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Abstract— A mathematical model based on a mass and energyoduction capacity, emissions and overall openatd the

balance for the combustion in a cement rotary kilis developed.
The model was used to investigate the impact ofacipy about

45 % of the primary coal energy by different altive fuels. Refuse
derived fuel, waste wood, solid hazardous wastdigoil hazardous
waste were used in the modeling. The results shdlastdn order to

keep the kiln temperature unchanged, and therebintama the

required clinker quality, the production capaciadho be reduced by
1-15 %, depending on the fuel type. The reasornitferreduction is
increased exhaust gas flow rates caused by thechahcteristics.
The model, which has been successfully validated ifull-scale

experiment, was also used to show that the negatipact on the

production capacity can be avoided if a relativetyall part of the

combustion air is replaced by pure oxygen.

process should be investigated. Finding bottlenegksclear
the path for optimizing the process and the altareafuel
consumption.

The range of alternative fuels is very wide. Some
researchers have focused on emissions and polldiiento
waste derived fuel combustion in cement kilns [Z]-mpacts
on the product and the process have also beertigatesi by
some authors. One study was carried out to inwstigir
demand and energy input by partly replacing prinfagt by
meat and bone meal and sewage sludge [8]. The aathers
also investigated the change in clinker compositiue to
change of fuels [9]. Another study [10] shows tlifea of

Keywords— Alternative fuels, Cement kiln main burner, Oxygenrefuse derived fuel (RDF) combustion on clinker darction,

enrichment, Production capacity

I. INTRODUCTION

process and emissions. A detailed mathematical mimide
optimal selection of raw materials and fuels hasnbe
developed by other researchers [11]. In still aeo8tudy, the

EMENT production is a very energy demanding procedtow of exhaust gases and the effect on operatipasameters

ranging from 3.2 to 5 MJ/kg of clinker depending the
process conditions [1]. Fossil fuels, such as aadlpetroleum
coke, have traditionally been used as energy ssurcehe
cement manufacturing industry. However, in recestades,
many countries around the world are implementimgptitocess
of applying waste and other alternatives to sulistifossil
fuels in cement production, not only to reduce gpeosts but
also for saving natural resources, decreasing @nss
decreasing the need for waste disposal optionsdawteasing
CO, emissions.
Before any alternative fuel is put into use in catiglns, the
net benefit of the use of alternative energy saierel several
issues must be taken into concern. The technicaifdity,
economic viability as well as impacts product quality,
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were found [12]. The effects of chemical charastars of the
fuel on key process parameters and the reductipnoofuction
capacity due to replacement of primary coal endrgymeat
and bone meal were investigated previously [13jtHeurmore,
the effect of oxygen enriched combustion on the ez@m
production process has been investigated by seeerthbrs
[14]-[18].

In the present study, a mathematical model
implemented in Matlab, based on a mass and enexignde
of a rotary cement kiln. There were two main objet of the
present study: 1) Quantification of the reductiépduction
capacity due to replacement of around 45% of tivegry coal
energy by different alternative fuels which havev Ibeating
values compared to coal. 2) Quantification of prynair
replacement by pure oxygen required to compendate t
negative impact on the clinker quality due to ukalternative
fuels. The simulation results related to the folsjective were
verified by results from a full-scale test docuneehbefore
[19]. A description of the kiln system is descrikiadprevious
publications [20], [23].

Il. FUELS
Analyses of different fuels are shown in Table DRis

was



derived from municipal and industrial waste whickash
paper/cardboard, wood, textiles and plastic as teEn
constituents. SHW is solid hazardous waste and Lisi\iquid

precalciner (secondary burner) was also carriednoaitder to
determine the total exhaust gas flow rate at nocoaditions.
This figure is required to determine the reductinrclinker

hazardous waste. Both SHW and LHW contain organjroduction rate when alternative fuels are usedh& main

TABLE |
ULTIMATE ANALYSIS OF DIFFERENT FUELS(AS RECEIVED)
) Waste wood
Parameter Unit Coal RDF SHW LHW
(China)

Net calorific value (NCV) [MJ/kg] 28.30 18.20 14.90 15.90 14.60
C [ka/kg] 0.729 0.431 0.403 0.359 0.437
H [ka/kg] 0.039 0.062 0.053 0.053 0.080
0] [ka/kg] 0.056 0.304 0.390 0.285 0.253
S [ka/kg] 0.014 0.004 0.000 0.012 0.016
N [ka/kg] 0.017 0.007 0.041 0.006 0.018
Ash [ka/kg] 0.136 0.121 0.071 0.167 0.000
Moisture [kg/kg] 0.010 0.071 0.042 0.118 0.198

solvents, paint, glue and many other organic hamerdvaste
types, however in SHW, the waste is more pastyisutnence
mixed with wood chips to improve handling propestie
Among those fuels, only coal is fully fossil; wbas fully
biogenic; whereas RDF, SHW and LHW are partly biige
[21].

A mass and energy balance for a cement rotary ila
developed. Process parameters were taken froml-achle
cement plant in Norway which produces around 340 of
clinker per day. Only the rotary kiln (main burnenas
included in the main model, however a mass nealdor the

METHOD

burner. Mass and energy transfer streams in tlaeyréiln are
shown in Fig. 1.

A.Casel

This case corresponds to quantifying the reductidn
production capacity due to replacement of primagl @nergy
by alternative fuels. In the first step of casealmix of coal
and each of the four alternative fuels describetiahle | (one
at a time) was supplied to the main burner. Thesrflass rate
of alternative fuel replaced around 45% of the priyncoal
energy, based on a simulation carried out prewofmsl meat
and bone meal [13], whereas the coal flow rate eadsulated
to give the same total fuel energy inputfas pure coal

Control volume Heﬁt los
False ai —:—» : _E> Kiln gas
Combustion energy ___;___> —:> Pre<calcined meal dust in ki
Primary fuel E Main : 9as
Primary air —:» Burner 4——4!———— Meal reaction energy
Secondary air —:—»
Clinker dust in secondary —:—b Rotary kiln

Clinker ¢—+
Clinker dust to the cooler ——|

Solid material

-«——— Pre-calcined meal

l«——Precalcined meal dust fro

i precalciner

Fig. 1 Conceptual model of the rotary kiln (solitkls: mass streams and sensible energy flows;dlities: other energy streams)



combustion (reference case). In the secom 8te energy
input to the main burner was increased by incrgasie coal
flow rate of the mixture in order to obtain the sakiln gas
temperature as in the coal reference case. Keapmdigh

temperature is crucial for maintaining the clinkexineral

formation rate in the rotary kiln and hence maintag the

product quality. Increasing the fuel input howewszans that
the clinker-specific fuel energy requirement in thain burner
was increased. The third step was to tune the roaak flow
rate and clinker production rate in order to hawée anly kiln

gas temperature similar but also the volumetrievflate of

total exhaust gas from the precalciner similahgt of the coal
reference case. This was done in order to findedection in
production capacity due to replacement of parthefcdoal by
an alternative fuel. The reason for keeping theltekhaust
gas flow rate at the reference case level is thettajor gas
flow resistance is in the preheater and precalciaad this
resistance typically represents a bottleneck fergroduction

constituting an energy transfer from the kiln te ttooler. The
rate of the combustion reactions were assumed tdabie
compared to the residence time in the rotary Kience the
chemical kinetics were disregarded. Complete cotidu®f
primary and secondary fuels was assumed. The etamen
analysis was used for the evaluation of combusti@ttions.
A global mechanism was assumed for all elementd, tha
reactions were considered irreversible. The contust
products were hence taken as 8,0, SQ, N, and Q.
Moisture and ash were regarded as inert componEmstotal
air or oxygen supply through the main burner inlets kept
constant independent of fuel type and fuel flowerathe
overall heat transfer coefficient for the evaluatwf heat loss
through the rotary kiln shell was kept constandlircases due
to lack of more accurate data. Work done by kiltation
(very small compared to the thermal energy inpat} vgnored
in the energy balance. The specific heat capadaditi¢he kiln
gas components were calculated as temperaturedoad¢2].

capacity. The excess,@r the combustion in the calciner was

kept similar to the value used in the rotary kililme clinker-
specific energy supply to the precalciner was kepitstant in
both cases; 90% of that energy was provided via Ridrthe
rest through coal (similar to the operation of tement kiln
system considered in this work).

B.Case 2

This corresponds
replacement by pure oxygen. In the main burnerathéor the
combustion is supplied through primary and secondar and
some false air is also sucked into the system duanter
pressure. Case 2 is similar to step 1 in case tlpdn of the
primary air is replaced by pure oxygen in ordegét the same
kiln gas temperature as in the reference caseg $ins can be
taken as an indirect measure of clinker qualitytHis case,
only a mix of RDF and coal was simulated.

IV. MODEL DESCRIPTION

Steady state was assumed for all variables in ystems.
Since the solid flow is fairly constant during na@lnoperation
of the kiln and the residence time for gas flownithe order of
seconds, this assumption is fairly justified. Thedel has five
solid reactions inside the rotary kiln, includingegt)
calcination, endothermic melting and exothermictesing.

to quantification of primary air

V. MODEL DEVELOPMENT

The equations for the overall energy balance ofrtiary
kiln, the overall mass balance of the combinedryok#n and
precalciner, as well as other relevant equationgrew
developed. Not all equations are presented inphper, but a
description of the model development is given beloivhe
same procedure was carried out for the referernse loausing
coal instead of a fuel mix.

A.Casel

In step 1, the feed rates of alternative fuel aodl in the
main burner were calculated in order to give theesdotal
energy input in the main burner as in the coalresfee case
whereas 45% of the energy was supplied via altenatels.
Then the mass-weighted averages were taken asnfulre
characteristics. The flow rates of different eletsemwere
found by using ultimate analysis of the fuels (Eabl Then
the air requirement for the combustion could beamied; the
excess air factor was specified to give a specified
concentration of @in kiln exhaust gas. This air is supplied as
primary air (approximately 7-10 wt% of the totat aupply),
secondary air (ca 81-83 wt%) and false air (ca 9m%).
Next, molar flow rates of combustion products wésand
balancing elements. As the clinker production ratas

100% beta-dicalcium silicat3{C,S) formation in the rotary specified and the primary and secondary fuel asftects
kiln was assumed. MgG®f raw meal was set to zero as MgOwere known (the ash ends up in clinker), the rawalme

in this case is bound in other minerals than caatem

The secondary fuel ash is transferred to the nmeahé
calciner while primary fuel ash is transferredhe meal in the
kiln, i.e. both ashes ending up in the clinker. Takse air
inleakage in the rotary kiln was calculated as rcfion of
secondary air flow. Dust which basically contaimegalcined
meal is entrained by the kiln gas and transferredthe
precalcined meal in the precalciner, which meamesethis an
energy transfer from the rotary kiln to the preoac.
Likewise, dust which basically contains clinkeeigtrained by
the secondary air in the cooler and returned tadkery kiln,

requirement could be obtained by additionally cdesng
CO, release due to the decarbonation (calcinationthef
calcium carbonate in the raw meal. The mass flae od the
precalcined meal going to the rotary kiln includdse
secondary fuel ash, some uncalcined calcium catboaiad
calcium oxide, compounds other than calcium carteomia
raw meal and some recycled (fully calcined) dukhe
recycling means that the real degree of calcinatiorthe
calciner is somewhat lower than the apparent degree
calcination. Summing the GQelease due to rest calcination
inside the rotary kiln and flow of gaseous produdte to



combustion and fuel water evaporation, the totl gas flow B.Case 2

rates and the kiln exhaust gas composition carbtered. The simulation was carried out similar to step tade 1,
To find the net enthalpy of solid reactions, equai and RDF was used as the alternative fuel. A voltimet

specified by the German Association of Cement WGWM3Z)  replacement factor was defined for the replacerogptimary

were used [22]. Equation (1) and (3) correspondhéat air by pure oxygen. Properties of the replacediporof air

absorption rate for CaGO dissociation and tricalcium were replaced by properties of,,Cand the simulation was

aluminate (GA) formation. Likewise, (2), (4) and (5) carried out by tuning the replacement factor tik kiln gas

correspond to heat release rate due to formation tfmperature was as in the coal reference case.

tetracalcium aluminoferrite (BF), B-C,S and tricalcium

silicate (GS), respectively. Then the net heat absorption rate V1. MODEL INPUTS

due to solid reactions in the kiln could be calteda To find The main model inputs are briefly described herbe T

the GS content of clinker, Bogue equations were usell [22 clinker-specific heat consumption was set to 3.3kiyldn the

coal reference case, in case 2 and in the firptaftease 1, but

AH o3 = VM, Weaco 3 m (1—/70a] ) (1) was changed in other steps in case 1, as desatime. The
_ ] ' apparent degree of calcination was kept at 88%linases;
AH 0 = 3'043/\/mcl Wee2034 @ thisis roughly corresponding to 46% of the tota¢rgy being

AH = Xr. (265w -1.692w. 3) supplied in the main burner, although slightly legn steps 2
c3A b ( Al203d Fe203) ) and 3 of case 1. The raw meal composition wasntalse66

AH 5 cps =Y, (2868Ngg,q —0.75Miz54)  (4) W% CaO, 21 wi% Sig 5 wi% ALOs, 3 W% FeO; and 5
AH = 7w ®) wt% other compounds in clinker. The temperaturefusi,
c3s o 77C3Sd primary air, secondary air, false air, clinker gmecalcined
Hg =AH o3 ~AH e *AH 30 —AH 5 o ©) meal at the kiln inlet were 323, 1023, 298,_1676 amo3 K,
—AH respectively. The Qlevel in th(_e kiln gas and in the_preca_lgmer
css gas were kept at 3.5 vol% in all cases. The cliskarcific
precalcined meal dust flow rate was set to 0.3,thadtlinker-
Here, M, is the mass flow rate of component /7., is specific clinker dust flow rate was set to 0.2. Tase air
is the weight fraction percentage was specified as 12 wt% of seconda,r)aﬁx'nr t_ge
) _ overall heat transfer coefficient was taken as \6.-mi,
of componeni in streamq. Subscriptym andcl stands for pa5ed on actual measurements in the kiln systemp@eture
raw meal and clinker, respectively. The other camist are fynctions were used to calculate specific heat cigipa of dry
specific heat release values of different reactiand these are coal, air, clinker, combustion products and preoait meal,
defined in the section VI. and the others were assumed constant [22]. TheasdasV,
The overall energy balance is not presented heveveMer, W, X, Y and Z in (1) to (5) are 1778 kJ/kg CaCi@ raw
in Fig. 1, all sensible energy flows along with sadreams meal, 67 kd/kg GAF in clinker, 74 kd/kg GA in clinker, 700

and other energy streams are clearly shown. _ kJ/kg GS in clinker and 495 kJ/kgsS in clinker, respectively
In step 2, instead of keeping the main burner gnamgut [22].

constant, the coal feed rate was changed until kie
temperature was as high as in the reference case. VII. RESULTS AND DISCUSSION
In the third step, the clinker production rate awal feed
rate were tuned in order to keep the kiln gas teatpee and
the volumetric flow rate of the total exhaust gasnf the
precalciner similar to the coal reference case tligrstep, the A.Casel
mass balance of the precalciner had to be inclidethe  The impact of main burner combustion of different
model in order to find the exhaust gas flow frome thajternative fuels on the production capacity isdised here.
precalciner. Since the secondary (i.e. precalcifie) energy ~ pemanding that the fuel energy input to the maimeuin
proportion was known (RDF:coal = 9:1), and the k&R  step 1 is the same as in the coal reference casthariraction
specific energy consumption for the precalciner specified, of energy supply through alternative fuels is fixede fuel
the secondary fuel feed rate could be calculatéenTusing flow rates of mix of coal and alternative fuels amereased,
mass-weighted averages for the mixture parametezsmass mainly reflecting the heating value of the alteiveafuels (Fig.
balance for the fuel combustion of the precalcines carried 2 to Fig. 5). The mass flow rate for the mix of LHaNd coal
out as for the main burner. The £(@lease due to calcination js highest since LHW has the lowest heating vamersy all
inside the precalciner and the fuel moisture evafipmm were ajternative fuels (Table I). Furthermore, differesdn ultimate
also accounted for when flndlng the exhaust gas fle from ana|ysis1 for examp|e ash content and water antent
the precalciner. By summing the exhaust gas flawsrérom ifferent fuels will also give some impact on thknker-

the main burner and from the precalciner, the tgé flow  gpecific fuel requirement. Given that the heatiafyes are the
rate out of the precalciner was found.

the real degree of calcination ant, |

Below, selected simulation results are presented an
discussed.



same, the fuels with high ash content have highieker-
specific fuel mass flow requirement whereas itimilar for
fuels with high water content as well (Fig. 3 arid.B). The
reason is that the water and ash from the fuel tabe heated
from ambient temperature up to the clinker tempeeat
whereas the precalcined meal only has to be hdedadthe
calcination temperature. The kiln gas temperatares24°C,
28°C, 22°C and 95°C lower than in the references das
RDF, waste wood, SHW and LHW, respectively. Thisoal
clearly reflects the fuel heating values; the higthe heating
value, the higher the kiln gas temperature. Funtioee, the
kiln gas temperature is impacted by the ultimat\ais of the
fuel. This effect is also described in a previowsblgation
[13]. However, the total exhaust gas flow ratesnatmal
conditions are now slightly higher for RDF (0.6%j)dawaste
wood (1.2%) but significantly higher for LHW (8.8%)

Clinker specific fuel mass flow rate (kg/t)

B Clinker production rate (t/hr)

Total exhaust gas flow rate at normal conditions (kNm3/hr)
=¥=Kiln gas temperature (T)

1150

= N N
a1 o a1
o o o
I I
<)

1125

[y

o

o
I

a1
o
I

production (t/hr),
Exhaust gas flow (kNm %/hr)

Fuel flow (kg/t), Clinker
-
S
o

Kiln gas temperature (

Fig. 2 Fuel flow, clinker production, exhaust gesrate and gas
temperature for refuse derived fuel mix comparetth Wie coal
reference case
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Fig. 3 Fuel flow, clinker production, exhaust gems\frate and gas
temperature for waste wood fuel mix compared withdoal
reference case
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Fig. 4 Fuel flow, clinker production, exhaust gsfrate and gas
temperature for solid hazardous waste fuel mix e with the
coal reference case
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Fig. 5 Fuel flow, clinker production, exhaust gsfrate and gas
temperature for liquid hazardous waste fuel mix parad with the
coal reference case

In step 2, as shown in Fig. 2 to Fig. 5, the spediiel
consumption is increased to obtain same kiln gagpéeature
as in the reference case (1145 °C). The clinkecipenergy
consumption in the main burner is increased by 2.9%%0,
3.2% and 14.2% in this step for different fuel nsix@he air
requirement for the combustion increases with tioeeiase of
fuel consumption, hence the kiln gas flow rate ustHer
increased causing an increase in the total exigassfiow rate.
The total exhaust gas flow rates are increased #bpnto 214
kNm?hr for RDF fuel mix, from 213 to 216 kNir for waste
wood fuel mix, from 210 to 213 kNithr for SHW fuel mix
and from 229 to 239 kNfthr for LHW fuel mix.

In step 3, the total exhaust gas flow rate is #raesas in the
reference case (210 kNmd/hr), however, the penaltya
reduced clinker production rate. Around 1.8%, 2.802%
and 14.7% reductions in clinker production are daked for



RDF, waste wood, SHW and LHW, respectively. In tase,
the raw meal requirement is lower, hence the fuargy

in spite of the fuel replacement. It was found timabrder to
satisfy the temperature requirement without deangashe

requirement and CQrelease due to calcination is lower in theproduction, around 23.5 vol-% of the primary airulebhave

precalciner, resulting in reduced exhaust gas frtum
precalciner, compensating for the increased exhgastfrom
the kiln. (The sum of the two is equal to the tdkadv rate in
the reference case.)

It appears that LHW is quite different from the arth
alternative fuels, giving a much lower capacity ffooduction.
Chemical characteristics of LHW can explain thiss A
described above, the kiln gas flow rate can betified as one
of the key parameters affecting the production ciéyavhen
alternative fuels are combusted in the main burBesically,
the kiln gas flow rate follows the same trend aes i flow
rate. The fact that the kiln gas flow rate is higtiean the air
flow rate is due to the addition of fuel (whichdsnverted to
combustion products) and the addition of itdm the rest
calcination. Therefore, the kiln gas flow may irase due to
extra addition of fuel mass and hence combustiadymts
when alternative fuels are used.

The other reason; air requirement for the combnostio
depends on many factors. As presented in Tablkel,very
high water content in LHW (19.8%) compared to othesls
has to be heated from ambient temperature up telthleer
temperature which will reduce the kiln gas tempeet
requiring more fuels and more air for combustioroider to
keep the required product quality. The higher the a
requirement, the higher the kiln gas flow. Furthar,increase
in molar H/C ratio means a decrease in air requergmFor
example, coal and LHW have H/C ratios of 0.64 aritb2
respectively, meaning that the air requirement assnbasis is
higher for coal than for LHW. However, this efféstinverted
in energy basis (0.32 Nm3/MJ for coal vs. 0.51 Nmd/for
LHW), also giving a higher clinker-specific air tégement for
LHW (0.60 Nm3/kg of clinker) than for coal (0.51 Rtkg of
clinker). Therefore, it is evident that the LHW Fumix gives
the lowest production capacity, because it willdquce highest
kiln gas flow due to above mentioned charactesstithis
finding corresponds well with actual experiencéhatplant.

B.Case 2

The replacement of part of the primary air by poxggen
was investigated. The required replacement in otdeget
same kiln gas temperature as reference case wad fouthe
RDF and coal mixture which was used in step 1 ckech
Relevant results are presented and discussed here.

By demanding that the fuel energy input to the nimimer
is the same as in the reference case and repldbitgof this

energy by RDF, the kiln gas temperature is dectkase

reflecting the lower calorific value of RDF compdr® coal
(Fig. 7), when using only air as the oxidizer fdnet
combustion. However, replacement of some primarybgi
oxygen may give a kiln gas temperature similarhiat bf the
reference case also when keeping the clinker ptamucate
similar to that of the reference case. This media the
clinker quality and the production capactiy cannentained

to be replaced by pure oxygen (Fig. 6). This cquesls to an
O, supply of 2.14 t/hr. An extra benefit of this oryg
enriched combustion is a slight decrease in tothhest gas
flow rate, from 212 to 205 kNifhr, i.e. even lower than in the
coal reference case (210 kRihr), which actually implies that
a slight increase in production capacity could biaimed (Fig.
7).
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Flow rate of primary air at normal conditions (kNm3/hr)
B Flow rate of oxygen via burner inlet (kNm3/hr)
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Fig. 6 Flow rates of air and oxygen streams for RID# mix
compared with the coal reference case
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Fig. 7 Exhaust gas flow rate and gas temperaturBEd fuel mix
compared with the coal reference case

Oxygen enriched combustion seems to be a favourable
alternative to overcome the problems encountereth wi
alternative fuel combustion in cement kilns in edpwith
product quality and production capacity. One obsiogason
of the increased kiln gas temperature is that sofrie N
which otherwise enters along with the combustian iainow
avoided, hence does not have to be heated. Fuhere
authors have observed that the maximum temperatsige



the kiln and the rate of consumption of volatilesasw
significantly higher when oxygen enriched air waedi [15].
Other researchers [14] have also discussed thditiaheole
of oxygen in the fuel combustion characteristicd aanclude
that the oxygen enrichment may increase the pramucate
and kiln efficiency because the reaction initiafaster and
gives a higher maximum flame temperature.

However, one should of course also take into adcthm
costs related to oxygen production in contrastto lenefits.
Early-phase cost estimates indicate that replapary of the
air by oxygen may be economically favourable, cd&sng
the positive impact on the production capacity.

VIIl. CONCLUSION

When replacing around 45% of the primary coal endng
different alternative fuels at the main burner, tireduction
capacity must be reduced by 1.2%, 1.8%, 2.8% antPddor
solid hazardous waste, refuse derived fuel, wastedwand
liquid hazardous waste, respectively, in order &ntain the
kiln exhaust gas temperature and hence keep tmkecli
guality unchanged. The high value for liquid hapas waste
is mainly due to a very high water content in fhisl.

It is possible to avoid the reduction in produstiapacity
by replacing a relatively small part of the comimrstair by
pure oxygen. When a mixture of refuse derived &mal coal is
used as the primary fuel, replacement of 23.5 vob®ihe
primary air (or about 2 vol-% of the total combastiair) by
pure oxygen is required. Early-phase cost estimaigisate

that such a scheme may be economically favourable,

considering the positive impact on the productiapacity.
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