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Thermodynamic prediction of the effect of repeated recirculation

of cooled flue gases on the content of major, minor, and trace

compounds in oxy-coal combustion products
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Abstract

This study investigates changes in the composition of oxy-coal
combustion products resulting from the recirculation of cooled
flue gas (FGR) at 20, 60, 100, 200, and 300 °C (containing
70-95 mol% CO»).
calculations describing changes in the content of the major, mi-

It presents the results of thermodynamic

nor, and trace components of flue gases, ash and condensate.
The results reflect a scenario of starting the oxy-coal combus-
tion system in a fluidized bed boiler using low-purity oxygen
from an air separation unit. This work demonstrates that in
FGR loop the major species, i.e., Ar and Nj, as well as the
minor, e.g., Cly, PbCls, HgCly, and CrOCl3, are accumulated.
After nine FGR loops cooled to 300 °C', marked increases in
concentrations were observed: ZnCly and HCI (3-fold), as well
as CrOz(OH)2 (2.5-fold). The ash that was formed contained,
among others, CaSQy, SiO,, CaMgSiaOg, MgSiO3, ZnFez04,
and MgCrpyO4, whose mass changed in successive reactors as
a result of the repeated FGR. Depending on the temperature
of the cooling reactor, flue gases were subjected to recircula-
tion and the main component of the condensate was H,O or
H2S0O4- 6H20. The condensate contained chloride salts, e.g.,
PbCl,, KCI, and ZnCl,, as well as sulfate salts, i.e., K;SO4 and
NazSQOy4, in smaller amounts. A consequence of the nine-fold
FGR cooled to T' < 200 °C' was, among others, a percentage
mass increase in ZnCly in the condensate. The less cooling ap-
plied to flue gases, the more likely the occurrence of sulfates
was in the condensate.

Keywords: oxy-coal combustion, thermodynamic
calculations, flue gas recirculation, fluidized bed boi-
ler

1 Introduction

Carbon capture and storage (CCS) in coal-fired power
plants is associated with costs related to capturing,
transport, and storage. The profitability of CO, cap-
ture from flue gases increases when the amount of
CO; in these gases is high. If one wants CO; to

*AGH University e-mail

predominate in the flue gases, the following techno-
logies are used: chemical-looping combustion (CLC),
pre-combustion capture, or oxy-fuel combustion, in
which the oxidant is free of nitrogen. In terms of the
pre-combustion capture or oxygen-fuel combustion
technology, oxygen derived from air separation units
(ASUs) acts as an oxidant [1]. In the oxy-coal com-
bustion technology, in addition to oxygen, recirculated
flue gases are transported to the boiler to decrease
the flame temperature and increase the CO, concen-
tration in the flue gases [2]. Because of recirculation,
approximately 54.2 % — 80 % of the flue gases are re-
cycled to the combustion chamber [3]; [4]; [5], and the
remaining volume is redirected to the CO, purification
unit. In the flue gases from oxy-fuel combustion, apart
from CO, and H»O, one can find decreased amounts
of such chemicals as: Oz, SOy, NO, Ny (from the
fuel and ASU), and Ar (from ASU) [6]; [7], along
with trace amounts of HCl, Cl, [8]; [9], HgCl, [10],
ASC|3, CI’02C|2, PbC|4 [11], and CI’OQ(OH)z [12] The
cooling of recirculated flue gases initiates the conden-
sation of H,O and HySO4 [13], and of salts such as
PbCl,, PbSO4, ZnCl, and ZnSO, [14] if the tem-
perature drops below the dew point. The dew-point
temperature from the oxy-coal combustion is higher
than that of the flue gases emitted during coal com-
bustion in air [5]. To reduce the condensation of moi-
sture in the FGR loop, the temperature of the flue
gases should be higher than 160 °C' [3]; [4]. Because
of the presence of water in flue gases, FGR may be
dry or wet [15], or in different terminology, cold or
warm [16]. FGR are usually divided into primary and
secondary streams. The primary FGR stream should
be sufficiently dry to be directed toward a coal trans-
fer system without increasing its humidity after rea-
ching a temperature not higher than 300 °C. Above
300 °C, the rolling-element bearings in carbon mills
are damaged [3]. The secondary recycle stream is di-
rected straight to the combustion chamber or can be
mixed with oxygen. Considering the type of flue ga-
ses subjected to combustion and the type of boiler,
FGR gases are cooled to 30 °C' [10], 66 °C' [17],
73 °C [18], and 100 °C' [14], and can then be hea-
ted to 100 — 400 °C' [3]; [15]. Recirculation of hot
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flue gases provides more energy to the boiler, redu-
cing costs of fuel supply and oxygen. In turn, the low
temperature of purified flue gases (25 — 75 °C) is
recommended in the adsorption of CO, on activated
carbon. Inadequate purity of flue gases results in a
decrease in CO, adsorption [19].

The FGR loop can accumulate SO,, HCl, and H>O,
which adversely affects the operation of the installati-
on [4]; [5]; [6]- One of the main substances contami-
nating flue gases is SO,. If the concentration of SO,
in the flue gases increases, there is a proportional in-
crease in the SO3 concentration in the boiler resulting
in a decrease in the dew point of the flue gases [5].

The primary reason for carrying out the thermodyna-
mic calculations for the products of oxy-fluidized coal
combustion considering the application of the FGR
loop is the lack of literature on the repeated recycling
of non-purified cooled flue gases at different tempe-
ratures. Considering FGR at 20, 60, 100, 200, and
300 °C opens the way to evaluating the effect of the
water vapor content in the flue gases on the com-
position of the combustion products (gaseous, solid,
and liquid). Secondly, it facilitates the identification
of components present in the combustion products in
major, minor, and trace amounts, whose content va-
ries in successive FGR loops. Thirdly, it demonstrates
how the use of low-purity oxygen from the air separa-
tion unit (ASU) affects the composition of flue gases.
The results presented in this paper give insight for
both starting the fluidized bed boiler and evaluating
air ingress into the boiler - which is unavoidable even
at laboratory workstations [15]. The introduction pro-
vides an adequate literature review of the topic.

2 Materials and methods

2.1 Fuel

Polish hard coal was the fuel used in the study (medi-
um - volatile bituminous coal - ASTM D388 per the
Standard Classification of Coals by Rank). Table 1
presents a list of element masses per kilogram of dry
coal calculated using the elemental and technical ana-
lysis of coal, as well as the ash analysis. The following
major elements were identified in the coal under dry
conditions: C, H, N, S, O, and Cl, along with lower
amounts of Si, Fe, Al, Mn, Ti, Ca, Mg, P, Na, and
P and trace amounts of As, Zn, Cr, Pb, Hg, and Cd.
The hard coal studied met the fuel criteria required by
the CFB Boiler Lagisza Power Plant 460 MWe with
respect to the contents of moisture (6 % — 23 %), ash
(10 % — 25 %), and sulfur (0.6 % — 1.4 %) [20].

Table 1: Elemental composition of 1-kg dry coal used
in calculations

Elements Mass
Major and Minor (g/kg)
C 646.91
H 41.99
N 8.89
S 8.79
Cl 1.10
o* 190.73
Si 45.29
Al 29.45
Fe 10.19
K 7.07
Ca 4.03
Ti 1.96
Mg 1.60
Mn 1.25
Na 0.60
P 0.15
Trace (mg/kg)
As 48
Zn 38
Cr 24
Pb 19.70
Hg 0.11
Cd 0.09
*Oxygen is calculated as a

difference.

2.2 Calculation Concept

The objective of this study was to determine the effect
of the repeated recirculation of cooled flue gases on
the changes in the formation of oxy-coal combustion
products. Thermodynamic calculations were based
on a system of 20 reactors (10 combustion and 10
cooling reactors) connected in series in a sequence:
combustion-cooling-combustion, according to Fig. 1.

Each of the combustion reactors with odd numbers
from 1 to 19 reflects the process of oxy-combustion
per kilogram of dry coal in a fluidized bed boiler at
850 °C and 0.1 MPa. Accordingly, the combustion
process of 10 kg of dry coal took place in 10 reactors.
The fuel composition for calculations based on ther-
modynamic equilibrium is always introduced as chem-
ical elements [10]; [12]. The fuel moisture is deliber-
ately omitted so as not to change the coal composi-
tion (according to Table 1) by increasing the mass of
hydrogen and oxygen. For fuel oxidation, low-purity
oxygen from ASU was delivered. Pure CO; was trans-
ferred to reactor 1 exclusively, while FGRs were trans-
ferred to the other reactors with odd numbers from 3—
19. 52.5 g of CaCO3 was injected into each combus-
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Figure 1: Simplified chart of the thermodynamic calculations

tion reactor to reduce the emission of SO, . The mass
of CaCOj3 added corresponded to the Ca/S molar ratio
of 1.92, whose range was 1.9 < % < 3.0, thereby fa-
cilitating the achievement of a capacity capture from
Circulating Fluidized Bed Combustion (CFBC) of 90
% [20]. From each combustion reactor, the ash was
distributed outside and the flue gases were condensed
in the cooling reactor. The flue gas cooling reactors
were assigned even numbers from 2 to 20. Five vari-
ants of flue gas cooling were adopted, particularly at
20, 60, 100, 200, and 300 °C. From each cooling re-
actor, the condensate was removed and the required
FGR mass was directed to the following combustion
reactor. The flue gases not recirculated entered the
purification unit. To facilitate interpretation of the
results of the flue gas composition calculations, after
each recirculation loop, in Fig. 1, the following no-
tation of points were introduced: FGRY, FGRY, ...,
FGR®. The notation of FGR? denotes the composi-
tion of cooled flue gases without recirculation after
the combustion of 1 kg of coal, while FGR! repre-
sents the composition of cooled flue gases after the
first recirculation loop and the combustion of 2 kg of
coal.

2.3 Thermodynamic Tool, Databases,
and Input Data

In this study, the thermodynamic equilibrium was
modeled based on Gibbs' total free energy mini-
mization. Thermodynamic prediction of the equi-
librium phase formation during oxy-coal combustion
was performed using the FactSage 6.3 software pack-

Table 2: Mass of substrates used in the calculations
related to the combustion reactors

Reactor No. 1 35,..19
Mass (8) (g)
Coal 1000.00 1000.00
CO. 7331.15 0.00
FGR 0.00 7061.91
(0D} 2070.01 1993.99
N2 38.16 36.75
Ar 81.66 78.66
CaCO3 52.50 52.50

age. FactSage 6.3 contains comprehensive ready-to-
use thermochemical databases in different computa-
tional modules. This study used the “Equilib” module
with databases such as FactPS, FTsalt, and FToxid.
The following were entered into the Equilib module:
(a) major, minor, and trace elements contained in the
fuel according to Table 1, and (b) low-purity oxygen,
CO; (only in the first reactor), FGR, and CaCOj3 ac-
cording to Table 2.

The masses of Oz, N», and Ar were calculated from
the composition of low-purity oxygen: 95 %v/v Oa,
2 %v/v N2, and 3 %v/v Ar produced by Linde Engi-
neering [21]. The ratio between low-purity oxygen and
CO; (or FGR, starting from reactor 3) was assumed
to be 23 wt.%/77 wt.%. To provide a comparison
between the flue gas composition in the successive
recirculation loops, a reference point describing the
constant oxygen content in dry flue gases was estab-
lished. In this study, the constant oxygen level in dry
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flue gases established at 1.4 % v/vO; in each recircu-
lation loop was achieved by ensuring a higher excess
oxygen ratio (A = 1.1) in the first combustion reactor
than in the other reactors (A = 1.06). The lower oxy-
gen excess in combustion reactors 3—-19 resulted from
the fact that FGR gases contain oxygen.

3 Results and Discussion

The results of the thermodynamic calculations are
presented sequentially for the flue gases, ash, and
condensate. In the abovementioned oxy-combustion
products, the compounds were classified by content,
i.e., major, minor, and trace amounts.

3.1 Flue Gas

The results presented below refer to wet flue gases,
which cooled to 20 °C, and contain 2.3 mol% water
vapor (at each FGR point). The effect of the tem-
perature of cooled wet flue gases on their density and
volume is shown in Figs. 2(a) and (b).
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Figure 2: Density (a) and volume (b) of flue gases for
successive FGR loops

The decrease in the density of flue gases is a con-
sequence of FGR and leads to an increase in tem-
perature. After nine recirculation loops of flue gases

(FGR® — FGR?), the greatest decrease in den-
sity (Ad=0.15) occurs at T" = 100 °C. In the
first two recirculation loops (FGR°-FGR?), a signif-
icant decrease in density can be observed, which is
evidently reported when T" > 60 °C. In contrast,
a slight decrease in density was found for flue gases
at T'= 20 °C. The higher the FGR temperature, the
greater is their volume. In subsequent loops, the vol-
ume of FGR increases except for T' = 20 °C' within
the range from FGRC? to FGR!. The main compo-
nents of wet FGR gases are CO,, H,0, O, Ar, and
N», and their proportion composition depends on the
temperature, as shown in Figs. 3(a)—(e).

According to Fig. 3(a), the greatest amount of CO,
(94.7 mol%) can be found in FGR cooled to 20 °C
after combustion of the first kilogram of coal. In sub-
sequent FGR loops, one can observe a loss of CO,
resulting from the accumulation of Ar and Nj. Sim-
ilar CO, content in FGR cooled to the temperatures
of 100, 200, and 300 °C' is observed in each loop
of recirculation. Except for FGR atT = 60 °C, as
from the fourth recirculation loop (FGR*) mol% CO»
remains almost constant, which directly results from
the unchanged content of H,O, as demonstrated in
Fig. 3(b). Water contained in the flue gases at 60 °C'
derived from FGR?* begins to condense, which may
indicate a decrease in the condensation point of flue
gases. Flue gases cooled even to T' = 20 °C' contain
2.3 mol % H,0 at each FGR point. After combustion
of 10-kg coal, in flue gases cooled to T > 100 °C,
one can find 70.2 % CO, and 24.2 % H,O, which
correlates with the literature values for wet flue gases:
68.5 % CO, and 27.7 % H,0 [22]. As reported in the
literature, during oxy-coal combustion in wet FGR, up
to 45 % HyO was observed [23]. Although Fig. 3(c)
shows changes in O, content in wet FGR, the oxy-
gen content in dry flue gases remains constant (1.4
mol %) at each temperature and in each recirculation
loop. The apparent influence of oxygen purity on the
Ar and N; accumulation in consecutive FGR loops is
shown in Figs. 3(d) and (e). The rate of oxygen and
nitrogen accumulation depends on both oxygen purity
and excess oxygen ratio (A). The accumulation is fa-
cilitated via an increase in A. The three components
of FGR, namely, Cl,, HCI, and PbCl,, are compounds
occurring in minor amounts. The volume of flue gases
depends on the temperature and the changes in the
subsequent FGR loops. Consequently, the concentra-
tion of compounds with lower content was expressed
as a mass of the component with respect to the vol-
ume of flue gases as shown in Figs. 4 and 5(a)—(c).

The combustion of coal containing chlorine mainly re-
sults in the emission of atomic chlorine, which is con-
verted into molecular chlorine [24]:
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Figure 3: Mole percent of the main components of
wet flue gases in subsequent FGR loops: (a) CO3, (b)
H20, (c) Oz, (d) Ar, and (e) N2

2C1 — Cly (1)

Alternatively, it forms HCI, among others, as a result
of the following reaction [24]:

H+Cl— HCI(2)
ACI + 2H,0 — AHCl + O (3)

The calculation results confirm that decreasing the
temperature of flue gases from 850 °C' to 300 °C
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Figure 4: Changes in the content of (a) chlorine
molecules and (b) atomic chlorine in successive FGR
reactors at 300 °C

(as reflected in reactors 1-2, 3-4, etc.) results in
an approximately 800-fold increase in the content of
molecular chlorine with a simultaneous consumption
of atomic chlorine, as demonstrated in Fig. 4. Cl, and
HCl are the most important compounds responsible
for the oxidation of Hg in flue gases [10]. As shown
in Fig. 5, the concentrations of minor compounds
strongly depend on the FGR temperature, since each
of them achieves maximum concentration at a differ-
ent temperature. If T < 100 °C, the concentration
of molecular chlorine is higher than that of HCI, and
vice versa, if T > 200 °C. ldentical HCI| concentra-
tions in each cooling reactor were obtained for FGR
at 200 and 300 °C. According to the literature, the
concentration of HCl in flue gases ranges from 1 to
500 mg/m3 [8]; [24] . In practice, most chlorides can
be removed (up to 95 %) from flue gases in the wet
flue gas desulfurization (FGD) system and approxi-
mately 3 % of these chlorides is condensed on fly ash
particles [25]. In low-temperature flue gases, molecu-
lar chlorine becomes the most stable compound that
can be produced as a result of the following Deacon
reaction [24]; [26]:

AHCI+ Oy — 2Cly + 2H,0 (4)

The interpretation of the calculation results depicts
the chlorine consumption according to the following
reaction [24]:

Cly + SOy + HsO — 2HCL+ SOs (5)
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Figure 5: Concentrations of the following minor wet
flue gas components in the subsequent FGR loops:
(a) Cly, (b) HCI, and (c) PbCl,

As a result of the flue gases cooling from 850 °C' to
300 °C, the SO, concentration decreases at the ex-
pense of the formation of SO3. Chlorine occurring in
the combustion environment promotes the formation
of metal chlorides [8]; [9]; [10] , as demonstrated
by the calculation results: PbCl;—Fig. 5(c); ZnCl,
and CrO,Cl,—Figs. 6(a)—(c); and Zn,Cly, HgCl,, and
CrOCl3—Figs. 6(d)—(f). PbCly is the dominant lead
speciation in the FGR, which corresponds to the ex-
perimental results obtained for flue gases cooled below
300 °C [27]. As demonstrated by the thermodynamic
calculations, the highest concentration of PbCly is
characterized by the FGR system cooled to 100 °C
according to Fig. 5(c). After nine FGR loops, the
concentration of PbCly; was 13 mg/m?3.

Among the trace compounds present in the FGR, six

are classified according to Figs. 6(a)—(f). A dominant
trace compound in the FGR at 300 °C'is ZnCl,, whose
concentration increases in the successive FGR loops
and reaches the value of 2190 ug/m* (a three-fold
increase in the concentration after nine recirculation
loops). [10] and [14] confirmed the presence of ZnCl,
in the cooling zones of flue gases at 365-155 °C' and
600-300 °C' . As demonstrated by the calculations,
there is no ZnCl, in FGR cooled below 200°C, where-
as a constant concentration (156 pg/m3) in the suc-
cessive FGR loops is observed only at 7" = 200 °C
. At this temperature, an identical concentration is
reported for Zn,Cly, as shown in Fig. 6(d). Fur-
thermore, the highest concentration of Zn,Cl, can be
found in FGR cooled to 200 °C.

Other compounds formed in the FGR in trace amounts
are the speciation forms of hexavalent chromium
(Crb%), ie,, CrOxCly and CrO,(OH)y, as well as
(Cr°™), i.e., CrOCl3, as shown in Figs. 6(b), (c), and
(f). Further, Fig. 6(b) shows steady concentrations
of CrO,Cl, in two cases: after the first loop (FGR!)
for T = 20 °C, and after the fourth loop (FGR?)
for T = 60 °C. The concentration of CrO,Cl, be-
comes constant precisely at the FGR points where
water condensation begins, as discussed later in this
paper. Further, CrO,Cl; is a predominant trace com-
pound in FGR at T < 200 °C. As observed in
Fig. 6(c), the second position after ZnCly in terms
of the concentration in FGR at 300°C is occupied by
CrO2(OH),. After nine loops (FGR® — FGR?®), the
concentration of CrO,(OH); increased by 2.5 times.
The presence of water vapor in the oxygen-fuel at-
mosphere favors the formation of volatile CrO,(OH),
according to the following reaction [28]:

2Cr903 + 309 + 4H20 — 407"02(0[‘[)2 (6)

Mercury is present in flue gases mainly in the form of
water-soluble HgCl, [26]. As shown in Fig. 6(e), the
concentration of HgCl, exhibits a positive correlation
with the cooling temperature of flue gases. The pre-
sence of Cl, and HCl in the FGR as well as the low
temperature (T < 400 °C)[26] intensifies the oxida-
tion of elemental mercury vapor (Hg®) to HgCl, via
the following reaction [26]; [12]:

2Hg+4HCIl+ Oy — 2HgCly + 2H50 (8)

The last compound shown in Fig. 6(f) is CrOCls,
whose concentration after nine recirculation loops did
not exceed 50 pg/m3. The highest concentration
of CrOCl3 was characterized by the FGR cooled to
100 °C'.  Moreover, note that in addition to the
abovementioned compounds, only for FGR at T" =
300 °C was the formation of PbCl, at the concentra-
tion of 386 ug/m3 (FGR® — FGR®) observed.
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Figure 6: Concentration of trace compounds in wet flue gases in the subsequent FGR loops: (a) ZnCly, (b)
Cr02C|2, (C) Zn2CI4, (d) CFOQ(OH)Q, (e) HgC|2, and (f) CI’OC|3

3.2 Ash

As part of the calculations, one included the removal
of the resulting ash from each combustion reactor ac-
cording to the assumptions. This approach was used
to evaluate the effect of the FGR temperature on the
mass of ash forming in the subsequent reactors of coal
combustion, as shown in Fig. 7. Identical ash mass
(228.14 g) in reactor no. 1 for the considered FGR
temperatures results from the same initial conditions
as those assumed for the calculations. The mass of
the ash formed in the subsequent combustion reactors
does not change when the FGR temperature is 20 °C'.
If 60 °C' < T < 200 °C, a decrease in the mass of ash
is observed in consecutive FGR loops. While for FGR
at 300 °C, in reactors 3 and 5, one can observe an
increase in the ash mass as a result of the formation
of new compounds: TiFe;Os (ferric pseudobrookite)
and Mg,Al;Si5O15 (cordierite) instead of CaSiTiOs

and CaMgSi;Og.

1 3 5 7 9 1
Reactor No.

13 15 17 19

Figure 7: Mass of ash formed in the subsequent com-
bustion reactors
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Table 3: Masses of ash components formed in reactor
1

Species - crystalline phase Mass
Major and minor (g)
CaAl;SizOg - anorthite 120.86
KAISizOg - leucite 39.45
CaSOy - anhydrite 14.66
Fe2Os3 - hematite 14.49
SiOz - quartz 8.41
CaSiTiOs - sphene 8.03
CaMgSisOg - diopside 7.53
NaAlSizOs- high-albite 6.84
Mn3Al3SisO12 - Mn-pyrop 3.75
MgSiOgs - ortho-enstatite 3.1
Trace (mg)
Ca3(POu4)2 - whitlockite 751.1
ZnFe204 125.8
AlAsO4 106.3
MgCr2O4- chromite 41.9

Ash formed in reactor 1 consists of 14 components
(ten in major and minor amounts, and four in trace
amounts), according to Table 3.

The predominance predominance of silicates results
from an analysis of ash, whose main component is sil-
icon, as previously reported in Table 1. Recent stud-
ies on coal-fired deposits under cooling conditions of
flue gases confirm that the dominant compounds in
ashes are silicates, i.e., CaAl,SiO7, CaMgSi,Og, and
sulfate CaSO4 [29]. The ash components listed in
Table 3 can be classified into two groups. The first
group consists of compounds of unchangeable mass
in all combustion reactors in the investigated FGR
temperature range: CaAl;Si;Og, KAISi;Og, FeyOs3,
CaSiTiO5, Na/—\ISi308, Mn3/—\|25i3012, and A|ASO4
Constant mass is also attributed to Ca3(PO4), and
Ca5(PO4)3(OH) (hydroxyapatite), but these com-
pounds are not formed in all combustion reac-
tors. Irrespective of the FGR temperature, the con-
stituent ash component in all combustion reactors is
CaAl,SizOg. The second group consists of ash com-
ponents exhibiting a mass change at different FGR
temperatures, as shown in Figs. 8(a)—(f).

When FGR temperature reaches 20 °C', the mass of
compounds formed in ash:

e is almost constant in all the combustion reactors,
e.g., CaSQy, Si0,, CaMgSi,Og, and MgSiO3, ac-
cording to Figs. 8(a)—(d), or in combustion reac-
tors 5-19, i.e., MgCr,04, according to Fig. 8(f),
or,

e decreases in the subsequent combustion reac-
tors, as for ZnFe;Oy4 (this compound is no longer
formed in the last combustion reactor). Fur-

ther, MgCr,O4 is the only speciation form of
chromium in ash, which is reflected in the cal-
culations presented by [12].

When the FGR temperature is 60 °C', starting with
combustion reactor 9 for CaSQ,, SiO,, CaMgSi,Og,
and MgSiO3, and starting with reactor 11 for
MgCr,04, constant mass values were observed for the
abovementioned compounds in ash. The mass of the
ash components (except for ZnFe;O4) in the subse-
quent FGR loops remains constant if water is con-
densed from the flue gases, which is the case for FGR
at 20 °C' and 60 °C', as shown in Fig. 9(a). The high-
est sharp increase in the mass of CaSQy, SiO,, and
MgSiO3 occurs after the first FGR loop at 300 °C.
A marked increase in CaSQOy corresponds to the ab-
sence of HySO4-H>O in the condensate, as shown in
Fig. 9(b)

CaSO0y is formed due to the addition of CaCO3 to the
combustion process. In oxy-fuel combustion conditi-
ons, direct sulfation of CaCOj3 is preferred [30]:

2CaCO3 + 2509 + 03 — 2CaS0Oq +2C04 (9)

After the initial (in combustion reactor 3 with FGR at
300 °C') mass increase of SiO, and MgSiOs, they de-
crease in the subsequent combustion reactors, mostly
due to the formation of CaMgSi;Og initiating in com-
bustion reactor 7, according to Fig. 8(c).

3.3 Condensed gases

Sulfur and chlorine are acidic elements of coal. As a
result of coal combustion, S and Cl (i.e., as SO, and
HCl) are transferred to the gradually cooled flue gases,
thereby promoting the condensation of a condensate
from the acid gas vapors. From the coolest flue gases,
water condenses in each cooling reactor according to
Fig. 9(a). However, for FGR at T" = 60 °C, water
condensation initiates only in reactor 10, which might
indicate a change in the dew point temperature. If the
flue gases leaving the reactor exhibit a temperature
higher than 60 °C, water does not condensate from
the flue gases. A comparison of the results shown in
Figs. 9(a) and (b) reveals that HySO4 - 6 HyO is a
major constituent of the condensate that forms when
the flue gases cool to 60 °C (only for cooling reactors
4, 6, and 8), and higher than 60 °C for all cooling
reactors. Furthermore, in each cooling reactor (irre-
spective of the FGR temperature), the salts whose
total mass values are reported in Fig. 9(c) are conden-
sed. The figure demonstrates that in the subsequent
cooling reactors (when T' < 300 °C'), the condensate
contains a greater amount of salts. In reactor 20, the
mass of the salts present in the condensate is almost
four-fold higher than in reactor 2 for FGR at 20 °C.
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Figure 8: Minor and trace amounts of ash components formed in the subsequent combustion reactors: (a)
CaSO0y, (b) SiO,, (c) CaMgSiz0s, (d) MgSiOs, (e) ZnFeyO4, (f) MgCrp04

The effect of FGR temperature on the mass percen-
tage of the salts present in the condensate in the sub-
sequent cooling reactors is shown in Figs. 10(a)—(e).
Further, ZnCl; is a predominant compound of the con-
densate when FGR is characterized by T" < 200 °C,
while PbCl; is predominant for FGR at 300 °C' . The
more frequently the flue gases are subjected to recir-
culation, the higher the mass percentage of ZnCl; is
in the condensate. The condensation temperature of
ZnCl, is approximately 397 °C' , while for PbCly, it
is estimated to be around 527 °C [22]. If the FGR
T < 100 °C , the condensate consists only of chlo-
rides: PbCl,, KCI, ZnCl,, CdCly, MnCl,, and NaCl.
The higher FGR temperature (200 and 300 °C') pro-
motes sulphates condensation: Na;SO4 and K,SOy.

At 300 °C, KCl and NaCl are not condensed from the
flue gases, which indicates the conversion of chlorides
into sulfates [20]; [22].

4KCl+4 25054+ O3 + 2H0 —
2K5504 +4HCI (10)

ANaCl+ 2505 + Os 4+ 2H50 —
2Nas S04 +4HC (11)

The course of the abovementioned reactions contri-
butes to, among others, an increase in the HCI con-
centration in flue gases with the highest temperature,
as shown in Fig. 5(b). In summary, the results of the
calculations shown in Fig. 10 demonstrate that sulfa-
te condensation is favored by the high temperature of
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Figure 9: Masses of the major compounds condensed:
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ses of the other minor compounds in the subsequent
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flue gases.

4 Conclusions

The major, minor, and trace compounds contained in
the flue gases, ash, and condensate formed as a re-
sult of the oxy-coal combustion process using repeated
FGR at different temperatures constituted the subject
of this study. The thermodynamic calculations were
performed using FactSage software. The presented re-
sults refer to a system of 20 reactors (10 combustion
and 10 cooling reactors) connected in series in the fol-
lowing sequence: combustion-cooling-combustion. For
each of the combustion reactors, 1 kg of coal was
transported; the process of coal combustion was ana-
lyzed for 10 kg of coal.

The major conclusions from the calculations were as
follows:

e In the flue gases, the following compounds were
distinguished:  (a) major - CO;,, H,0, O,, Ar,
and Nj, (b) minor - Cly, HCI, and PbCly, and
(c) trace compounds - ZnCly, CrO,Cly, ZnCly,
CrO,(OH),, HgCly, and CrOCl3. The maximum
content of CO; in the flue gases estimated to be
94.7 mol% was obtained for the cooling system
having a temperature of up to 20 °C' in reactor 1
(i.e., without recirculation). As a result of the Ar
and N; accumulation in the flue gases in the sub-
sequent FGR loops, a reduction in CO, content
was observed. The lower the flue gas tempera-
ture, the higher the molecular chlorine content
was. After nine loops of FGR cooled to 300 °C,
a three-fold increase was observed in the ZnCl,
and HCI concentrations.

e Ash formed from the oxy-coal combustion pro-
cess consisted of 14 components. In the last
combustion reactor, the highest ash mass of 1 kg
of coal was obtained when the FGR was cooled
to 20 °C'. Repeated FGR led to mass changes
of the formed ash components: CaSQ,, SiOs,
CaMgSi,0g, MgSiO3, ZnFe, 04, and MgCryOy4.

e The condensate composition largely depended on
the FGR temperature and the changes in the sub-
sequent cooling reactors. If the flue gases leaving
the reactor were characterized by a temperature
above 60 °C', water did not condense from the
flue gases. In each cooling reactor (irrespective
of the temperature and FGR loop), the conden-
sation of salts was observed.
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