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ABSTRACT: Analysis has revealed that Moroccan coal gangue consists of silica, clays, and coal, making it a viable substitute for
clay in clinker production. Our previous study demonstrated that the clinkering of a cement raw mix with 18.5% (wt) coal gangue
and limestone produced a good Portland clinker. This clinker was close to that given by a cement raw mix of a cement plant, and
which was taken as a reference-raw RR. The coal gangue contains around 8.8-11.8% coal, exhibits a calorific value of 3.77 MJ/kg
and displays an exothermic effect of 67.3 J/g as determined by DSC analysis. This exothermic release is also observed in the LG
cement mix. The objective of this study is to estimate the energy contribution of coal gangue in clinker production by comparing
the thermochemical energy balances during clinkering up to 1450°C for the two clinker raw materials, LG and RR; our calculations
indicate an energy gain of approximately 2.13%.
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RESUMEN: Contribucion energética de los residuos de carbon reciclados con piedra caliza para producir un clinker de Portland.
El analisis ha revelado que los residuos de carbon marroqui consisten en silice, arcillas y carbon, lo que los convierte en un sustituto
viable de la arcilla en la produccion de clinker. Nuestro estudio previo demostrd que la clinkerizaciéon de una mezcla cruda de
cemento con un 18.5% de residuos de carbon y piedra caliza produjo un buen clinker de Portland. Este clinker fue similar al obtenido
por una mezcla cruda de un cemento Portland. Los residuos de carbon contienen alrededor del 8.8-11.8% de carbon, tienen un valor
calorifico de 3.77 MJ/kg y muestran un efecto exotérmico de 67.3 J/g segun el analisis DSC. El objetivo de este estudio es estimar
la contribucion energética de los residuos de carbdn en la produccion de clinker mediante la comparacion de los balances de energia
termoquimica durante la clinkerizacion hasta 1450°C para los dos materiales crudos de clinker, LG y RR; nuestros célculos indican
una ganancia energética de aproximadamente 2.13%.
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1. INTRODUCTION

In 2022, global coal consumption hit an
unprecedented level of 8,415 Mt, marking a 4% rise.
This increase was predominantly driven by countries
like China, where coal continues to account for over
60% of electricity production. Despite efforts to
diversify energy sources, coal demand in 2023 was
expected to see a modest uptick of 1.4%, setting
another record at approximately 8,536 Mt (1, 2).
However, the downside of coal production is the
substantial waste it generates, ranging from 10-15% by
weight (3). This could result in more than 150 gigatons
of additional waste globally, causing adverse ecological
impacts on water, air, and soil. In Morocco, the closure
of the Jerada coal mine in 2001 has left around 40
million tons of coal waste, leading to issues like acid
mine drainage affecting groundwater. The interaction
with rainwater triggers acid mine drainage (AMD),
a phenomenon resulting from the oxidation of pyrite
(Fe,S) present in the coal waste. This AMD negatively
affects groundwater, emphasizing the urgent need for
effective environmental management and remediation
strategies to mitigate the ecological consequences of
coal mining activities. In general, the recycling of
mining waste aligns with the principles of a circular
economy, emphasizing sustainable resource utilization
(4). Specifically, the recycling of coal gangue aims to
exploit its mineral content, but also the coal remains it
contains. China has successfully utilized coal gangue
as a low-quality energy source for power generation
(5). In general, the major components of coal gangue
are silica, alumina, iron oxide, other oxides and carbon
remains, hence a possibility of recycling in civil
engineering, or energy production. Numerous scientific
studies have explored its applications in cement (6),
building materials (7), bricks (8) and ceramics (9).

Moreover, cement, a vital strategic material, holds
a significant global production scale. In 2020, global
cement consumption reached 4.17 billion tons, making
concrete the second most consumed product worldwide
after water, as reported by Cembureau and the United
Nations (10). Understanding various stages in cement
production is crucial. A study by Zhenning et a/
(11) outlines the electricity consumption distribution
in a typical cement plant: extraction and crushing
(5%), grinding raw materials into powder (24%),
homogenization (6%), clinker burning and cooling
(22%), clinker grinding (38%), and packaging and
loading (5%). The cement industry is highly energy-
intensive, requiring 3.2-6.3 GJ per ton of clinker (12).
By 2050, energy costs for cement manufacturing are
projected to represent 20-40% of total production
expenses. Currently, electricity accounts for 12% of
this energy consumption, but it’s expected to increase

to over 20% by that year (13-14). The enormous
quantities of cement produced offer the possibility
of recycling industrial and construction waste. This
includes the potential for recycling and recovering
coal gangue, especially considering its composition
containing key cement oxides.

In a previous study by Belkheiri ez al. (15), Moroccan
coal gangue was used to produce a Portland clinker.
Their study involved clinkerization of a mixture
of limestone-gangue at 18.5% (wt), resulting in a
satisfactory Portland clinker denoted LG. The correct
composition of the gangue in the limestone-gangue
mixture (LG) was determined through computer
simulation, aligning 11 parameters of LG with a
reference raw cement plant (RR). These parameters
included four oxides (CaO, SiO,, Al O,, Fe,0,), three
moduli (LSF, SR, AF), and the four phases of the clinker.
This current work is a continuation of the previous
study, with a focus on the energy gain achieved through
the combustion of the remaining coal within the cement
raw limestone-gangue mixture. DSC characterization
of the LG mixture revealed a combustion phenomenon
occurring around 300°C-600°C. This exothermic effect
has the potential to contribute to reducing energy
consumption during the heat treatments of the clinker
process. The ultimate goal is to achieve total recycling
and recover coal waste while producing a Portland
limestone-gangue clinker. The mineral components
become part of the clinker, and the combustion of
the organic part during the cement process could
lead to a reduction in energy costs, contributing to
environmental, social and economic sustainability.

2. MATERIALS AND METHODS
2.1. Used materials

The coal gangue sample was collected from various
points in the backfill of Jerada’s old mine in Morocco,
while the limestone and raw meal originated from a
cement plant. The materials and their abbreviations

used are presented in Table 1.

TABLE 1. Used materials and their abreviations.

Materials Abbreviation
Coal gangue (coal waste) from Jerada’s mine CG
Limestone reference, used in a cement factory LR
Cementitious mix Limestone-Gangue LGx,
. LG
x=% of coal gangue by weight.
Cement raw meal used in a cement plant and RR

used as reference in this study
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For thermal studies, a pure coal sample is considered
as areference, denoted as PC. All materials were finely
ground to a diameter of approximately 160 um for
consistency in the study.

2.2. Composition of materials

The elemental and oxide compositions of coal
gangue (CQG) and pure coal (PC) used in this study
are derived from characterizations reported in the
previous studies (15-18). The detailed compositions
are presented in Table 2 and Table 3, respectively.
Additionally, Table 4 provides the percentages of the
studied cementitious materials, including the limestone
reference (LR), cementitious mix Limestone-Gangue
(LGx), and the cement raw meal reference (RR).

The mineralogical composition of the materials
was determined through Rietveld quantitative X-ray
diffraction (XRD) analysis. The crystalline phases
identified in each material are as follows:

CG is formed by quartz 60.29%, illite (K*,H,0")
ALSi,AlO, (OH), :19.2%, muscovite Si,Al,  Fe
KO ,H, :10.12%, clinochlore Si,AlLMg.O H.: 6.8 %
and gypsum 3.5%. LR is formed by calcite 80.26 %,
dolomite: 12.2% and quartz 6.76%. RR is formed
by calcite 63.40 %, dolomite 9.63 %, illite K Al ,
(Si, Al), O, (OH), : 13.13%, quartz 11.42% and
gypsum 0.68%.

2.3. Methods

We will adopt the following methodology

» Thermal characterizations of Coal Gangue (CG)
and Limestone-Gangue (LG) will qualitatively
illustrate the energy contribution of CG during
the heating of the cement mixture LG. The
Differential Scanning Calorimetry analysis (DSC)
and thermos-gravimetric analysis (TG) were
performed using DSC/TG type SDTQ 600 with a
heating rate of 10°C/min up to 1000°C, and using
100ml/min of dry air free of CO, as carrier gas.
During the progressive heating process leading
to the production of clinker, coal dispersed
within the limestone-gangue mixture undergoes
combustion. The combustion behavior of coal
in this specific context is distinct from that in
ambient air. The combustion observed during
the progressive heating in the clinker production
process will be assimilated to the combustion
recorded in the Differential Scanning Calorimetry
(DSC) analysis. The heat value derived from the
combustion observed in the DSC analysis will be
utilized to quantify and understand the energy
contribution of coal during the clinker production.
Based on the composition analyses, we will
calculate the masses m, of the different substances
i contained in the 1kg of each clinker from the two
cementitious mixtures LG and RR, these clinkers
are noted LG* and RR* respectively.

TaBLE 2. Elemental composition (%wt) of coal gangue CG, and pure coal PC.

Material\Elements (0 Si Al Fe C K Mg Na S Ca
CG 51.3 24.5 11.6 3.18 2.88 1.86 0.76 1.13 1.43 0.58
PC 68.6 1.8 1.13 2.94 23.1 0.168 0.013 0.115 1.55 0.29
TABLE 3. XRF composition (%wt) of coal gangue CG, and pure coal PC.
Material \Composition C S A F M K N S P L.O1
CG 0.56 52.18 21.59 4.66 0.99 2.95 ~0 0.97 0.08 14.22
PC 0.41 3.84 2.13 42 0.22 0.20 0.16 3.86 0.04 84.8
TaBLE 4. Compositions (%wt) of materials and of cement raw materials.
Mat/%Compound (wt) C S A F M K N S P LOI total
CG 0.56 52.18 21.59 4.66 0.99 2.95 ~0 0.97 0.08 13.5  99.54
LR 50.17 4.84 1.38 0.61 1.50 0.48 0.14 0 40.64  99.76
RR 4279 1227  3.65 1.74 1.97 0.88 ~0 0.34 ~0 36.25  99.89
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* We calculate the difference in thermochemical
energy required to produce 1 kg of each of the
LG* and RR* clinkers; minimizing the errors due
to the approximations used.

* Energies for heating

E, - '[: Zml__cm(]").dT: formula (F1) where m,

compounds:

is the mass of compound i and C, is the specific
heat capacity at constant pressure.
* Energies related to chemical reactions denoted:

where v, <0 if 4, is a reactant and

v, > 0 if 4, is a product; at the temperature T,
and pressure P°=l1bar, the standard enthalpy

of reaction is:

formula (F,), where is the standard
enthalpy of formation for the compound 4,, at T;.
At another temperature T, we calculate.

The standard enthalpy of reaction by using the
following formula:

A H*(T)=A H'(T))+ jTT A, C2(T)dT;

ACUT) =D v,Co (T): (Fy).

The thermodynamic data, including specific heat
capacities (Cp) and enthalpies of formation, will
be-presented in Table 6.

+ Computational calculations are conducted using
Python software.

3. RESULTS AND DISCUSSION
3.1. About the combustion of coal gangue and coal

Large heaps of waste coal are found at various
points in the coal mine, they were generated by the
industrial exploitation of the mine during 1930-2000.
Figure 1 shows the largest heap, with around 20Mt
of coal mining waste rocks. The distinct black color
of this coal waste signifies a notable presence of
coal content. Upon closer examination, stages of
heating a Coal Gangue (CG) sample are illustrated
in Figure 1 and it is observed that the dark color
disappears at about 620 °C. This was also observed
by TGA characterization, with more than 10% of loss
of mass due to the combustion of coal residues. The
thermal characterizations of CG show an exothermic
contribution attributed to the combustion of the coal.
According to a mine staff report, the calorific value
of gangue (CVCQ) is determined to be 3.767 MJ/kg.
This value aligns with the literature, where reported
values fall within the range of 2.307 to 8.309 Ml/kg
(18); and the calorific value of this anthracite coal is
approximately 31.8 MJ kg™'. From these values, we can
deduce an estimation of 11.8% coal in the coal gangue.
Based on the ratio of carbon atoms in the gangue
and in the coal reported in Tablel, we can estimate a
percentage of 12.4% coal in the CG. This estimation
aligns with findings from a study by Taha et a/ (18, 19),
where the content of coal in coal gangue is reported to
be within the range of 10-15%. Moreover, the study
suggests that coal extraction through flotation yields
a percentage higher than 6.09%, with an extraction
efficiency of 60%.

Fi1GURE 1. The studied sample of CG is extracted from backfill of coal gangue in Jerada’s mine;
Some stages of its heating from ambient temperature to 950°C.
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3.2. Thermal characterizations

3.2.1. DSC characterization of coal gangue CG
compared to the pure coal PC

The DSC analyses of coal gangue CG compared
to the pure coal PC are presented by in Figure 2; the
heating rate was 10 °C/min under air.

The DSC analysis of coal gangue shows an
endothermic region occurring between 100°C-150°C
attributed to the evaporation of free water. Additionally,
two dehydration processes, specifically from gypsum
to plaster and then to anhydrite:

$CaSO, - H,0+ H,0, =5CaSO,-2H,0:
A, G (T,kJ | mol)=-55.53+0.1460T

and
2CaS0O, + HZOg =2CaS0, -%HZO:

AG(T.kJ | mol) =—62.20+0.1491T

They are theoretically expected to occur at
106°C and 153°C, respectively: Comparing these
theoretical values to those reported in literature (20),
the temperature for the first dehydration aligns closely,
with literature reporting 105°C. However, for the
second dehydration, the literature reports a slightly
higher temperature of 175°C.

At 580°C, the coal gangue (CG) undergoes a
polymorphic transformation of quartz: SiO,, — SiO, .

At 580°C, we have the polymorphic transformation
of quartz: SiO,, — SiO,,. Then, in the range 300
600°C, an exothermal effect is observed, mainly
attributed to the combustion of coal.

Using the DSC characterization (10°C/min, in air)
for CG, we obtain the combustion enthalpy of CG is
H., = —63.74 J.g'"; this value is used in the thermo-
chemical balance calculations for the cementitious
mixture LG. It’s important to note that this value
represents a minimum estimate, as the observed
exothermic effect persists across multiple heating and
cooling cycles, indicating incomplete combustion.
This persistence is demonstrated in Figure 2(b), where
the PC sample exhibits the observable exothermic
effect even after five cycles of heating and cooling.

3.2.2. Thermal characterizations of materials CG
and LG.

Characterizations of materials LG and CG was done
using thermogravimetric TGA and thermo-differential
TDA analyses. The graphical representations of these
analyses are illustrated in Figure 3.

F1GURE 3. TGA and TDA for coal gangue CG and for the
cementitious mixture LG.

Fi1GURE 2. Comparatives curves of DSC; (a) for CG and PC, (b) DSC curves after successive heating of a pure coal (11.3mg).
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In the temperature interval of 300-600°C, we
observe the presence of the exothermic effect due,
mainly, to the combustion of coal in the coal gangue,
this effect is also noticeable in the limestone-gangue
cementitious mixture LG. At about 850°C (P=1bar),
we observe a main endothermic peak attributed to
the calcination of the limestone, in the LG mixture:

CaCO, — CaO_+CO, ,

At this temperature the standard free enthalpy of this
equilibrium verifies the condition A_ G° (T ) =0: A  G°
(T)=178.2-0.1601.T (kJ.mol"), T_=1113K(840°C).

Similarly, the temperature at which dolomite
decomposes is determined, considering a hypothetical
single-stage decomposition:

A, G°(T,)=0: CaMg(CO,), —CaO+MgO_+2 CO,,
The standard free enthalpy of this equilibrium is:
A, G°(T)=279.1-0.3356.T(kJ.mol ")

This reaction occurs at T, ~=831K (558°C).
Adopting a two-step decomposition, as reported in
some literatures (21); the process involves the initial
formation of MgO, CO,, and calcite at the temperature
of 750°C, followed by the subsequent decarbonation
of calcite around 900°C.

A DSC characterization has been done under argon
atmosphere for the mixtures LG and RR; therefore,
the thermal effects excluding combustions can be
seen; thus, we will consider that the combustion
phenomenon, in the LG mixture, is predominant in
front of other reactions taking place in the interval
300-600°C. The comparative results are reported in
Figure 4.

FIGURE 4. DSC analysis for the cement raw LG
and RR mixtures.

The thermal behavior of the two mixtures, LG and
RR, exhibits notable similarities. Two endothermic
phenomena are observed:

» Water Losses: Involving both free water and the
dehydration of gypsum.

* Calcination of Calcite: The endothermic process
where calcium carbonate (calcite) is converted
into calcium oxide and carbon dioxide

It’s important to note that limestone typically
contains dolomite (calcium magnesium carbonate),
which undergoes calcination around 500°C.
Additionally, around 550°C, the decomposition of
claysinitiates through dehydrations, dehydroxylations,
and decompositions (22). These reactions continue
until approximately 900°C.

The main thermochemical events involve the
heating of all substances, and the main reactions are:
decomposition of calcite and dolomite, combustion of
coal residues, decomposition of clays and formation of
the four phases of clinker. In addition to these primary
events, there are, also, minor thermal occurrences like
the alpha-beta transition of silica and dehydration of
gypsum, and polymorphism in phases of clinker. In
the literature, these main physicochemical phenomena
take place in temperature intervals (23). Due to the
complexity of these physicochemical phenomena,
detailed studies are challenging, and approximations
become necessary. To facilitate analysis, relevant
temperatures T,_ , ~are introduced, corresponding
to the key reactions. For instance, the combustion
phenomena of coal begins at 727K as showed in
thermal characterization and in literature (24); the o
transformation of quartz occurs at 848K. T =298K
is the initial temperature and T.=1723K is the final
temperature of clinkerization.

We study mass and energy balances during the
production of LG* and RR* clinkers, from raw
materials. These balances are examined for different
stages as presented in the Table 5:

Stage I: the first stage of decomposition.

Stage II: the second stage of clinkerization.

Overall balance:

In the energy balance analysis, the focus is on
the algebraic determination of energies required
to produce 1 kg of clinkers denoted LG* and RR*.
We are interested in the difference of the energies
AE = E,. —E,,, in this way we will reduce the
impact of approximations done. Moreover, since the
limestone LR is the same for both raw feeds, certain
terms in the balance are inherently similar.

We present the balance involving the main
thermochemical transformations. These include
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TABLE 5. Main considered reactions, transformations and temperatures.

Temperature . el . . Enthalpy : AH® or L,
(K) Number j of : reaction or transformation at T, (kJ /]mol)
T,=379 1: CSH, —  CSH,+1.5H +150
T,=426 2: CSH,, —  CS+0.5H -95.10
‘CHOS+a0,+4aN, —  C+H+S0, +4aN,

s T=127 3: = ~63.74 (J/g CG)

E" minor reactions in CG

s T=848 4: S - S +0.518

£ 4 ¢ #

%_ T =1023 5:  CMC, —  M+C+CC +120.7

g

S T=1173 6: CC - C+C +165.5

D

a
T=1173 7: it S,A | K, H —  oxides +249.9
T=1173 8:  Muscovite: S A F K H —  oxides +337.4
T=1173 9:  Clinochlore S A M, H, —  oxides +475.6

— T=1173 10: 2C-0-Sl3 - CS -136.9

= ¥

$ Tmu7 11: CS, - S, +13.70

= T.=1373 12: 3C+A - CA +4.500

=]

i Te131 13: 4CHASF —  CAF 1083

Bt

L

£ T=1573 14: C+CS, - CS +15.52

O
T,=1723 End of clinkerization

the heating energies for the main compounds in the
temperature intervals considered (Formula F1), as
well as the enthalpies of the chemical reactions listed
in Table 5 (Formulas F2 and F3). The heats of change
of physical state or of polymorphism are included
with those of the reactions presented in Table 5

AE=E, .~ RR‘[ZA +AEh,_,+AE11g_,J+

(2 AEr, ,+AEh, ,+AEh, ,+AEh,_ ]

i=10

Where AEr. AEh AEh and

il or II° s, or Il LI or II°

AEh are respectlvely the differences in energies
glorll

of: reactions and heating of solids s, liquids | and gases
g in stages I and II.

The terms of heating are of the form:

in general, for a given substance

1, the massic heat capacity is:

The data on the specific heat capacity C  shown in
Table 5 is given in literature, mainly from the NASA/
TP-2002-211556 report (25) and other sources (26-36).
The specific heat capacity of coal is reported based on
the work of Lesniak et a/ and Eisermann et al (28, 29),
it is formed by two contributions of fixed carbon FC
(fraction m_. Cp ) and volatile matter (fraction 1- m,
C,)- In our case, for anthracite, the value is FC= 93
and VM =5 (37).

Using formula (F',), we calculate the heating of all
solids, liquids and gases; the gases CO,, H,0, SO,, O,,
and N, are involved in the reactions of calcinations
of calcite and dolomite, dehydrations of gypsum,
decomposition of clays and combustion of coal.

3.3. Mass and energy balances for the production
of 1 kg LG* and RR* clinkers

XRF and XRD data are cross-referenced to give the
mass fractions of the compounds in the three materials
CG, LR and RR. Amorphous compounds, not visible,
are considered, and total oxide content from XRD is
adjusted to match XRF values.
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TABLE 6. Specific massic heat values (J.LK' Kg'), masses (kg), molar masses (kg.mol™') and standard,
enthalpies of formation AH® (T =298K, kJ.mol™).

Comp a, a, a, . a a a, a, a, Am M Hmol References
calcite (T<500) —-1,11E+09 2,08E+07 0,00E+00 -1,59E+05 6,33E+02 -1,38E+00 1,56E-03 -7,25E-07 2,74E-02 1,00E-01 -1,21E+03 (25)
calcite -2,15E+07  0,00E+00  0,00E+00  9,95E+02 2,71E-01  0,00E+00 0,00E+00  0,00E+00  2,74E-02  1,00E-01 -1,21E+03 (26)
illite -1,81E+07 0,00E+00  0,00E+00  8,63E+02 5,97E-01  0,00E+00 0,00E+00 0,00E+00 —-1,64E-01 3,89E-01 -5,97E+03 (26)
muscovite —-1,76E+07 0,00E+00 0,00E+00 8 42E+02 5,82E-01 0,00E+00 0,00E+00 0,00E+00 2,22E-02 4,02E-01 -5,97E+03 (26)
clinochlore -3,20E+07  0,00E+00  0,00E+00  1,14E+03  5,09E-01  0,00E+00 0,00E+00  0,00E+00  1,49E-02 5,56E-01 -8,91E+03 25)
quartz-a -8,00E+07 1,00E+06 0,00E+00 -4,36E+03 1,03E+01 -1,20E-03 -1,50E-05 1,15E-08 3,94E-02 6,01E-02 -9,11E+02 (25)
quartz-b 3,21E+06  0,00E+00 0,00E+00 9,74E+02 1,72E-01 0,00E+00 0,00E+00 0,00E+00 3,94E-02 6,01E-02 -9,11E+02 27
dolomite 1,50E+05  0,00E+00 -3,55E+04 2,97E+03 -9,09E-01 4,18E-04 0,00E+00 0,00E+00 4,04E-03  1,84E-01 -2,33E+03  (28,29)
coal 0,00E+00  0,00E+00  0,00E+00 -8,91E+01 3,67E+00 -1,63E-03 0,00E+00 0,00E+00 3,16E-02  1,80E-02 0,00E+00 (30,31, 32)
gypsum 0,00E+00  0,00E+00  0,00E+00  5,29E+02 1,85E+00 0,00E+00 0,00E+00 0,00E+00 1,06E-03  1,72E-01 -2,02E+03 (30,31, 32)
plaster 0,00E+00  0,00E+00  0,00E+00 3,25E+03 1,13E+01 0,00E+00 0,00E+00 0,00E+00 9,42E-04 143E-01 -1,58E+03 25)
anhydrite -1,82E+07 0,00E+00 0,00E+00 8,30E+02 3,58E-01 0,00E+00 0,00E+00 0,00E+00 8,37E-04 1,36E-01 -1,43E+03 (25)
T -1,78E+05 2,83E+04  0,00E+00 6,21E+01 2,00E+00 -2,77E-03 1,89E-06 -5,08E-10 0,00E+00 7,99E-02 -3,05E+02 (25)
P —-1,76E+06 -2,69E+03 0,00E+00 4,09E+02 1,69E+00 -1,82E-03 9,63E-07 -2,03E-10 0,00E+00 1,42E-01 —1,12E+03 25)
C -2,17E+07  0,00E+00 0,00E+00 1,07E+03 -2,91E-01 1,92E-04 -3,08E-08 0,00E+00 2,51E-03  5,60E-02 -6,35E+02 (25)
A —4,92E+07 0,00E+00  0,00E+00 1,20E+03 6,74E-02  0,00E+00 0,00E+00 0,00E+00 1,79E-02  1,02E-01 -1,68E+03 (25)
F -9,33E+06 0,00E+00  0,00E+00  6,14E+02 4,88E-01  0,00E+00  0,00E+00 0,00E+00 -7,42E-03 1,60E-01 —824E+02 (25)
F>600K -9,33E+06  0,00E+00 0,00E+00 6,14E+02 4,88E-01  0,00E+00 0,00E+00 0,00E+00 -742E-03 1,60E-01 -8,24E+02 (25)
M —2,43E+07 0,00E+00  0,00E+00 1,15E+03 2,26E-01 -1,01E-04 2,60E-08 0,00E+00 -8,78E-03 4,03E-02 —6,02E+02 (25)
K 0,00E+00  0,00E+00  0,00E+00  1,06E+03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,23E-04 9,42E-02 -3,62E+02 25)
N 3,42E+07 -3, 40E+05 0,00E+00 2,23E+03 -1,65E+00 2,07E-03 -1,08E-06 2,34E-10 0,00E+00 6,20E-02 —4,15E+02 (25)
Co, 2,22E+07 -3,38E+05 0,00E+00 1,57E+03 -1,74E-02 9,19E-07 -3,57E-10 1,20E-13 7,92E-02 440E-02 -3,94E+02 (25)
H,0 478E+08 -1,11E+06 0,00E+00 2,15E+03 1,06E+00 -3,16E-04 4,35E-08 -2,23E-12 1,21E-02 1,80E-02 -2,42E+02 (25)
SO, -6,89E+06 1,18E+05 0,00E+00 -3,06E+02 2,86E+00 -3,26E-03 1,88E-06 -437E-10 1,68E-03 6,40E-02 -2,97E+02 (33)
CS -2,86E+05  0,00E+00 -1,21E+04 1,46E+03 -1,02E-02 0,00E+00 0,00E+00 0,00E+00 -9,26E-04 2,28E-01 -2,93E+03 (33)
CSg -1,37E+07 0,00E+00 9,63E+03  0,00E+00 1,24E+00 —4,74E-04 0,00E+00 0,00E+00 -1,19E-03 1,72E-01 -2,32E+03 (33)
C,Sap 0,00E+00  0,00E+00  0,00E+00  9,40E+02 0,00E+00 1,10E-04  0,00E+00 0,00E+00 -1,19E-03 1,72E-01 -2,31E+03 (33, 34)
CA 1,86E+07  0,00E+00  0,00E+00  9,65E+02 1,77E-02  0,00E+00 0,00E+00 0,00E+00 3,74E-03  2,70E-01 -3,59E+03 (33, 35)
CAF 1,12E+07  0,00E+00  0,00E+00 7,70E+02 3,74E-02  0,00E+00 0,00E+00 0,00E+00 -1,11E-03 4,86E-01 —5,08E+03 (25)
FeO -1,38E+07 -4,20E+04 0,00E+00 6,39E+02 -1,15E-01 5,07E-05 -7,86E-09 4,21E-13  0,00E+00  7,18E-02 -2,72E+02 (25)
0, -8,90E+06 1,26E+05 0,00E+00 2,91E+02 1,12E+00 -1,78E-04 -526E-07 2,70E-10 5,53E-02  3,20E-02  0,00E+00 (25)
N, 6,56E+06 —1,13E+05 0,00E+00 1,81E+03 -2,53E+00 4,11E-03 -2,86E-06 7,48E-10 194E-01 2,80E-02 0,00E+00 (25)
H,0l1 2690906 0 485,00939 1,1057984 —0,000848 0 0 0 0,00247 0,018 241,826 (19)

3.3.1. Massic compositions of coal gangue CG,
limestone LR, and cement mixtures LG and RR

The coal gangue consists of various compounds,
including quartz, illite, muscovite, clinochlore,
gypsum, ferric oxide (F), and sulfur dioxide (SO,).
These compounds are derived, in part, from pyrite,
which makes up approximately 2-5% of the coal (38).
In the analysis of coal gangue (CG), adjustments are
made to align the total amount of oxides ‘CSAMKS’
given by XRD (94.51%), to that given by XRF

(79.24%). The experimental percentage of coal in the
gangue is estimated using the loss on ignition L.O.I,
which is formed by dehydration of the three water-
bound in clays and gypsum (2.39 %). This estimation
suggests a maximum coal content approaching
11.85%, consistent with previous estimates. For
different samples of gangue, the losses on ignition
varied between 10.6 and 14.22, corresponding to a
coal content between 8.8 and 11.8%. For the mass
balance, the study uses the conservative assumption
of 11.85 % coal in GC.
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The gases released during combustion include water
vapor, carbon dioxide, and sulfur dioxide. In this
study, we use the experimental amounts of CO, and
SO, estimated by Taha et al: 0.243 kg CO, and
0.00628 kg SO, per kg of gangue and we obtain the
amount of water vapor released from an approximate
‘formula’ of the anthracite. Coal can be modeled by
the formula ‘CHOSN.J erada’s anthracite analysis
indicates volatile matter (VM) at about 5%, fixed carbon
(FC) at approximately 93%, and ash (ASH) at 5.5.

A model proposed by Shen et a/ (39) and reported
in Lawal et al’s study (40) provides an approximate
formula (‘CH | O, N.S’). This model predicts
that the combustion of 1 ton of CG produces 62.1 kg
H,0 and 263 kg CO,. The optimal limestone-gangue
mixture retained has a composition of 17.1% coal
gangue. The massic composition of coal gangue is
given in Table 7.

We complete the determination of the mass fractions
of the main compounds forming the LR and RR
materials. The total amount of carbon dioxide from
calcite and dolomite, and from the XRD analysis we
obtain the ratios of calcite to dolomite and to quartz:
6.58 and 11.9 respectively. For the LR material, the
total 96.089% in CMC given by XRD is adjusted
to 74.865% given by XRF; and for the RR material
the total of L.O.I is composed of carbon dioxide
and water of clay, maintaining the same ratio, 6.58,
of CC to CMC. All the results are reported in Table
7 and used to determine the energies involved in
the comparative energy balance of the two cement
mixtures LG, and RR.

3.3.2. Energy balance

The masses of the gases 1. CO,, H,0, SO,, O, and
N, concerned by this phase I are respectively: 66.14,
16.81, 1.682, 55.04, 192.7 gram for 1 kg of clinker.
For the energy balance, the solids in this phase are
denotes solids 1.

During the clinkering phase, the oxide compositions
(XRF) of the two mixtures are used to calculate
the saturation factor lime moduli LSF=100C/
(2.85+1.65A+0.35F), the ratio SR=S/ (A+F) as well
as the four phases of the clinker and possibly, the
percentage of free lime Cf. In order to calculate
compositions of the four phases, we use the Taylor’s
matrix (41) leading to the system of equations:

After calculating the total mass of the four phases
(solids 111), we assumed that the difference with
the mass of the C-S-A-F oxides was that of the free
lime, in order to adjust the total mass. The theoritical
percentage of free lime can be approximated using
Fundal’s empirical equation :% CaOqfree=0.31 (LSF-
100)+2.18 (SR-1.8)+(0.73 Q.+ 0.33 C,,+ 0.34 Aq).
The total amount of C,S formed at 1173K will be
distributed between the final masses of C,S and that
of C,S which will form at 1573 K; these two masses
are obtained by the Taylor model above.

In Table 8, we give the massic composition of these
four phases, anhydrite, minor oxides and the gases. All
the results are used to determine the energies involved
in the comparative energy balance of the two cement
mixtures LG and RR.

TABLE 7. Energy balance of the first phase I (calcinations-decomposition).

CcC il mu cn qu CMC2 8831,21) coal A F MKNTP s LOI tot
CG 0,00 15,73 8,29 5,57 49,40 0,00 2,87 11,8 0,00 4,47 000 0 0,08 0 14,22 98,20
LO 78,66 0,00 0,00 0,00 6,62 11,95 0,30 0,00 1,38 0,61 000 0 0,00 0 40,64 99,52
LG17,1 6521 2,69 1,42 0,95 13,94 9,91 0,74 2,02 1,14 1,27 0000001 0 36,12 99,30
RR 63,33 13,12 0,00 0,00 11,40 9,63 0,67 0,00 0,00 1,74 000 0 0,00 0 36,25 99,89

1kgLG* 1,02 0,04 0,02 0,01 0,22 0,16 0,01

0,03 0,02 0,02 000000 00,57 0,99

1kgRR* 0,99 0,21 0,00 0,00 0,18 0,15 0,01

0,00 0,00 0,03 000 0 0,00 0 0,57 1,00

Am 2,74E-02 -1,64E-012,22E-021,49E-02 3,94E-02 4,04E-03 1,06E-033,16E-02 1,79E-02 -7,42E-030 0 0 0 2,14E-040 -3,14E-03-6,10E-03

TaBLE 8. Energy balance of the second phase II of clinkerization.

¢S CS CA CAF M K NT P CS LOI Cfree tot CO, HO SO

2

LG*

6,45E+01 2,32E+01 3,84E+00 1,41E+002,21E+00 1,41E+00 0 0 2,14E-02 7,50E-01 5,65E+01 1,28E+00 9,79E+01

RR*

6,46E+01 2,33E+01 3,47E+00 1,52E+003,09E+00 1,38E+00 0 0 0,00E+009,07E-01 5,69E+01 1,58E+00 9,83E+01

Am(1kg*) -9,26E-04 -1,19E-03 3,74E-03 -1,11E-03-8,78E-03 3,23E-04 0 0 2,14E-04 -1,56E-03-3,14E-03-2,98E-03-3,83E-03 7.92E-021,22E-021,68E-03
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Finally, in Table 9, we present the energy balance
of the reactions and the heating, then we deduce the
overall balance; these results are generated by the
program Python.

TABLE 9. Summary of energy balances and estimate
of relative gain or efficiency.

Transformation E(LG*)-E(RR¥)
dErl(gypsum)= 924
dEr2(plaster)= -626
dEr3(coal)= -17063
dEr4(quartz-ab)= 410
dEr5(dolomite)= 2647
dEr6(calcite)= 49045
dEr7(illite)= -105092
Phase I
dEr8(muscovite)= 18642
dEr9(clinochlore)= 12765
dErl= —38349
dEhs1= —85435
dEhgl= 135517
dEhI= 50082
dEI= 11733
dEr10(C2Sgamma)= 1500
dEr11(C2Sgammalphaprime)= —150
dEr12(C3A)= 62
dEr13(C4AF)= 248
dEr14(C3S)= —63
Phase I dErll= 1597
dEhs21= -380
dEhs22= —-180223
dEhg2= 82073
dEhII= -98530
dEII= -96933
dEtot -85200
Yield(%) 2,13

4. CONCLUSIONS

This study highlights the energy contribution
of coal combustion as a prime material for clinker
production. Regarding energy considerations, the
following conclusions can be drawn:

1. The combustion of the coal contained in the

gangue is more difficult than that in the open air,

because this combustion takes place within the
LG cement mixture; for this reason, the value
of the enthalpy of combustion, during the DSC,
can be used to estimate the energy input, but the
heating rate is very high in the cement industry
where the calcination temperature rises to 900°C
in a few minutes. The efficiency of this energy
input is improved by favorable kinetics resulting
from the small particle size and consequently
larger surface area.

2. Coal combustion generates heat within the
limestone-gangue mixture itself during the
first phase of clinker’s elaboration effectively
improving calcination; this internal heat is added
to that received by conduction and convection.
On the other hand, using the approximation of an
adiabatic transformation, it is possible to present
the energy gain as a lowering of the working
temperature.

3. Incorporating coal waste in cement production
offers economic and ecological benefits,
potentially making the industry more sustainable.
As this practice gains traction, it’s crucial to
address associated social challenges. Effective
collaboration among industry stakeholders,
policymakers, and communities is key
for ensuring both sustainability and social
responsibility in cement production.
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