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Abstract

Cement production has been one of the most energy intensive industries in the world. In order to produce

clinker, rotary kilns are widely used in cement plants. This paper deals with the energy audit analysis of a

dry type rotary kiln system working in a cement plant in Turkey. The kiln has a capacity of 600 ton-clinker

per day. It was found that about 40% of the total input energy was being lost through hot flue gas (19.15%),
cooler stack (5.61%) and kiln shell (15.11% convection plus radiation). Some possible ways to recover the

heat losses are also introduced and discussed. Findings showed that approximately 15.6% of the total input

energy (4 MW) could be recovered.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement production is an energy intensive process, consuming about 4 GJ per ton of cement
product. Theoretically, producing one ton of clinker requires a minimum 1.6 GJ heat [1]. How-
ever, in fact, the average specific energy consumption is about 2.95 GJ per ton of cement produced
for well-equipped advanced kilns, while in some countries, the consumption exceeds 5 GJ/ton. For
example, Chinese key plants produce clinker at an average energy consumption of 5.4 GJ/ton [2].

The energy audit has emerged as one of the most effective procedures for a successful energy
management program [3]. The main aim of energy audits is to provide an accurate account of
energy consumption and energy use analysis of different components and to reveal the detailed
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information needed for determining the possible opportunities for energy conservation. Waste
heat recovery from hot gases [4] and hot kiln surfaces [5] in a kiln system are known as potential
ways to improve overall kiln efficiency. However, it is still fairly difficult to find a detailed thermal
analysis of rotary kiln systems in the open literature. This paper focuses on the energy audit of a
horizontal rotary kiln system, which has been using in the Van Cement Plant in Turkey. A de-
tailed thermodynamic analysis of the kiln system is first given, and then, possible approaches of
heat recovery from some major heat loss sources are discussed.
2. Process description and data gathering

Rotary kilns are refractory lined tubes with a diameter up to 6 m. They are generally inclined at
an angle of 3–3.5�, and their rotational speeds lie within 1–2 rpm. Cyclone type pre-heaters are
widely used to pre-heat the raw material before it enters the kiln intake. In a typical dry rotary kiln
system, pre-calcination gets started in the pre-heaters, and approximately one third of the raw
material would be pre-calcined at the end of pre-heating. The temperature of the pre-heated
material would be of the order of 850 �C. The raw material passes through the rotary kiln towards
the flame. In the calcination zone (700–900 �C), calcinations, as well as an initial combination of
alumina, ferric oxide and silica with lime, take place. Between 900 and 1200 �C, the clinker
component, 2CaO ÆSiO2, forms. Then, the other component, 3CaO Æ SiO2, forms in a subsequent
zone in which the temperature rises to 1250 �C. During the cooling stage, the molten phase,
3CaO ÆAl2O3, forms, and if the cooling is slow, alite may dissolve back into the liquid phase and
appear as secondary belite [6]. Fast cooling of the product (clinker) enables heat recovery from the
clinker and improves the product quality.

The data taken from the Van Cement Plant have been collected over a long period of time when
the first author was a process engineer in that plant. The plant uses a dry process with a series of
cyclone type pre-heaters and an incline-kiln. The kiln is 3.60 m in diameter and 50 m long. The
average daily production capacity is 600 ton of clinker, and the specific energy consumption has
been estimated to be 3.68 GJ/ton-clinker. A large number of measurements have been taken
during 2 yr, and averaged values are employed in this paper. The raw material and clinker
compositions are given in Table 1. The rotary kiln system considered for the energy audit is
schematically shown in Fig. 1. The control volume for the system includes the pre-heaters group,
rotary kiln and cooler. The streams to and from the control volume and all measurements are
indicated in the same figure.
3. Energy auditing and heat recovery

3.1. Mass balance

The average compositions for dried coal and pre-heater exhaust gas are shown in Fig. 2. Based
on the coal composition, the net heat value has been found to be 30,600 kJ/kg-coal.

It is usually more convenient to define mass/energy data per kg clinker produced per unit time.
The mass balance of the kiln system is summarized in Fig. 3. All gas streams are assumed to be
ideal gases at the given temperatures.
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Fig. 1. Control volume, various streams and components for kiln system.

Table 1

Raw material and clinker components and their percentages

Component Raw material (%) Clinker (%)

SiO2 13.55 20.55

Al2O2 4.10 5.98

Fe2O3 2.60 4.08

CaO 40.74 64.58

MgO 2.07 2.81

SO3 0.56 1.30

K2O 0.30 0.50

Na2O 0.08 0.20

H2O 0.5 –

Organics 0.9 –

Ignition loss 34.6 –

Total 100 100
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3.2. Energy balance

In order to analyze the kiln system thermodynamically, the following assumptions are made:

1. Steady state working conditions.
2. The change in the ambient temperature is neglected.
3. Cold air leakage into the system is negligible.
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Fig. 2. (a) Coal composition, (b) pre-heater exhaust gas composition (by weight).
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4. Raw material and coal compositions do not change.
5. Averaged kiln surface temperatures do not change.

Based on the collected data, an energy balance is applied to the kiln system. The physical
properties and equations can be found in Peray’s handbook [7]. The reference enthalpy is con-
sidered to be zero at 0 �C for the calculations. The complete energy balance for the system is
shown in Table 2. It is clear from Table 2 that the total energy used in the process is 3686 kJ/kg-
clinker, and the main heat source is the coal, giving a total heat of 3519 kJ/kg-clinker (95.47%).
Also, the energy balance given in Table 2 indicates relatively good consistency between the total
heat input and total heat output. Since most of the heat loss sources have been considered, there is
only a 273 kJ/kg-clinker of energy difference from the input heat. This difference is nearly 7% of
the total input energy and can be attributed to the assumptions and nature of data. The distri-
bution of heat losses to the individual components exhibits reasonably good agreement with some
other key plants reported in the literature [2,5,7].
3.3. Heat recovery from the kiln system

The overall system efficiency can be defined by g ¼ Q6=Qtotal input ¼ 1795=3686 ¼ 0:487 or
48.7%, which can be regarded as relatively low. Some kiln systems operating at full capacity
would declare an efficiency of 55% based on the current dry process methodology. The overall
efficiency of the kiln system can be improved by recovering some of the heat losses. The recovered
heat energy can then be used for several purposes, such as electricity generation and preparation



Table 2

Complete energy balance of the kiln system

Description Equations used Data Result (kJ/kg-clinker)

Heat inputs

Combustion of coal Q1 ¼ mcHc mc ¼ 0:115 kg/kg-clinker, Hc ¼ 30; 600 kJ/kg 3519 (95.47%)

Sensible heat by coal Q2 ¼ mchc, hc ¼ CT mc ¼ 0:115 kg/kg-clinker, C ¼ 1:15 kJ/kg �C,
T ¼ 50 �C

7 (0.19%)

Heat by raw material Q3 ¼ mrmhrm, hrm ¼ CT mrm ¼ 1:667 kg/kg-clinker, C ¼ 0:86 kJ/kg �C,
T ¼ 50 �C

72 (1.95%)

Organics in the kiln feed Q4 ¼ FKhos F ¼ 0:10, K ¼ 0:9%, hos ¼ 21; 036 kJ/kg

(Ref. [7])

19 (0.52%)

Heat by cooling air Q5 ¼ mcahca mca ¼ 2:300 kg/kg-clinker, hca ¼ 30 kJ/kg

(T ¼ 30 �C)
69 (1.87%)

Total heat input 3686 (100%)

Heat outputs

Formation of clinker Q6 ¼ 17:196ðAl2O3Þ þ 27:112ðMgOÞþ
32ðCaOÞ � 21:405ðSiO2Þ � 2:468ðFe2O3Þ

(Clinker composition is given in Table 1) 1795 (48.70%)

Kiln exhaust gas Q7 ¼ megCp-egTeg meg ¼ 2:094 kg/kg-clinker, Cp-eg ¼ 1:071 kJ/

kg �C, T ¼ 315 �C
706 (19.15%)

Moisture in raw material

and coal

Q8 ¼ mH2Oðhfgð50 �CÞ þ h315 �C � h50 �CÞ mH2O ¼ 0:008835 kg/kg-clinker (in coal

+ raw material), hfgð50 �CÞ ¼ 2384 J/kg,

h50 �C ¼ 2591 J/kg, h315 �C ¼ 3104 J/kg

26 (0.71%)

Hot air from cooler Q9 ¼ mair-cohair-co mair-co ¼ 0:940 kg/kg-clinker,

hair-co ¼ 220 kJ/kg (T ¼ 215 �C)
207 (5.61%)

Heat loss by dust Q10 ¼ ðmdust-preheater þ mdust-air coolerÞhdust;ave mdust-preheater ¼ 0:042 kg/kg-clinker,

mdust-air co ¼ 0:006 kg/kg-clinker,

hdust;ave ¼ 275 kJ/kg (Ref. [7])

11 (0.30%)

Clinker discharge Q11 ¼ mclihcli;T¼110 �C mcli ¼ 1 kg/kg-clinker, hcli ¼ 86 kJ/kg (Ref. [7]) 86 (2.33%)

Radiation from kiln

surface

Q12 ¼ reAkilnðT 4
s � T 4

1Þ=ð1000 _mclinkerÞ r ¼ 5:67� 10�8 W/m2 K4, e ¼ 0:78 (oxidized

surface [8]), Akiln ¼ 565:48 m2, Ts ¼ 581 K,

T ¼ 288 K, _mclinker ¼ 6:944 kg/s

386 (10.47%)

Convection from kiln

surface

Q13 ¼ hconAkilnðTs � T1Þ, hcon ¼ kair
Dkiln

Nu Re ¼ 373; 110 (Vair ¼ 3 m/s), Nu ¼ 733

(Hilbert’s equation, Ref. [8]), at Tf ¼ 161 �C
(film temp.)

171 (4.64%)

Radiation from pre-heater

surface

Q14 ¼ reAphðT 4
s � T 4

1Þ=ð1000 _mclinkerÞ r ¼ 5:67� 10�8 W/m2 K4, e ¼ 0:78 (oxidized

surface, Ref. [8]), Aph ¼ 150:8 m2, Ts ¼ 348 K,

T1 ¼ 393 K, _mclinker ¼ 6:944 kg/s

7 (0.19%)
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Table 2 (continued)

Description Equations used Data Result (kJ/kg-clinker)

Natural convection from

pre-heater surface

Q15 ¼ hnconAphðTs � T1Þ, hncon ¼ kair
Lph

Nu,

Nu ¼ 0:1ðRaÞ1=3
Pre-heater is modeled as a vertical cylinder

with D ¼ 4 m, Lph ¼ 12 m, Ra ¼ 0:649� 1013,

Nu ¼ 1865 (Ref. [8]), at Tf ¼ 45 �C (film temp.)

5 (0.14%)

Radiation from cooler

surface

Q16 ¼ reAcðT 4
s � T 4

1Þ=ð1000 _mcliÞ r ¼ 5:67� 10�8 W/m2 K4, e ¼ 0:78 (oxidized

surface, Ref. [8]), Ac ¼ 64 m2, Ts ¼ 353 K,

T1 ¼ 328 K, _mclinker ¼ 6:944 kg/s

4 (0.11%)

Natural convection from

cooler surface

Q17 ¼ hnconAcðTs � T1Þ, hncon ¼ kair
Lc
Nu,

Nu ¼ 0:1ðRaÞ1=3
Cooler surface is modeled as a vertical plate

8 m · 8 m, Ra ¼ 0:7277� 1012, Nu ¼ 899 (Ref.

[8]), at Tf ¼ 70 �C (film temp.)

9 (0.24%)

Unaccounted losses 273 (7.41%)

Total heat output 3686 (100%)
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of hot water. There are a few major heat loss sources that would be considered for heat recovery.
These are heat losses by: (1) kiln exhaust gas (19.15%), (2) hot air from cooler stack (5.61%) and
(3) radiation from kiln surfaces (10.47%). In the following section, we discuss some possible ways
for recovering this wasted heat energy.
3.3.1. The use of waste heat recovery steam generator (WHRSG)
There are opportunities that exist within the plant to capture the heat that would otherwise be

wasted to the environment and utilize this heat to generate electricity. The most accessible and, in
turn, the most cost effective waste heat losses available are the clinker cooler discharge and the
kiln exhaust gas. The exhaust gas from the kilns is, on average, 315 �C, and the temperature of the
air discharged from the cooler stack is 215 �C. Both streams would be directed through a waste
heat recovery steam generator (WHRSG), and the available energy is transferred to water via the
WHRSG. The schematic of a typical WHRSG cycle is shown in Fig. 4. The available waste energy
is such that steam would be generated. This steam would then be used to power a steam turbine
driven electrical generator. The electricity generated would offset a portion of the purchased
electricity, thereby reducing the electrical demand.

In order to determine the size of the generator, the available energy from the gas streams must
be found. Once this is determined, an approximation of the steaming rate for a specified pressure
can be found. The steaming rate and pressure will determine the size of the generator. The fol-
lowing calculations were used to find the size of the generator.
QWHRSG ¼ Qavailableg
where g is the WHRSG efficiency. Because of various losses and inefficiencies inherent in the
transfer of energy from the gas stream to the water circulating within the WHRSG, not all of the
Cooling  
tower

WHRSG 

Process 
gas

Condenser 

Turbine 

Generator 

Exhaust 

Feed pump 

Circulating 
pump

≈

Fig. 4. Process schema of a typical WHRSG application.
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available energy will be transferred. A reasonable estimate on the efficiency of the WHSRG must
be made. We assume an overall efficiency of 85% for the steam generator. As the gas passes
through the WHRSG, energy will be transferred and the gas temperature will drop. Targeting a
pressure of 8 bars at the turbine inlet, the minimum stream temperature at the WHRSG’s exit
would be higher than the corresponding saturation temperature, which is roughly 170 �C. As a
limiting case, we assume the exit temperatures to be 170 �C. After exiting the WHRSG, the energy
of those streams can be recovered by using a compact heat exchanger. Hence, the final temper-
ature can be reduced as low as possible, which might be limited by the acid dew point temperature
of the stream. According to the final temperatures of both streams, the final enthalpies have been
calculated to be hair ¼ 173 kJ/kg, and heg ¼ 175 kJ/kg. Therefore, the available heat energy would
be:
Qavailable ¼ ½megðheg1 � heg2Þ þ mairðhair1 � hair2Þ	 � mcli

Qavailable ¼ ½2:094� ð337� 175Þ þ 0:94� ð220� 173Þ	 � 6:944 
 2662 kW
Therefore, the energy that would be transferred through the WHSRG is
QWHSRG ¼ 0:85� 2662 ¼ 2263 kW
The next step is to find a steam turbine generator set that can utilize this energy. Since a steam
turbine is a rotating piece of machinery, if properly maintained and supplied with a clean supply
of dry steam, the turbine should last for a significant period of time. Considering a turbine
pressure of 8 bars and a condenser pressure of 10 kPa, it can be shown that the net power, which
would be obtained from the turbine, is almost 1000 kW. If we assume that the useful power
generated is 1000 kW, then the anticipated savings will be based on the load reduction of 1000
kW. Assuming 8000 h of usage, we find
Energy saved ¼ ðPower generatedÞ � ðhours of usageÞ
Energy saved ¼ ð1000 kWÞ � ð8000 h=yrÞ ¼ 8� 106 kWh=yr
The average unit price of electricity can be taken as 0.07 USD/kWh, and therefore, the antici-
pated cost savings would be
Cost savings ¼ 0:07� 8� 106 ¼ 560; 000 USD=yr
If we assume that labor and maintenance costs averaged out to 20,000 USD annually, the savings
becomes 540,000 USD/year.

The cost associated with implementation of this additional system would be the purchase price
of the necessary equipment and its installation. An additional cost will be the required mainte-
nance of the power generation unit. For the whole system shown in Fig. 4, based on our calcu-
lations, we were able to determine a budget estimation between 700,000 and 750,000 USD,
including shipping and installation. Hence, we can make a rough estimate for a simple pay back
period:
Simple pay back period ¼ ðImplementation costÞ=ðAnnual cost savingsÞ

Simple pay back period ¼ 750; 000 USD

540; 000 USD=yr
¼ 1:38 yr 
 17 months
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The energy savings by using a WHSRG system would also result in an improvement in the overall
system efficiency. It should be noted that these calculations reflect a rough estimation and may
vary depending upon plant conditions and other economic factors.

3.3.2. Use of waste heat to pre-heat the raw material
One of the most effective methods of recovering waste heat in cement plants would be to pre-

heat the raw material before the clinkering process. Directing gas streams into the raw material
just before the grinding mill generally does this. This would lead to a more efficient grinding of the
raw material in addition to increasing its temperature. However, in most plants, the fresh raw
material taken from the mill is not directly sent to the kiln, and therefore, the temperature increase
of the raw material does not generally make sense because it will be stored in silos for a while
before entering the clinkering process. On the other hand, some plants may have only kiln systems
rather than grinding systems. In such cases, this may not be possible unless some additional
modifications are made in the plant.

There is a grinding mill in the plant considered in this study, and the following calculations are
made to show how much energy could be saved through pre-heating the raw material. The main
advantage of the pre-heating of raw material in the mill is to dry the material, since it is heavily
moist in nature. For the plant considered, the moisture content of the raw material was about
6.78%, which indicates a mass flow rate of water of 0.7845 kg/s (0.113 kg/kg-clinker) coming into
the mill. Mixing the two main hot gas streams would lead to a single gas flow at about 280 �C, as
shown in Fig. 5. Applying the conservation of mass principle and conservation of total energy law
for the mill (ignoring heat losses) results in an increase of temperature of the raw material by 85
�C, while the gas stream cools down to 150 �C. It is clear that the majority of the useful energy
must be used to heat the water from 15 to 100 �C, and to vaporize it at this temperature com-
pletely. A basic energy balance for the mill system would give
Qgas flow;in þ Qmoist raw material ¼ Qwater þ Qgas;out þ Qdry raw material
The related enthalpies are shown in Fig. 5. Therefore, we can write
6:944� ð3:034� 300þ 1:780� 12Þ � 0:7845� ð419� 63þ 2257Þ

� 6:944� 1:667� 88 ¼ Qgas;out

Qgas;out 
 3400 kW; hgas;out 
 156 kJ=kg; Tgas;out 
 150 �C:
Grinding millMixing 
chamber 

T=315 oC
m=2.094 kg /kgCli 
h= 337 kJ/kg 

T=215 oC
m=0.94 kg/kgCli  
h= 220 kJ/kg

Tave 280 oC
m=3.034 kg /kgCli 
have=300 kJ/kg

Raw material+Moisture 
m=1.780 kg /kgCli 
T=15 oC

T=150 oC
m=3.147 kg /kgCli 
hgas,out=156 kJ/kg

T = 100 oC
m=1.667 kg/kgCli 
h=88 kJ/kg 

≅

Fig. 5. Mass and energy balance for grinding mill.
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3.3.3. Heat recovery from kiln surface

The hot kiln surface is another significant heat loss source, and the heat loss through convection
and radiation dictates a waste energy of 15.11% of the input energy. On the other hand, the use of
a secondary shell on the kiln surface can significantly reduce this heat loss. Since the kiln surface
needs to be frequently observed by the operator so as to see any local burning on the surface due
to loss of refractory inside the kiln, we would not consider insulating the kiln surface. The basic
principle of the secondary shell is shown in Fig. 6.

For the current rotary kiln, Rkiln ¼ 3:6 m, and a radius of Rshell ¼ 4 m can be considered. Since
the distance between the two surfaces is relatively small (40 cm), a realistic estimation for the
temperature of the secondary shell can be made. We assume T2 ¼ 290 �C¼ 563 K. We would
consider stainless steel for the material of the secondary shell since it has relatively low surface
emissivity and thermal conductivity. The heat transfer rate by radiation is then calculated using
the following equation [8]:
Qr ¼
AkilnrðT 4

1 � T 4
2 Þ

1
e1
þ 1�e2

e2

Rkiln

Rshell

� �
where r ¼ 5:67� 10�8 W/m2 K4, T1 ¼ Ts ¼ 581 K, e1 ¼ 0:78 (for oxidized kiln surface) and
e2 ¼ 0:35 (lightly oxidized stainless steel).
Qr 
 147 kW
This heat loss is to be transferred through the insulation on the secondary shell. Therefore,
assuming a reasonable temperature for the outer surface of the insulation, we can determine the
required thickness of insulation. For glass wool insulation, the thermal conductivity is taken as
0.05 W/mK. Therefore, the resistance of the insulation layer would be
Resistance of insulation ¼
ln Rins

Rshell

� �

2kinspLkiln

¼
ln Rins

4

� �
15:708
Rkiln 

Rshell 

Kiln

Stationary 
secondary 
shell

Observation 
zone

Transparent 
windowT1=Ts

T2

Tins 

Rins

Fig. 6. Secondary shell application to the current kiln surface.
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Assuming a temperature difference of DTins ¼ 250 �C (which means an outer surface temperature
of 58 �C), Rins can be determined:
DTins ¼ Q� ðresistance of insulationÞ

250 �C ¼ 147; 000� lnðRins=4Þ
15:708
We found Rins ¼ 4:108 m, and the thickness of insulation would be
e ¼ Rins � Rshell ¼ 0:108 m 
 11 cm
It should be noted that when the secondary shell is added onto the kiln surface, the convective
heat transfer would presumably become insignificant. This is because of the fact that the tem-
perature gradient in the gap would be relatively very low, e.g., 0.45 �C/cm. Therefore, the total
energy savings due to the secondary shell would be
ð386kJ=kg-clinkerÞ � ð6:944kg-clinker=sÞ � 147 ¼ 2533 kW
from the radiation heat transfer and
ð171 kJ=kg-clinkerÞ � ð6:944 kg-clinker=sÞ ¼ 1187 kW
from the convective heat transfer. Therefore, we can safely conclude that the use of a secondary
shell on the current kiln surface would save at least 3 MW, which is 11.7% of the total input
energy. This energy saving would result in a considerable reduction of fuel consumption (almost
12%) of the kiln system, and the overall system efficiency would increase by approximately 5–6%.
4. Conclusions

A detailed energy audit analysis, which can be directly applied to any dry kiln system, has been
made for a specific key cement plant. The distribution of the input heat energy to the system
components showed good agreement between the total input and output energy and gave sig-
nificant insights about the reasons for the low overall system efficiency. According to the results
obtained, the system efficiency is 48.7%. The major heat loss sources have been determined as kiln
exhaust (19.15% of total input), cooler exhaust (5.61% of total input) and combined radiative and
convective heat transfer from kiln surfaces (15.11% of total input). For the first two losses, a
conventional WHRSG system is proposed. Calculations showed that 1 MW of energy could be
recovered. For the kiln surface, a secondary shell system has been proposed and designed. It is
believed that the use of this system would lead to 3 MW of energy saving from the kiln surface.
Hence, the total saving for the whole system has been estimated to be nearly 4 MW, which
indicates an energy recovery of 15.6% of the total input energy. The pay back period for the two
systems is expected to be less than 1.5 yr.
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