394.0 31.8 330.3 38.7 450.2 102.9

Fig. 7 Assumed size distribution of particles for dmax = 80 mm

Table 5 Representative diameters for subgroups in multiple drying
cases

Scenario Fine
[mm]

Medium
[mm]

Thick
[mm]

dmax 40 80 300

Subgroup 1 25.19 50.38 188.95

Subgroup 2 16.48 32.96 123.59

Subgroup 3 12.04 24.08 90.31

Subgroup 4 9.12 18.24 68.39

Subgroup 5 6.94 13.88 52.02

Subgroup 6 5.19 10.39 38.95

Subgroup 7 3.74 7.48 28.06

Subgroup 8 2.50 5.00 18.74

Subgroup 9 1.41 2.82 10.59

Subgroup 10 0.45 0.89 3.34
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analysis of the potential benefits in terms of calorific value,
with reference to diverse multi-drying scenarios, are given in
section 4.2.2.

4.2.2 The influence of drying on the efficiency of power
generation

Two parameters were used to describe the drying impact on
the optimization of power generation: thermal efficiency and
carbon dioxide emission per generated unit of electricity. For
the sake of the optimization analysis, a variable of water share,
is introduced in Eq. 26. It expresses the absolute share of water
within coal in the particular moment, unlike previously

discussed water percentage relating to the initial mass of coal
before drying.

WSi ¼ mi
w

mi ⋅100 ¼ mi
w

mi
w þ mc

⋅100 ð26Þ

In order to quantify those magnitudes, a brief insight into
the coal composition is required. Table 6 contains the major
components of B2013 lignite, relevant to the present analysis.
The share of carbon and hydrogen was reported by a commis-
sioned investigation with respect to coal deprived of water
content (Bdry coal^ column) and recalculated to as-received
state (Braw coal^). The structural division into the dry and
liquid part of lignite is shown in Fig. 10.

The calculation of carbon dioxide emission relates to the
stoichiometry of carbon combustion. Every 12 kg of carbon
binds with oxygen to form 44 kg of CO2.

Basing on the assumption that the carbon in the lignite is
subject to complete combustion, the emission of CO2 per ki-
logram of lignite is formulated as:

CO2f gikg ¼
44

12
C%d 1−WSi

� � ð27Þ

where WS represents a variable of water share that decreases
during drying.

Emission of carbon dioxide needs to be related to energy
generation. Two indicators are commonly used to describe the
thermal effect of fuel combustion. The higher heating value
(HHV) represents the total amount of heat produced from the
mass unit fuel with the assumption of no heat losses on the
evaporation of water present in the fuel or produced parallel to
combustion. Basing on the HHV value at the air-dried state,
the parameter related to the dry state is:

HHVd ¼ HHV ad

1−WSad
ð28Þ

The HHV and water share for the air-dried B2013 coal are
19.08 MJ kg−1 and 14.6 mass%, respectively, what results in
HHVat 22.34 MJ kg−1 for the dry coal. Therefore, the formula
for the higher heating value of lignite during the drying pro-
cess is shown in Eq. 29:

HHVi ¼ HHVd 1−WSi
� � ð29Þ
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Table 6 Selected components of B2013 lignite

Component Dry coal
[mass%]

Raw coal
[mass%]

water share WS – 51.60

carbon C% 56.90 27.54

hydrogen H% 4.51 2.18

remaining dry part 38.59 18.68
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The lower heating value (LHV), on the other hand, might
be expressed as HHV less the heat needed for inherent mois-
ture evaporation and water synthesized from hydrogen within
dry coal. Given that 4 kg of hydrogen takes part in the syn-
thesis of 36 kg of water, LHVwith regard to coal in the drying
process might be expressed as shown in Eq. 30.

LHVi ¼ HHVi−L WSi þ 9H%d 1−WSi
� �� 	 ð30Þ

Electricity generation per mass unit on fuel with certain
LHV is directly proportional to thermal efficiency.

Ei
kg ¼ LHVi � ηLHV ;raw ð31Þ

Subsequently, the Eq. 32 formula presents carbon emission
per generated kilowatt-hour:

CO2f gikWh ¼
CO2f gikg
Ei
kg

� 3:6 ð32Þ

For the purposes of this study, it should be recognized that
power generation companies often refer to LHVof applied fuel
and calculate thermal efficiency based on this parameter,
while in the research publications [29, 30], correlation be-
tween emission ratio and thermal efficiency rely on HHV.
Therefore, thermal efficiency on HHV with regard to the one
on LHV might be expressed as:

ηiHHV ¼ LHVi � ηLHV ;raw
HHVi ð33Þ

The changes in higher and lower heating value against de-
clining water percentage are presented in Fig. 11. Data points
are distributed every 5% of WS, with the exception of the one,

which marks 3.94%, a residual water share (equivalent to the
residual water percentage of 1.98%) for the superheated steam
drying at 150 °C. The initial gap betweenHHV (10.21MJ kg−1)
and LHV (8.56 MJ kg−1) decreases as the drying progresses,
reaching aminimum value of 0.97MJ kg−1 at the end of drying.
This final difference is attributed mostly to hydrogen content in
dry coal part, as the theoretical margin (marked in red) for the
completely dewatered lignite becomes 0.92 MJ kg−1.

Enhancement in calorific value by means of drying involve
economic and ecological benefits. Efficiency data provided by
the electricity producer [31] relates to the LHVof raw lignite,
what might be supported by information from the Belchatow
power plant boilers manufacturer [32], providing data on the
efficiency of the boiler accompanied by the LHVof supplying
coal at the level of 8 MJ kg−1. On this assumption, a chart in
Fig. 12 was prepared describing the reduction of the CO2 unit

Fig. 10 Division of B2013 lignite into dry and liquid parts

Fig. 11 Increase in calorific value due to drying

Fig. 12 Relation between plant thermal efficiency and CO2 emission rate
[29, 34]
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emission caused by drying. The horizontal axis represents
thermal efficiency recalculated to HHV according to Eq. 33.
Three cases, gathered in Table 7 are included with regard to
the net thermal efficiency of the power generation unit. Note
that Cases 1 and 2 refer to lignite power plants, while Case 3 to
the bituminous power plant.

Particular data points in each case are placed in the same
water share interval as in Fig. 11: beginning with 55% on the
left-hand side and descending to 5% and 3.94% on the right.
The level of carbon dioxide emission for raw coal in Case 1 is
1.054 kg kWh−1, a value compatible with data provided by the
Belchatow power plant (1.069 kg kWh−1 on average in 2015)
[35]. Analogical values for Cases 2 and 3 are 0.954 and
0.871 kg kWh−1. The total decline in the emission rate is
12.1% below the initial level, regardless the case. However,
the distribution of data becomes denser as the water content
drops, so it can be found out that the greatest profit for envi-
ronmental efficiency is achieved in the early period of drying.
The reference curves represent the carbon intensity along ther-
mal efficiency for bituminous coal, oil and natural gas.
Altogether with the correlation modelled hereby for lignite,
they fit to the tendency that lower CO2 emission levels are
characteristic for fuels of higher hydrogen-to-carbon ratio (re-
garding dry part).

Figure 13 illustrates the simulated progress of drying for 3
batch compositions introduced in section 4.2.1, related to the
boost in lignite lower heating value. The biggest enhance in
the quality of this fuel is achieved in the initial period of
drying. Given 8.56 MJ kg−1 as raw coal’s LHV, doubling the

calorific value ofMixtures 2–4 (mass share of 30 mm samples
at 10% or less) takes around 30 min for fine, 60 min for
medium and over 400 min for thick coal. The differences
extend as the drying continues, with regard to size distribu-
tion. For instance, whether the objective is to reach
18 MJ kg−1 (WS≈14%,WP≈8%), a time interval between fine
and medium coal is 47 min. However, the time required for
raising LHV to 20 MJ kg−1 (WS≈6%, WP≈3%), is 80 min in
the case of the fine coal and almost 200 min for the medium
one.

In conclusion, improving the quality of lignite and applied
power generation technology might be beneficial in terms of
ecology, nevertheless, the thermodynamic and financial costs
of such efforts should also be taken into account. Therefore, an
optimization of power generation unit (in particular fuel prep-
aration devices: grinder and dryer), the general idea of which
was proposed in the previous study [36], needs to be per-
formed with regard to available industrial appliances.

5 Conclusions

Numerical modelling was used to simulate superheated steam
drying for single and multiple samples made of Belchatow
lignite, as an extension of the earlier work, concerning singu-
lar particles only [16]. The results of the investigation were
presented in the form of drying charts containing experimental
and computational curves as well as quantitative comparisons
between those two data acquisition methods.

The application of multi-particle modelling was adapted in
order to reflect a real operating mode of the drying system. By
such means, a computational device is offered to calculate the
time of drying for the demanded heating value of fuel. As a
consequence, knowledge about dryer operational characteris-
tics, may lead to heat input estimation. Taking into consider-
ation several cases of fuel input composition, reflecting the
actual assortments utilized in the Polish lignite industry, the
potential enhancement of coal utilization effectivity was eval-
uated. The initial period of drying was found to be decisive in
upgrading the quality of the fuel.

Further studies, complemented with the analysis of grinder
energy demand as a function of coal fragmentation, may apply
for the optimization of the drying system. Such works could
also include intermediate scenarios, where different

Table 7 Reference cases applied
to CO2 reduction analysis [31, 33] Case Thermal efficiency

(LHV, raw coal)
Referring to Power
Generation Unit

Electrical power
output

Commissioned

Case 1 38% Belchatow No. 1–12 370 MW 1980s

Case 2 42% Belchatow No. 14 858 MW 2011

Case 3 46% Kozienice No. 11 1075 MW 2017
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assortments are mixed prior to input or the effect of sieving the
most thick coal subgroups.
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