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Abstract—A simulation using a thermodynamic equilibrium model was performed to predict the effect of ash com-
positions on the behavior of ar pollutants during fluidized bed dudge incineration. To investigate emission characteris-
tics, the incineration temperature, air-fue retio (A;) and contents of calcium and chlorine were chosen as mgor operat-
ing parameters. For the analyses of the desulfurization of SO, and the pollutant emissions by the limestone addition,
the CalS molar ratio was changed from 0.5 up to 7.0. According to the simulation, NO, was not influenced markedly
by the air-fud retio, though greetly influenced by operating temperature. The effect of desulfurization with limestone ad-
dition was grestly influenced by ash composition, and desulfurization occurred over the CalS molar ratio of 5.5. Thiswas
dtributed to the fact that the reactivity of the P component in ash to the added CaO was higher than that of sulfur in fudl.
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INTRODUCTION

The concentration of air pollutant emissons in the fluidized bed
incineration process is greatly affected by operating condition and
their compositions of the wastes [Cooper and Alley, 1986; Yan et
d., 1999; ZevenhoverntrOnderwater e d., 2000]. Therefore, in order
to underdand the characteridics of air pollutant emissons and to
reduce them, methods for establishing optimum operating conditions
of waste should be developed.

To date, the optimum operating conditions have been determined
through severa combustion experiments based on compositions of
waste and fud. But, there is condderable difficulty in carrying out
this task; consequently, studies on predicted modding, bassd on con-
centrations of combudtible parts and heavy metds, have been par-
tidly carried out [Desrches-Ducarne et d., 1998].

However, exiding predicted modd gudies are focused on the
basic dements of combudtible contents, which lead to large discrep-
ancies. The reasons for the discrepancies are due to the lack of con-
Sderaions for the amount of ash and its chemica compasition [Des
rchesDucarneet d., 1998; Jang et d., 2001].

Thereis an especidly wide difference between the measured and
the predicted vaues of SO, concentration in wagte incineration with-
out condderation of ash content and compodtion. In addition of
limestone to desulfurize, it can be theoretically expected the perfect
desulfurization in an equimolar CalS retio. But, mogt operations
are done with excessive limestone injection in practical incineration
of wagte. The reason isthat the utilization rate of sorbent according
to the structurd properties and particle distribution of limestone and
the contact effidency between limestone and sulfur oxides are con-
ddered in practical incineration process. However, in order to pre-
dict the behavior of ar pollutant emisson more accurately in the
incineration process, sudies on the ash compositions must aso be
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carried out.

Consequently, the prediction of equilibrium compogtions of air
pallutants from wagte incineration processes was carried out with
cond dering ash compasitions besdes the mgor dements. Theemis:
son characterigtics of ar pollutants were evauated with operating
parameters such as incineration temperature, air-fud ratio and Cal
Sratio according to limestone addition.

MODEL SIMULATION

In this sudy, HSC Chemistry [Outokumpu Research, 1999], which
is athermodynamic equilibrium modd using the Gibbs free energy
minimization method, was gpplied to predict emisson behaviors
of ar pollutants considering both the mgjor elements and ash com+
pogition.

To invegtigate the emisson characteridics of ar pollutants, incin-
eration temperature, air-fud ratio and the rate of limestone addition
were chosen as mgor operating parameters. The air fud ratio (A;)
and the Ca/S molar ratio were changed to 2.0 and 7.0, respectively.
The compositions of sewage dudge were listed in Table 1. There-

Table 1. Compositions of sewage dudge used in the experiment

Proximate anaysis (wt%) Ash analysis (wt%)
Moisture 21.00 SO, 49.60
Combustibles 30.64 AlLO, 18.37
Ash 48.36 PO, 14.30
Ultimate analysis (wt%) TiO, 0.84
Ca0o 543
C 14.30 MgO 130
H 2.72 Na,O 115
N 2.33 K,O 214

S 145

0] 17.99

Ash 61.22
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alts of anadys's were considered asthe input data of the modd used
in this study.

A modd smulation was carried out to predict the effect of ash
compositions on the emission levd of ar pollutants in a fluidized
bed incineration of sewage dudge usng athermodynamic equilib-
rium modd (HSC chemigtry). Equilibrium assumption implies infi-
nite reaction times and perfect mixing in the incineration system.
Thus, the equilibrium compostion represents the mogt seble chem-
icd composition within a sysem under a specific Sate. Thermody-
namicaly, this composition is corresponding to the one where the
system free energy is minimized. The caculated equilibrium com-
position would reved the preferred chemicd spediation under a soec-
ific date, which in turn, suggests potentid chemica reections, which
may occur within the system.

The sewage dudge usad in the modd dmulation consisted of
moaigure, ash, C, H, N, Sand O. The incinerator was assumed to
operate & 400-1,200°C of temperature range, 0-100% excess ar
and 1.0 am pressure. The desulfurizing agent (Ca0) was fed into
the bed for the purpose of the SO,-remova. The CalS molar retio
was assumed to be varied from 1.31 to 7.0 with the condderation
of the Ca0 in the ash composition. In addition, the molar ratio of
chlorine to sulfur was assumed to be varied from 0.01 to 3.0toin-
vedigate the effect of chlorine content on the gas emissions.

RESULTSAND DISCUSSION

1. The Emission Characteristics of Air Pollutants

Thetotd air-fud ratio (A;) and bed temperature are mgjor oper-
ating parameters in fluidized bed incineration. The emisson of ar
pollutants was remarkably affected by the mgor two operaing pa:
rameters, and thus their effects were predicted by modd caculation.

The molar fraction of mgjor exhaust gas with the totd air-fuel
ratio (A) during the fluidized bed incineration of sewage dudge was
profiled in Fg. 1. The concentration of nitrogen oxides (NO,) inthe
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Fig. 1. Themalefraction of major air pollutantswith total air-fud
ratio (T=800°C).
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exhaugt gaswas low, but the sulfur oxides (SO,) were etimated as
a high concentration. From these reults, it is necessary to control
aulfur oxidesin the fluidized bed incineration of sewage dudge.

As shown in Fig. 1, the effect of the excess ar on the emisdon
leve of nitrogen oxides dightly increased, but the concentration of
ulfur oxides decresses dightly with an increase of totd ar-fud ratio.
With a smulation results, this can be explained that the higher ex-
cessair leads to the higher partid pressure of oxygen in theinciner-
ator, and thus the oxidization rate of the nitrogen component in the
dudge increasad with the increase of thetotd air-fud ratio.

Generdly, mog of the sulfur in the fud was oxidized dueto the
high converson rate of sulfur in theincineration process [Gibbs and
Hampartsoumian, 1984]. The partid pressure of oxygen incressed
with the increase of the totd air-fud ratio, and thus the converson
rate of the sulfur component increased, but the emission level of
aulfur oxides was highly affected by the dilution effect owing to a
large amount of the excessair.

The concentration and species of the air pollutants varied with
the operating temperature in the fluidized bed incineration of sew-
age dudge. The emission characteridics of air pollutants with an
operating temperature of the 400-1,200 °C range are illudtrated in
Fig. 2. As shown in Fig. 2, the mgor ar pallutants in the flue gas
are the SO, NO,, CO and H,S0,, and mogt of the sulfur compo-
nent was converted to the sulfur oxides (SO,) above the tempera:
ture of 800 °C. The concentration of hydrogen sulfate (H,SO,) @ a
low temperature was comparatively high, but the hydrogen sulfate
(H,S0,) was converted to the sulfur oxides (SO,) when the tem-
perature increasad to the typical incineration condition. From these
results, when the operating temperature of the air pollutant control-
ling devices decreased for the purpose of the sulfur oxides contral,
some measures must be taken to cope with the corrosion of the con-
tralling devices due to the increase of the H,SO,.

The emisson levd of the nitrogen oxides (NO,) increased with
operating temperature. This could be explained by the formetion rate
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Fig. 2. Themoalefraction of gaseous pollutant with operating tem-
perature (A;=1.2).
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of the fud-NO, and therma-NQ, increase with operating tempera:
ture due to the higher oxidization rate of the nitrogen component in
the dudge and nitrogen gasin the combustion air in the higher tem-
perature condition [Zeldovich et d., 1947; Fenimore, 1971].

2. The Effect of the Ca/S Mdar Ratio on the Emisson Char-
acteridics

Lime or limestone injection is usudly used for the purpose of
desulfurization during the incineration process[Lin & d., 1994; Seo
et d., 1999]. Determingtion of the limestone dose is usudly esti-
meated on the Ca/S molar rtio basis The extent of desulfurizetion
is remarkably dependent on the purity and the particle sze of the
limestone injected in the practicd incineration process, and caci-
nation and sulfation of the limestone are very sendtive to operating
temperature. Thus, perfect desulfurization is not possble when the
limestone isinjected into the bed as a theoreticd molar ratio of the
C4'S. In addition, the gaseous SO, reacts heterogeneoudy with the
0lid phase of the Ca0, and the utilization of sub-micro pores of
limestoneislimited, and thusthe practicd injection rate of limestone
ismuch higher than the theoreticd molar ratio[Lin et d., 1994; Seo
etd., 1999].

Fig. 3 shows the concentration of air pollutants with regard to
the Cal'S malar ratio and without consideration of the ash compos-
tions. Theoreticaly, perfect desulfurization was accomplished et the
CalS of 1.3, as shown in this result. But the high efficiency of de-
aulfurization can be obtained practicaly in the incineration process
over 3.0 of the Ca/lS molar ratio [Seo et d., 1999]. The predicted
vaues by the thermodynamic equilibrium modd were especidly
different from the mesesured vl ues experimentally for weste, which
hed high ash content. It was supposad that the ash componentsin
the wagte might participate in the desulfurization reaction [Seo et
d., 1999]. Therefore, modd smulation was performed with con-
Sderation of ash compostions, such asthe SO, ALLO;, P,O;, Ca0,
MgO, Na,O, TiO, and K,0O, and the CalS molar ratio was aso pre-
determined on araw ash bass without adding limestone.

Fig. 4 showsthe emission levd of the ar pollutants with the op-
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erating temperature. Although the limestone was not injected, the
CalS maolar ratio was 1.3 due to the high content of the CaO in the
sawage dudge, but a desulfurization reaction did not occur. This
result differs entirdy from the desulfurization efficiency obtained
without the condderation of ash compositions as shown in Fg. 3.
Therefore, more limestone was required to reduce the sulfur oxides.

As shown in Fig. 5, the desulfurization reection dightly occurred
a 55 of the Ca/S molar ratio, and then a remarkable effect of re-
duction was obtained &t 6.5 of the CalS. As mentioned above, the
desulfurization reection sarted as the Cal'S molar ratio exceeded
5.5 in an incineration of the sawage dudge. Theinjected limestone

100
N~
101 L CO.
02
10-2 -
SOx

S 109) o
= 10 \
3 10s) \
": NOx \
\
3 10_5 I ~
=
10°F o
107+ H,SO, ﬁ\
10.8 | 1 1 1 1
1 2 3 4 5 6 7
CalS
Fig. 5. Themalefraction of gaseous pollutantswith Ca/Sratio (T=
800°C, A.=1.2).

Korean J. Chem. Eng.(Val. 22, No. 1)



64 M.-R. Kimet d.

102
Ca(OH),*Ca,(PO,),
-3 |-
10 CaSio,
- CaMgsi,0q
— CaTiSiO; —
© 10% -
o Ca0*Tio—]
g CaS0,%0.5H,0—
o 105 | )
:,3 CaMgSiO, — |
g 2Ca0*Sio,
o 10° | Ca,Si,0,
° 3Ca0*2Si0,]
E Ca0o
Ca0*Fe,0;
-7 |-
10 CaCO, |
1078 | | ] | ]
1 2 3 4 5 6 7
CalS

Fig. 6. The concentration of Ca compoundswith Ca/Sratio (T=800
°C, &=1.2).

reacting with any component in the ash compositions can explain
this.

The variations of the cacdum compounds in the ash with the Ca/
Smoler ratio are plotted in Fig. 6. Asshown in Fig. 6, the Ca(OH),-
Ca(PO,),(s) anong the various Ca-compounds was the most dom-
inant compound in the whole of the conditions. And then some of
the compounds such asthe CaS0O,(s), CaSI0y(s), CaMgS,0x(9) and
0 on were usudly produced asthe CalS molar ratio exceeded 5.5.
Therefore, the desulfurizing reaction by the limestone injected Sarted
a 5.5 of the Ca/S molar ratio, and then the ash components could
react with the remaining Ca-component after it reacted with sulfur
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and phogphorus.

The consumption rate of the limestone added for the removd of
the sulfur oxides was sgnificantly affected by the phosphorous con-
tent in the ash. Asshown in Hg. 7, the various phosphuretted com-
pounds, such as Ca(OH),-Cay(PO,),(9), AIPO,, Mgy(PO,),, MgP,0,
NaPO; and so on, were usudly produced & alow Cal'S molar ratio.
As mentioned above, the desulfurization did not occur up to 5.5 of
the CalSmolar ratio.

The molar fraction of Ca(OH),-Ca,(PO,),(s) was increased with
the Ca/lS molar ratio, but the P-compounds reected with the Al, Na
and Mg component which were dissociated and converted to the
phosphuretted calcium compound. From these reults, the reectivity
of the P-component to the injected limestone (Ca) was the highest
in comparison to other ash compoundsin this study.

According to the behavior of the P-component, therefore, the be-
havior of the Al-, Na- and Mg-compounds was sgnificantly deper-
dent on the fate of the P compounds. As shown in Fg. 8, mogt of
the Al-component was usudly formed to the Al,SO; and AIPO,,
but the AIPO, was decreased and converted to the AL, SO, and other
oxides by the increases of the Ca/Sratio.

Similar trends could be dso observed in the magnesium (Mg)
and the sodium (Na) components. As shown in Figs. 9 and 10, the
phosphuretted compounds were converted to the oxides coupled
with the Ca, S and Al components with the increase in the CalS
molar raio. Mog of the Mg-component was usudly formed to the
Mg,(PO,), and MgS O, up to around 5.0 of the CalSratio, but the
MgSO; was the dominant compound with an increase in the CalS
ratio. The sodium component was usudly formed to the Na,SO, and
NaPO;, but the NaPO, was decressed and converted to the NaAlS,0,
and other oxides by the increases of the CalSrratio.

In the case of the high phosphorous containing weste, the deter-
mination of the Ca/S molar ratio should be considered for the sul-
fur and phogphorous contents in the waste. Applying the stoichio-
metric reection, the formation mechaniam of the Ca-P compound



Effect of Ash Compositions on Air Pollutant Emissions during Fluidized Bed Sludge Incineration 65

102
MgSiO,
-3 |

10 Mg,(PO,), MgsO,
- e — —~ CaMgSi,0,
— Mg,P,0
ER — %y
(T
5]
o
o
©
=
2 10-6 -
o
=

107

108

Fig. 9. The concentration of Mg compounds with Ca/S ratio (T=

800°C, A.=1.2).
102
10°F Naso,
- Naso, )
© 10“ - __NaPO,
=z NaAISi,0,
[T
(<] a,P,0,
S 10°f
B N a,Si0
.§ NaFe(Si0,),” N \
o 10° -
° NaAlSio,”
= Na;PO,  NaFeO,
107 | (NaAISnZOS\ / v g%zz
FeNaO,, — \ 7
NaFeO,(l) \ NaOH
10.8 \ 1 \
1 2 3 4 5 6 7
CalS
Fig. 10. The concentration of Na compounds with Ca/Sratio (T=
800°C, 1,=1.2).

predicted by the model smulation may be asfollows.
4Ca0+P,0Os+H,0— Ca(OH), Ca(PO,), ®

The theoreticd molar ratio of the calcium to the phosphorous
was 2 times more than shown in the Eq. (1). Themolar ratio of S,
Caand P content based on the vaue listed in Table 1 was about 1 :
1.3:27, and 201 of the molar ratio of the Cato the P was equiva
lent to 5.5 of the Ca/S molar ratio. Thisimpliesthat the desulfuriza-
tion reaction started a the Ca/lS molar ratio of 5.5 and over. There-
fore, the determination of the limestone injection rate using the Cal
(S+P) molar ratio is the more reasonable manner during theincin-

eration of the wagte containing a high phosphorous content. The
optimum rate of limestone injection was observed at the Cal(S+P)
molar ratio of 3.3 and upward.

In the practicd incineration process, however, the desulfuriza:
tion efficiency can be reached a 90% or more a the CalS molar
ratio of 3.0[Seo et d., 1999]. The differences between the predicted
and practica vaues were caused by the facts that the CaO content
in the ash was involved in the caculation of the Ca/S moler ratio,
and the partide Sze of the limestone was not conddered in the mod-
e dmulation. If the CaO content in the agh is not considered, then
the Cal'S malar ratio becomes 4.2, which is somewhat higher than
the precticd vaue. In apracticd incineration process, alarge amount
of the limestone injected is trangported into the fregboard section
without remaining in the bed due to the wide range of the Sze dis
tribution of the limestone particle. Thus, a lower amount of lime-
gone than the predicted vaue is required [Lin et d., 1994; Seo et
a., 1999].

CONCLUSIONS

This study was performed to predict emission characteridtics of ar
pallutants using athermodynamic equilibrium mode, and to estab-
lish basic data for an optimum operating condition, which was able
to reduce the emission levd of ar pollutants. The resuits obtained
inthis sudy are asfollows;

The concentration of sulfur oxides decreased dightly with anin-
creese of totd ar-fud ratio. Mogt of sulfur component was converted
to the SO, above the temperature of 800 °C. On the other hand, the
nitrogen oxides (NO,) were dightly incressed under the excess air
condition. Theemisson levd of the nitrogen oxides (NO,) increased
with the increase of operating temperature. This could be explained
by the formation rate of the fud-NO, and therma-NO, which in-
creased with an increase of operdting temperature dueto the higher
oxidization rate of the nitrogen component in the dudge and nitro-
geninthe combudtion ar.

Without conddering ash compoastions theoretically, perfect desul-
furization could be accomplished at the Ca/'S malar ratio of 1.0. Al-
though the limestone was not injected, the CalS malar ratio was
1.3 due to the high content of the Ca0 in the sawage dudge, but
the sdf-desulfurization reection did not occur. This can be explained
by the reection between included CaO and any component in the
ah.

Because the Ca component preferentialy reected to the P com-
ponert, the desulfurizing reection by theinjected limesonewas Sig-
nificantly affected by the phosphorous content in the ash. The be-
havior of ash components such as Al, Na, and Mg was d<o affected
by the Ca-P compound. Therefore, the determination of the lime-
goneinjection rate usng the Cal(S+P) molar ratio had a more rea-
sonable manner during the incineration of the waste containing a
higher phosphorous content.
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