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Abstract Abstract  The finite nature of global 

fossil fuel resources, high prices and most important-

ly, their damaging effect on the environment under-

score the need to develop alternatives for industrial 

systems include the cement production process. This 

industry is classified as energy intensive consump-

tion, so the application of the alternative fuels in ce-

ment production can extend fossil fuel supplies and 

help resolve air pollution problems associated with 

the use of conventional fuels. This paper proposed to 

analyze the clinker production from energy and 

exergy view point, applying the alternative fuel scrap 

tires with aim of reducing the fossil fuel consump-

tion. The results achieved energy efficiency of 75%, 

exergy efficiency of 37% with the main irreversibil-

ity source provider of rotary kiln 

Keywords clinker, alternative fuel, exergy and 

energy analysis. 

I. INTRODUCTION 

Cement production is one the major industries driving 

Brazil’s national economy, and production trends within 

the industry have been dynamic throughout the past 30 

years.  Today, Brazil has become the largest cement 

producer among all Latin American countries, and it is 

ranked 7
th

 in the world for cement production (SNIC, 

2010).   

One important aspect of the cement industry is that 

the cement production is an energy intensive process, 

consuming about 4 GJ per ton of cement product. Elec-

tricity and fuel energy have a portion of approximately 

55% among all the costs (Ari, 2011).   

The exergy losses concentrates in process of clinker 

production, which consumes a large amount of the fuel, 

corresponding 94.3% of the total exergy loss in the 

overall system when it is compared with the material 

preparation and clinker crushing process (Akiyama et 

al., 2000).   

Cement production also generates more carbon 

emissions than any other industrial process (IEA, 2007). 

As result the cement industry represents 5% of global 

total CO2 emissions from fuel use and industrial activi-

ties (Huntzinger and Eatmon, 2009). According to the 

International Energy Agency’s (IEA) and Greenhouse 

Gas R&D Programme (Hendriks et al., 2000), cement 

production generates an average world carbon emission 

of 0.81 kg CO2 per kg cement produced. Approximately 

60% of CO2 emission is generated from chemical reac-

tions involved in the clinker production (Renó et al., 

2012).   

However the cement industry recognizes its respon-

sibility to manage the environmental impact associated 

with the manufacture of its products. Over the past 20 

years specific energy consumption has been reduced by 

about 30%, equivalent to approximately 11 million tons 

of coal per year. One way for achieving this energy sav-

ing is the use of waste as alternative fuels and raw mate-

rials to reinforce its competiveness and at the same time 

contribute to solutions to some of society’s waste prob-

lems. The use of alternative fuels today substitutes ap-

proximately 2.5 million tons of coal every year. Thus, in 

this context this paper focused on analyzing from ener-

gy view point the clinker production applying alter-

native fuel.   

The use of wastes as alternative fuels in cement in-

dustry has numerous benefits such as (Trezza and Scian, 

2000):  

- Reduction of the use of nonrenewable fossil fuels 

as well as the environmental impact associated with 

fossil fuel production;  

- Helpful in recovering energy from waste and to 

find a solution to the problem of waste manage-

ment;  

- The cement quality and its compatibility with the 

environment not decrease;  

- The use of wastes as alternative fuel does not in-

crease the costs; on the contrary, it brings profits.   

Other aspect of alternative fuels in cement industry 

is the favorable conditions inside rotary kiln where oc-

curs the clinker burning, as high temperature, alkaline 

environment, oxidizing atmosphere, good mixture of 

gases and products, and sufficient time for the disposal 

of hazardous wastes. The rotary kiln is also advanta-

geous in relation (Mokrzycki and Uliasz-Bochénczyk, 

2003):  

- Does not require any additional source for waste 

treatment  

- It is much cheaper to adapt a cement kiln to waste 

incineration than build a new incineration plant  

However the use of waste-derived fuel presents cer-

tain limitations such as the volume of waste, which fed 

to the kiln, cannot change the kiln running and the 

clinker quality. There are also limitations related to en-

vironmental safety, since the wastes should be used in 

accordance with rules which ensure that incineration 
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products do not have an adverse impact on the process 

of clinker production.   

Madlool et al. (2012) defend that the use of alterna-

tive fuel or waste heat recovery could be good solution. 

However, challenges associated with the use of alterna-

tive fuels must be overcome.   

Other advantage is that the use of alternative fuels 

can reduce the cost of energy that varies between 25% 

and 35% of total direct costs (Karbassi et al., 2010).   

With this idea this works proposes an energy and 

exergy analysis of clinker production applying scrap 

tires as fuel, showing the contribution of scrap tires for 

exergy and energy input. As well as discover the causes 

and quantitatively estimate of the imperfection of a 

clinker production.   

II. METHODOLOGY 

A. Exergy Analysis   
The advantage of the exergy analysis in relation of en-

ergy analysis is based that the first uses the First and 

Second laws of Thermodynamics, while the energy 

analysis uses only the First law of Thermodynamics. So 

with the exergy analysis is possible to identify the ther-

modynamic inefficiency’s cause, especially in rotary 

burner of clinker production (Camdali and Tunc, 2004, 

Sogut, 2005).  

According with Utlu et al. (2006) the main purpose 

of exergy analysis is discover the causes and quantita-

tively estimate the magnitude of the imperfection of a 

thermal or chemical process. The results lead to a better 

understanding of the influence of thermodynamic phe-

nomena on the process effectiveness and determination 

of the most effective ways of improving the process.   

In work Madlool et al. (2012) was done a review of 

exergy analysis for cement industry. The results ap-

pointed that the exergy efficiency for cement production 

units ranges from 18% to 49% and the exergy losses are 

higher in the kiln.   

Karimi and Abedi (2008) computed an assessment 

of the energy and exergy input for each stage of the ce-

ment production process. The same study of exergetic 

analysis was evaluated by Koroneous et al. (2005), but 

analyzed the cement production in Greece. The results 

of this study show that although a large quantity of 

waste heat can be recovered, 50% of exergy is lost dur-

ing the cement production process.  

In this work, it was assumed that the clinker produc-

tion is a process that involves chemical reactions with 

high temperatures, so there are two main kinds of exer-

gy: physical and chemical. The kinetic and potential 

exergy are insignificant compared to other two.   

Physical exergy also known as thermodynamic 

exergy is the maximum possible work that can be 

gained in a reversible process from an initial condition 

(T, P) to the environment states (To, Po). The specific 

physical exergy can be expressed as Eq. (1) (Kolip and 

Savas, 2010):  

)()( 00 ssThhex oph      (1) 

where h and s are the enthalpy and entropy from initial 

condition and h0 and s0 are the enthalpy and entropy 

from environment states.   

In this study the variation in enthalpy and entropy of 

the solid chemical compounds in the composition of the 

clinker were calculated by the Eq. (2) and Eq. (3):  
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where A, B, C, D are constants computed by Carvalho 

(1977). The values for the specific heat of the com-

pounds used in the calculation of exergy of the gases 

and the clinker were obtained from the data re-ported by 

Perry and Chilton (1982). While the data relating to 

standard chemical exergy were obtained from Szagut et 

al. (1988). The constants A; B; C; D and the standard 

chemical exergy values are presented in Table 1 and 

Table 2:  

From Table 2 there are compounds that were pro-

duced inside of the kiln, where the raw material react at 

very high temperatures to form 3CaO.SiO2 (C3S), 

2CaO.SiO2 (C2S), 3CaO.Al2O3 (C3A) and 

4CaO.Al2O3.Fe2O3 (C4AF). Of these compounds, C3S 

and C3A are mainly responsible for the strength of the 

cement. High percentages of C3S (low C2S) results in 

high early strength but also high heat generation as the 

concrete sets. The reverse combination of low C3S and 

high C2S develops strengths more slowly (over 52 ra-

ther than 28 days) and generates less heat. C3A causes 

undesirable heat and rapid reacting properties, which 

can be prevented by adding CaSO4 to the final product 

(Santos, 2006; Paula, 2009).  
 

Table 1 – Constants and chemical exergy (exch) values for raw 

material compounds 

Raw 

material 

A B C D exch 

kJ/kmol 

CaCO3 24.98 2.62 6.20 -9760 1000 

SiO2 11.22 4.10 2.70 -4615 1900 

Al2O3 27.49 1.41 8.38 -11132 200400 

Fe2O3 23.49 9.30 3.55 -9021 16500 

MgCO3 18.62 6.90 4.16 -7560 37900 

SO3 13.90 3.05 3.22 -5495 249100 

K2O 16.40 0 0 - 413100 

Na2O 15.70 2.70 0 -4921 296200 

TiO2 17.97 0.14 4.35 -6829 21400 

H2O 18.04 0 0 -5379 900 

Table 2 – Constants and chemical exergy (exch) values for 

clinker compounds 

Clinker A B C D exch 

kJ/kmol 

C2S 24.98 2.62 6.20 -9760 1000 

C3S 11.22 4.10 2.70 -4615 1900 

C3A 27.49 1.41 8.38 -11132 200400 

C4AF 23.49 9.30 3.55 -9021 16500 

MgO 18.62 6.90 4.16 -7560 37900 

CaOfree 13.90 3.05 3.22 -5495 249100 

K2SO4 16.40 0 0 - 413100 

Na2SO4 15.70 2.70 0 -4921 296200 

TiO2 17.97 0.14 4.35 -6829 21400 

CaSO4 18.04 0 0 -5379 900 
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Figure 1. Scheme of main exergy flows of clinker production  

Table 3 – Standard chemical exergy (exch) of the gases 

Gas exch   [kJ/kmol ] 

CO2 19870 

H2O 9500 

SO2 313400 

O2 3970 

N2 720 

Table 4 – Raw material and clinker composition 

Raw material mass  (%) Clinker mass  (%) 

CaCO3 75.21 CaCl2 0.03 

SiO2 12.79 CaSO4 0.94 

Al2O3 3.44 K2SO4 1.52 

Fe2O3 1.86 Na2SO4 0.08 

MgCO3 3.57 MgO 1.74 

SO3 0.92 C2S 37.60 

Na2O 0.03 CaO 0.65 

K2O 0.8 C4AF 5.79 

P2O5 0.13 C3A 6.12 

Cl 0.014 C3S 45.53 

With relation to exergy of the gases formed or pre-

sent during the clinker production, the Table 3 presents 

the standard chemical exergy of the gases, extracted of 

Carvalho (1997), Perry and Chilton (1982) and Szagut 

et al. (1988).   

Figure 1 presents the main exergy fluxes analyzed 

that was used for computing the exergy balance and the 

irreversibility, as shows the Eq. (4).   
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Now, with relation to energy view point, the energy 

balance can be computed according Eq. (5) and Eq. (6).  

  outin EE        (5) 

  outoutinin hmWhmQ     (6) 

where 
inE  is the rate of net energy transfer in, 

outE  is the 

rate of net energy transfer out by heat, work and mass, 

Q  is the rate of net heat input and W  is the rate of net 

work output and h is the specific enthalpy.  

B. Parameters   
For computing the exergy and energy of main fluxes in-

volved in clinker production, it was necessary to re-

search the composition of the raw material, and compu-

ting the products formed from raw material in the pyro 

processing system (clinker). The composition of raw 

material and clinker are presented in Table 4, and they 

were gotten in Santos (2006).   

Besides of the raw material and clinker composition, 

the fuels compositions are important for exergy analy-

sis. In this work were used conventional fuels, usually 

applied in cement industry, as petroleum coke, coal and 

charcoal. It was also applied residues as alternative 

fuels, specifically scrap tires.   

The composition of the alternative fuel (scrap tires) 

and fuels (coal, petroleum coke and charcoal) are pre-

sented in Table 5.   

With respect to cement plant parameters, the work 

selected parameters referred to cement plant that oper-

ates with horizontal rotary kiln with preheater cyclone 

of four stages. The main parameters are presented in 

Table 6.    

Lastly, this work considered that 21% of specific 

fuel consumption is supplied by alternative fuel (scrap 

tires). The others fuels were assumed the follow per-

centage: petroleum coke (33.46%), coal (19%) and 

charcoal (26.54%).  

III. RESULTS 
Thus, with the assumption previously described the 

exergy and energy balance was calculated. The results 

are presented in Figure 2, Figure 3 and Table 7.   
 

Table 5 – Fuels components and its mass percentages 

Components Scrap tires  

(%) 

Petroleum coke  

(%) 

Coal 

(%) 

Charcoal 

(%) 

C 72.15 87.97 70.12 77.49 

H 6.74 3.31 4.51 3.05 

S 1.23 4.69 1.28 0.08 

O 9.67 0.90 1.13 16.12 

N 0.36 1.52 2.25 0.18 

H2O 1.02 0.30 0.85 1.78 

Ash 8.74 1.09 19.85 1.3 

Table 6 – Parameters used in cement plant 

Standard parameter  value  

Mass flow of clinker (kg/s)  34.72  

Mass flow of raw material (kg/s)  54.45  

Specific fuel consumption (kJ/kg clinker)  3150  

Fuel temperature (°C)  25  

Clinker outlet temperature from rotary kiln (°C)  1450  

Clinker outlet temperature from cooler (°C)  120  

Pre-heater exhaust gases temperature (°C)  352  

Cooling air temperature (°C)  25  

Oxygen free in calciner (dry basis) (%)  2.4  

Oxygen free in rotary kiln (dry basis) (%)  1.7  

Table 7 – Exergy and energy balance of the cement production 

process 

    Exergy (kW)  Energy (kW)  

Input  Fuels  83556.92  86400.72  

  Alternative fuel  29878.26  22967.28  

  Raw material  8346.84  1672.23  

  Cooling air  128.43  2344  

  Total  121910.5  113384.23  

Output  Cool clinker  45502.26  85014.85  

  Stack dust  2368.21  418.93  

  Pre-heater ex-

haust gases  

19633.60  7326.64  

  Hot air exhaust  7974.05  7542.89  

  Total  75478.12  100303.31  

Exergy destruction   46432.38  -  

Energy Losses      13080.92  



Latin American Applied Research  43:193-197 (2013) 

196 

 

 
Figure 2 – Exergy balance diagram of clinker production   

 
Figure 3 – Energy balance of clinker production   

From results of Table 7 it is possible to confirm the 

advantage of exergy analysis in relation of the energy 

analysis. Because, the exergy efficiency computed was 

37%, while the energy analysis was 75%. So the exergy 

analysis was better to available the energy inefficiencies 

of clinker production system.     

The results in Table 7 and Figure 2 appoint that the 

irreversibility represents 38.09% of the global system, 

the main source of the irreversibility is the rotary kiln 

due to chemical reactions to form the clinker, as well as 

due heat loss through the wall of the kiln. The exergy 

efficiency of rotary kiln is approximately 41%.   

The clinker cooler and pre-heater equipment have ir-

reversibility due to heat exchange between the cooling 

air and the clinker, their exergetic efficiency are 75% 

and 66% respectively.    

The pre-calciner presents an exergetic efficiency of 

50%, the main source of irreversibility provide of calci-

nation process.   

In relation of the alternative fuels, in this work the 

use of scrap tires does not increase the exergetic effi-

ciency, because it does not reduce the specific fuel con-

sumption of the clinker production.   

However, it is important its application because the 

low efficiency of clinker production increases the de-

mand of fuels, consequently the costs, then use of alter-

native fuel is viable, corresponding a reducing costs to 

cement plant.   

In this study, as example, the alternative fuel (scrap 

tires) corresponded to 24.51 % of input exergy, consum-

ing 20 kg scrap tires/t clinker. They are getting with low 

prices in the market (approximately US$ 2.0/per unit).  

IV. CONCLUSIONS 
In this paper an exergy and energy analyses were com-

puted for a dry type cement plant that presents pre-

heater cyclone calciner with four stages. Through a case 

study was analyzed the application of alternative fuels 

(scrap tires). According to the results obtained, the se-

cond law efficiencies of the system were estimated to be 

37%.   

Improvements of the exergy efficiency can be made 

by recycling waste energy from hot gases which has a 

considerable amount of exergy. This can be achieved by 

incorporating appropriate waste energy recovery sys-

tem. As example, the heat transfer between gas and sol-

id can improve if increasing the number of stages from 

cyclones (for five or six stages, as example).   

The clinker cooler can increase the efficiency of the 

pre-calciner if increase the tertiary air temperature.  

Another method of increase the exergy and energy 

efficiency is applying he mineralizers, with the purpose 

to reduce the thermal energy consumption, without al-

tering the final properties of the product. For example, 

the mineralizing properties of the compounds CaF2 and 

CaSO4 have already been described in the literature.   

The use of alternative fuel is important for a thermal 

system with low efficiency because it is possible to 

achieve reduction of costs, as well as ecologically justi-

fied and thanks to waste management  
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