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ABSTRACT

the  kiln in which toxic materials such as 
dioxin can be discomposed at a high tem-
perature of about 1450˚C. Conventional ce-
ment plants depend on coal to provide the 
heat energy needed. Since clinker is used as 
the  raw material for the production of ce-
ment, no secondary waste material will be 
generated. In order to mitigate environmen-
tal issues like carbon emission reduction, 
palm biomass can be used to replace coal.  
This may qualify for carbon credit under 
the Clean Development Mechanism (CDM). 
However, recycling of waste as an alterna-
tive fuel will increase the volume of vola-
tile components, particularly chlorine (Cl), 
sulphur (S), and alkaline substances (Na, 
K) causing pre-heater deposits and cyclone 
clogging in the cement clinker burning sys-
tem. This will lead to the development and 
installation of chlorine by-pass and anti-sul-
phur coating system into the clinker pre-
heater plant.

INTRODUCTION

This article examines the issues involved 
in the use of palm oil by-products as a sub-
stitute fuel for the cement kilns, where the 

ement industries usually with high 
production capacities utilize a lot of 
heat energy to produce cement in

kiln temperatures are kept at about 1450˚C. 
As palm oil millers may not have sufficient 
knowledge on   cement production, an at-
tempt is made in this article to introduce the 
technology involved to  millers so that they 
can appreciate the various problems the ce-
ment industry will face when the fuel is re-
placed with palm biomass.

Portland cement is a type of hydraulic 
cement made by heating and pulverizing a 
mixture of limestone (CaCO3), clay (Al2SiO5), 
shale, laterite, iron ore (Fe), fly ash and gyp-
sum (CaSO4•2H2O) which are  widely used 
in the production of cement. The major ce-
ment producers in Malaysia are Associated 
Pan Malaysia Sdn Bhd, Tasek Corporation 
Berhad and Cement Industries of Malaysia 
Berhad. Wet process kilns are less energy ef-
ficient compared to the  dry process kilns  as 
shown in Table 1 (CIPEC, 2001).

There are three fundamental stages in the 
production of Portland cement as shown in 
the Figure 1.

Preparation of the Raw Mixture

Limestone, clay, shale and other raw ma-
terials are ground and mixed in a raw mate-
rial mill.

Production of the Clinker 

The raw mixture is heated in a mult-
stage pre-heater and then fed into a 
rotating kiln with temperatures gradually 
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increasing over the length of the cylinder 
up to a peak temperature of about 1450°C. 
A complex succession of chemical reactions 
take place as the temperature rises. The 
peak temperature is regulated so that the 
product contains sintered but not fused 
lumps. Sintering consists of the melting of 
25% - 30% of the mass of the material. The 
resulting liquid draws the remaining solid 
particles together by surface tension and acts 
as a solvent for the final chemical reaction in 
which alite is formed. Too low a temperature 
causes insufficient sintering and incomplete 
reaction, but too high a temperature results 
in a molten mass or glass, destruction of the 
kiln lining, and waste of fuel. The clinker 
produced is fed into a clinker cooler before 
it is conveyed for storage. The clinker can 
be stored for a number of years before use. 

TABLE 1. AVERAGE FUEL CONSUMPTION COMPARISION

Kiln type Average consumption (GJ t-1)

Wet kilns 6.0

Dry kilns single stage pre-heater 4.5

Dry kilns multi stage pre-heater 3.6

Figure 1.  Portland cement production flow chart.

The enthalpy of formation of clinker from 
calcium carbonate and clay minerals is 
about 1700 kJ kg-1. However, because of heat 
loss during production, actual values can be 
much higher.   

Preparation of the Cement 

Although the chemistry of the raw mix 
may have been tightly controlled, the kiln 
process potentially introduces new sources 
of chemical variability. In order to achieve 
the desired setting qualities in the finished 
product, a quantity of gypsum is added to 
the clinker and the mixture is finely ground 
to form the finished cement powder. This 
is achieved in a cement mill. The grinding 
process is controlled to obtain a powder 
with a broad particle size range, in which 



PALM OIL ENGINEERING BULLETIN NO. 91 ��

Feature Article

Stiffening, setting and hardening are 
caused by the micro-structure formation 
of  hydration products with varying rigid-
ity which fills the water-filled interstitial 
spaces between the solid particles of the ce-
ment paste, mortar or concrete. The behav-
iour with time of the stiffening, setting and 
hardening therefore depends to a very great 
extent on the size of the interstitial spaces 
which depend on the water-cement ratio. 
The grain size of the cement and admixtures 
which is micro silica or nano silica affects 
the particle distance and therefore the final 
compressive strength. Typical grain sizes 
for cement vary between 10 µm to 20 µm. 
A good mixing and dispersing of all cement 
and admixture particles are needed to obtain 
optimal concrete properties after hardening. 
The hydration products primarily affecting 
the strength are calcium silicate hydrates. 
Further hydration products are calcium hy-
droxide, sulphatic hydrates (AFm and AFt 
phases), and related compounds, hydrogar-
net and gehlenite hydrate. Calcium silicates 
or silicate constituents make up over 70% by 
mass of silicate-based cements. The hydra-
tion of these compounds and the properties 
of the calcium silicate hydrates produced 
are therefore particularly important. Calci-
um silicate hydrates contain less CaO than 
the calcium silicates in cement clinker, so 
calcium hydroxide is formed during the hy-
dration of Portland cement. This is available 
for reaction with supplementary cementi-
tious materials such as ground granulated 
blast furnace slag and pozzolans. The sim-
plified reaction of alite with water may be 
expressed as:

2Ca3OSiO4 + 6H2O → 3CaO•2SiO2•3H2O + 
3Ca(OH)2                                                                                                                        (1)

This is a relatively fast reaction, causing set-
ting and strength development in the first 
few weeks. The reaction of belite is:

2Ca2SiO4 + 4H2O → 3CaO•2SiO2•3H2O +
Ca(OH)2                    (2)

typically 15% by mass consists of particles 
below 5 µm diameter, and 5% of particles 
above 45 μm. The measure of fineness usu-
ally used is the specific surface, which is the 
total particle surface area of a unit mass of 
cement. The rate of initial reaction (up to 
24 hr) of the cement on addition of water is 
directly proportional to the specific surface. 
Typical values are 320 - 380 m2·kg-1 for gen-
eral purpose cements, and 450 - 650 m2·kg-1 
for rapid hardening cements. The cement is 
conveyed by belt or powder pump to a silo 
for storage. Cement plants normally have 
sufficient silo space for 1 - 20 weeks produc-
tion, depending upon local demand cycles. 
The cement is delivered to end-users either 
in bags or as bulk powder blown from a 
pressure vehicle into the customer’s silo. 

SETTING AND HARDENING

Setting and hardening of Portland cement 
is caused by the formation of water-con-
taining compounds, forming as a result of 
reactions between cement components and 
water. Usually, cement reacts in a paste mix-
ture only at water/cement ratios between 
0.25 and 0.75. The reaction and the reaction 
products are referred to as hydration and 
hydrates or hydrate phases, respectively 
and a  stiffening can be observed which is 
very small in the beginning, but increases 
with time widely depending upon the mix 
used and the conditions of curing. The point 
in time at which it reaches a certain level is 
called the start of setting. The subsequent 
consolidation is called setting, after which 
the phase of hardening begins. When water 
is mixed with Portland cement, the cement 
paste sets within a few hours and hardens 
over a period of weeks. A typical concrete 
sets in about 6 hr and develops a compres-
sive strength of about 8 MPa within 24 hr. 
The strength rises to about 15 MPa after 
three  days,  23 MPa after one week, 35 MPa 
after four  weeks, and  41 MPa after three 
months. Concrete is usually allowed to 
dry out after a few weeks, and this causes 
strength growth to stop (Wikipedia, 2009a).
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This reaction is relatively slow, and is main-
ly responsible for strength growth after one 
week. Tricalcium aluminate hydration is 
controlled by the added calcium sulphate, 
which immediately goes into solution when 
water is added. Firstly, ettringite is rapidly 
formed, causing a slowing of the hydration:

Ca3(AlO3)2 + 3CaSO4 + 32H2O → Ca6(AlO3)2

(SO4)3•32H2O                 (3)

The ettringite subsequently reacts slowly 
with further tricalcium aluminate to form 
monosulphate - an AFm phase:

Ca6(AlO3)2(SO4)3•32H2O + Ca3(AlO3)2 + 4H2O 
→ 3Ca4(AlO3)2(SO4)•12H2O            (4)

This reaction is complete after one to two 
days. The calcium alumino-ferrite reacts 
slowly due to precipitation of hydrated iron 
oxide:

2Ca2AlFeO5 + CaSO4 + 16H2O → Ca4(AlO3)2
(SO4)•12H2O + Ca(OH)2 + 2Fe(OH)3                  (5)

The pH value of the pore solution reaches 
comparably high values and is of impor-
tance for most of the hydration reactions.

Soon after Portland cement is mixed with 
water, a brief and intense hydration starts 
(pre-induction period). Calcium sulphate 
dissolve completely and alkali sulphates 
almost completely. Short, hexagonal needle-
like ettringite crystals form at the surface of 
the clinker particles as a result of the reac-
tions between calcium and sulphate  ions 
with tricalcium aluminate. Further, origi-
nating from tricalcium silicate, first calcium 
silicate hydrates, CSH in colloidal shape 
can be observed. Due to the formation of 
a thin layer of hydration products on the 
clinker surface, this first hydration period 
ceases and the induction period starts dur-
ing which almost no reaction takes place. 
The first hydration products are too small 
to bridge the gap between the clinker parti-
cles and do not form a consolidated micro- 
structure. Consequently, the mobility of the 
cement particles in relation to one another is 

only slightly affected as the consistency of 
the cement paste turns only slightly thicker 
than normal. Setting starts after approxi-
mately 1 to 3 hr, when first calcium silicate 
hydrates form on the surface of the clinker 
particles, which are very fine-grained in the 
beginning. After completion of the induc-
tion period, a further intense hydration of 
clinker phases takes place. This third accel-
erated period starts after approximately 4 hr 
lasting for 12 hr to 24 hr. During this period, 
a basic micro-structure forms, consisting of 
CSH needles and CSH leafs, platy calcium 
hydroxide and ettringite crystals growing 
in longitudinal shape. Due to growing crys-
tals, the gap between the cement particles is 
increasingly bridged. During further hydra-
tion, the hardening steadily increases, but 
with decreasing speed. The density of the 
micro-structure rises and the pores fill. The 
filling of pores causes strength gain.

Clean Development Mechanism (CDM) 
Project

Clinker production utilizes huge amount 
of heat energy estimated at 767 kcal kg-1 usu-
ally generated from coal. In order to reduce 
the consumption of fossil fuel, palm biomass 
such as palm kernel shell could be used as 
a good alternative fuel (Mohammad, 2007). 
Table 2 shows the dry basis calorific value of 
different type of palm waste based on ASTM 
2015 standard method (Vijaya et al., 2004). 

Thus, the cement industry could reduce 
its dependence on fossil fuels by utilizing 
palm biomass as an alternative fuel thus 
qualifying as a Clean Development Mecha-
nism (CDM) (CDM Energy Secretariat, 2006). 
Carbon dioxide equivalent is a quantity that 
describes the amount of CO2 that would 
have the same global warming potential for 
a given mixture of greenhouse gases (GHG) 
over a specified time-scale thus reflecting the 
time integrated radiative forcing. Equivalent 
carbon dioxide is the concentration of CO2 
that would cause the same level of radiative 
forcing as a given type and concentration of 
greenhouse gases (Wikipedia, 2009b). Emis-
sion factors from Waste Reduction Model 
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TABLE 2.  DRY BASIS CALORIFIC VALUE OF PALM WASTE

Sample Average calorific value
(kcal kg-1)  

Range
(kcal kg-1)

Empty fruit bunch, EFB 18 795 18 000 – 19 920

Fibre 19 055 18 800 – 19 580

Shell 20 093 19 500 – 20 750

Palm kernel cake 18 884 18 880 – 18 895

Nut 24 481 24 265 – 24 830

Crude palm oil 39 360 39 330 – 39 385

Kernel oil 38 025 37 947 – 38 086

EFB liquor 20 748 20 567 – 20 899

Palm oil mill effluent 16 992 16 100 – 17 650

Trunk 17 471 17 000 – 17 800

Frond 15 719 15 400 – 15 950

Root 15 548 15 300 – 15 680

(WARM) were used  to develop the conver-
sion factor for recycling rather than land-
filling waste. These emission factors were 
developed following a life cycle assessment 
methodology using estimation techniques 
developed for national inventories of GHC 
emissions. According to WARM, the net 
emission reduction from recycling mixed re-
cyclables (paper, metals, plastics etc.), com-
pared to a baseline in which the materials 
are landfilled, is 0.79 MTCE per short tonne. 
This factor was then converted to a tonne  
of carbon dioxide equivalent (MTCO2E) by 
multiplying by 44/12, the molecular weight 
ratio of carbon dioxide to carbon as shown 
in the equation below (EPA,  2006).

0.79 MTCE/t x 44 g CO2/12 g C = 2.90 t CO2

E/t of recycled waste                                           (6)

Recycling of waste as an alternative fuel 
has increased the volume of volatile com-
ponents, particularly chlorine (Cl), sulphur 
(S) and alkaline (Na, K) which have caused 
problematic pre-heater coatings and cyclone 
clogging in the cement clinker burning sys-
tem due to the formation of low melting 

point compound. Chlorine coating is mainly 
generated at the area of the rising duct and 
the bottom cyclones whereas sulphur-based 
coating mainly appears at the kiln inlet, ris-
ing duct due to the difference in condensa-
tion rates and temperature reactiveness be-
tween chlorine and sulphur. Thus,  chlorine 
could be removed efficiently using by-pass 
system but not practical for sulphur due to 
generation of enormous by-pass dust. Anti-
sulphur coating system has been developed 
instead (TEC, 2009).

Chlorine By-pass System

Kiln exhaust gas is extracted by probe 
and is cooled rapidly to a temperature of 
about 600˚C to 700˚C which is lower than 
the melting points of chlorine compounds. 
Coarse dust with relatively low chlorine 
concentration is separated by cyclone 
whereas fine dust, particle size below 10 
µm, with high chlorine content is collected 
by bag filter. All dust particles returned to 
the kiln system are ground and mixed into 
cement during the grinding process (TEC, 
2009).
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Coating Solution System for Sulphate

Sulphate mist in the kiln exhaust gas con-
dense to liquid at the surface of  kiln feed 
end. It acts as an adhensive agent between 
pre-heater wall and kiln dust or among  
kiln dust themselves. Thus, a coating grows 
on the wall over an operating period. The 
developed coating solution system controls 
the cooling of the kiln exhaust gas so that 
minimum sulphate mist would condense at 
the surface of the pre-heater wall. As soon 
as the sulphate mist condenses, it contacts 
with kiln dust and form lump of kiln dust 
due to the adhesion property of the con-
dense sulphate mist.  Thus, coating forming 
on the pre-heater wall could be avoided or 
reduced to minimum (TEC, 2009). The phe-
nomenon of the sulphur coating is shown 
in  Figure 2.

CONCLUSION

Palm biomass waste could be used as an al-
ternative fuel to reduce the dependency of 

coal in the cement industry. However, due 
to chlorine and sulphate  content in the al-
ternative fuel, chlorine by-pass system and 
sulphate coating solution need to be incor-
porated into the multi-stage pre-heater sys-
tem to avoid the clogging problem. Since 
all chlorine dust and sulphate dust lump 
are  recycled to the kiln system, no second-
ary waste would be produced. Thus, a CDM 
project could be formulated and cost of ce-
ment production would be reduced.
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