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Abstract
The most energy demanding process in the cement industry is clinker production, carried out in a rotary kiln. Thus, rotary 
kiln energetic and exergetic analyses are useful tools to reach cement production process improvements. Energetic analysis 
is based on the first law of thermodynamics and allows one to calculate the heat uses and losses. On the other hand, exergetic 
analysis is based on a combination of the First and Second Laws of Thermodynamics and allows quantifying process irre-
versibilities. Some rotary kiln exergy analyses neglect the mass flows chemical exergy in the exergetic analysis, considering 
only the fuel chemical exergy. In this work, chemical exergy impact on this analysis was evaluated. Pre-calcination effect 
was also studied. Rotary kiln classical and modern exergetic efficiency considering all the chemical exergy contributions 
were 55.5% and 41.8%, respectively, while considering just the fuel chemical exergy were 38.2% and 22.6%, respectively. 
The results showed that it is inadequate to neglect the mass flows chemical exergy, since their contribution in the exergetic 
analysis was relevant. Furthermore, it was observed that the method adopted in the process efficiency evaluation affects the 
system interpretation. Considering the modern exergetic efficiency, results showed that, the higher the pre-calcination, the 
higher rotary kiln efficiency.
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List of symbols
A  Fuel mass percentage of ash in dry basis
ci  Element fraction appearing in the form of the refer-

ence species.
cp  Heat capacity at constant pressure (J/mol.K)
C  Fuel mass percentage of carbon in dry basis.
E  Energy (kJ)
Ė  Energy rate (kJ/h)
ex  Specific exergy (J/mol)
ex0

ch
  Specific standard chemical exergy (J/mol)

Ex  Exergy (kJ)
Ė  Exergy rate (kJ/h)
g  Gravitational acceleration (m/s2)
g0
f
  Standard Gibbs energy of formation (J/mol)

h  Specific Enthalpy (J/mol)

h0
f
  Specific Enthalpy of formation (J/mol)

H  Fuel mass percentage of hydrogen in dry basis.
j  Number of reference ions or molecules derived from 

one molecule of the element under consideration.
li  Number of atoms of the element in the molecule of 

the reference species.
ṁ  Mass flow rate (kg/h)
M0  Lithosphere molecular mass (kg/mol)
ni,0  Lithosphere molar concentration of the ith element.
N  Fuel mass percentage of Nitrogen in dry basis.
Nk  Number of molecules of additional elements present 

in the molecule of the reference species.
O  Fuel mass percentage of oxygen in dry basis.
P  Pressure (atm)
pH  Negative logarithm of the hydrogen ion 

concentration.
Q̇  Heat transfer rate (kJ/h)
R  Universal gas constant. (J/mol.K)
s  Specific Entropy (J/mol.K)
S  Coal mass percentage of sulfur in dry basis.
T   Temperature (K)

 * Andréa Oliveira Souza da Costa 
 andreacosta@deq.ufmg.br

1 Chemical Engineering Program, Departamento de 
Engenharia Química, Universidade Federal de Minas 
Gerais, Av. Presidente Antônio Carlos, Belo Horizonte, 
Minas Gerais 662731270-901, Brazil

http://orcid.org/0000-0001-6461-4763
http://orcid.org/0000-0002-5847-0967
http://orcid.org/0000-0002-9182-4296
http://orcid.org/0000-0002-9245-4223
http://orcid.org/0000-0002-6763-9752
http://crossmark.crossref.org/dialog/?doi=10.1007/s43153-020-00084-0&domain=pdf


198 Brazilian Journal of Chemical Engineering (2021) 38:197–214

1 3

u0  Conventional standard molar concentration of the 
reference species in seawater.

v  Velocity (m/s)
Ẇ   Power (W)
x  Mass fraction.
z  Position

Greek letters
�  Heat capacity at constant pressure parameter. (*)
�  Heat capacity at constant pressure parameter. (*)
�  Heat capacity at constant pressure parameter. (*)
�  Heat capacity at constant pressure parameter. (*)
�  Activity coefficient.
�en  Energetic Efficiency.
�ex  Exergetic Efficiency.
�  Chemical potential. (J/mol)
�  Heat capacity at constant pressure parameter. (*)
�  Stoichiometric coefficient.
�i  Reference specie mole fraction in the lithosphere
*  The heat capacity at constant pressure parameters 

have different units as a function of the heat capacity 
equation. For each equation, the parameters units are 
defined in such a way that the heat capacity has the 
unit (J/mol.K).

Subscripts
0  Restricted dead state.
00  Absolute dead state.
ch  Chemical.
i  Specie.
r  Reaction.
d  Destroyed.
el  Element.

Introduction

The global cement production in the year of 2017 was esti-
mated to be 4.1 billion tons of cement, according to the most 
recent data of The European Cement Association (Cembu-
reau 2019). The most energy demanding step in cement 
production is clinker production, carried out in a rotary kiln 
(Atmaca and Yumrutaş 2014b). According to the World 
Business Council For Sustainable Development, the world 
average thermal energy consumption related to clinker pro-
duction in the year of 2016 was 3540 MJ per ton of clinker 
(WBCSD 2016). Consequently, the process energy analysis 
is relevant in clinker production in order to detect possible 
energy saving improvements.

In this context, energetic and exergetic analysis can be 
used to improve the operational conditions of the clinker 
rotary kiln. The energetic analysis is based on the first law 
of thermodynamics and allows quantifying the process heat 
loss and energetic efficiency (Anacleto et al. 2018; Atmaca 

and Yumrutas 2014; Çamdali et al. 2004; Fellaou and Bou-
nahmidi 2017; Kabir et al. 2010). However, the energetic 
analysis does not identify the process irreversibilities. This 
analysis disregards information about the process energy 
degradation related to the process entropy generation (Fraga 
et al. 2018; Madlool et al. 2012). This information is neces-
sary to determine the real process energy available to pro-
duce work (Costa 2016). Therefore, the energetic efficiency 
value is unable to give a full comprehension of the process 
efficiency. On the other hand, exergetic analysis considers 
the combination of the First and the Second Law of Ther-
modynamics (Ramos et al. 2019; Yildirim and Genc 2017; 
Zhao et al. 2018). Thus, this analysis describes the process 
irreversibilities. Consequently, the exergetic analysis allows 
locating and quantifying the process energy losses related to 
the entropy generation (Yildirim and Genc 2017).

A combination of the energetic and exergetic analysis in 
order to evaluate the performance of rotary kilns has been 
applied widely and can be found in many works on the lit-
erature (Atmaca and Yumrutas 2014; Atmaca and Yumrutaş 
2014a, 2014b; Çamdali et al. 2004; Fellaou and Bounahmidi 
2017; Gürtürk and Oztop 2014; Renó et al. 2013; Shahin 
et al. 2016; Ustaoglu et al. 2017). However, the methodolo-
gies adopted for this analysis in the different studies are not 
uniform. There are divergences in the way researchers per-
form both analyses, especially in the exergetic one. Usually 
the divergences are seen in the exergy flow and exergetic 
efficiency calculation. Some authors neglect the chemical 
exergy contribution to the exergy flow calculation. For the 
exergetic efficiency calculation, some authors perform the 
calculation in a classical way, considering the ratio between 
the outlet flows exergy and the total inlet exergy (Çamdali 
et al. 2004; Atmaca and Yumrutas 2014). On the other hand, 
some authors define the exergetic efficiency by the ratio 
between the desired products exergy and the fuel exergy (or 
exergy used to drive the process). This is a modern con-
cept of exergetic efficiency (Fellaou and Bounahmidi 2018; 
Lazzaretto and Tsatsaronis 2006; Madlool et al. 2012; Renó 
et al. 2013).

Çamdali et al. (2004) describe an energy and exergy 
analysis for a rotary kiln used in a cement dry process with 
pre-calcination. In the energy analysis, the energy associated 
with each rotary kiln stream was accounted for by the sum 
of two contributions: substance enthalpy of formation and 
the enthalpy related to the substance temperature (different 
from the environment temperature), calculated from the sub-
stance heat capacity at constant pressure. In relation to the 
exergy analysis, the proposed exergy balance neglected part 
of the flows chemical exergy. In fact, except from the fuel 
chemical exergy, flow chemical exergy was not taken into 
account. Çamdali et al. (2004) found an energetic efficiency 
of 97% and an exergetic efficiency of 64.4%. The exergetic 
efficiency was calculated by the classical approach. The 
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energetic efficiency obtained is considerably higher than the 
usual rotary kiln energetic efficiencies in the literature. This 
is probably a result of the different methodology adopted in 
the energetic evaluation.

Renó et al. (2013) developed an analysis for a cement 
pyro processing unit, including the rotary kiln, operating 
with waste fuel and mineralizer. This work focused on the 
system exergy analysis. The exergy balance was performed 
by taking into account the whole chemical exergy contribu-
tion, even the flow chemical exergy. Two case studies involv-
ing different proportions of alternative and conventional fuel 
were evaluated. In both cases, the exergetic efficiency was 
close to 30%. The exergetic efficiency was calculated by the 
ratio between the clinker exergy and the fuels exergy (mod-
ern approach).

Atmaca and Yumrutas (2014) performed an energy and 
exergy analysis for a rotary kiln in a Turkish cement indus-
try. The energy of each rotary kiln mass flow was evaluated 
taking into consideration only the temperature contribution 
(excluding the enthalpy of formation contribution). Then, 
the flow energy was calculated considering the substance 
temperature and its heat capacity at constant pressure. 
The majority of rotary kilns energy evaluation adopt this 
approach. On the other hand, the exergy analysis of this 
work was performed disregarding the rotary kiln flows 
chemical exergy, considering only the fuel chemical exergy. 
The rotary kiln energetic efficiency was 55.8%, while the 
exergetic efficiency was 38.7% for the process. Exergetic 
efficiency was calculated in the classical way.

Ustaoglu et al. (2017) made an energy and exergy analy-
sis for a wet type rotary kiln. The flow chemical exergy was 
considered in the study. Due to the wet process, the effi-
ciencies calculated were inferior than in similar studies. The 
rotary kiln presented an energetic efficiency of 46% and an 
exergetic efficiency of 35%. The exergetic efficiency was cal-
culated by the classical approach. The Ustaoglu et al. (2017) 
data analysis pointed out that the flow chemical exergy 
makes a relevant contribution to the total system exergy.

Fellaou and Bounahmidi (2018) performed an exergy 
analysis for a cement plant. Exergy balance considered the 
chemical exergy associated with the chemical reactions, 
but disregarded the process flow chemical exergies. These 
authors adopted the modern concept of exergetic efficiency. 
Outlet exergies involved in the system were divided into the 
following groups: useful exergy, waste exergy and destroyed 
exergy. First group corresponds to the desired process prod-
ucts exergies. The second group is composed of the unde-
sired system outlet exergies, such as the exergy from outlet 
flows that are not desired products in the process (exergy 
unused and unrecovered in the process) and the exergy losses 
associated with heat loss. The third group corresponds to the 
system irreversibilities. Therefore, exergetic efficiency was 
defined as the ratio between the useful exergy and the total 

inlet exergy, in order to evaluate how efficiently the input 
exergy was converted in the desired product exergy. This 
cement plant rotary kiln efficiency was evaluated in 63.09%.

In the present study, the energy and exergy analyses of a 
real rotary kiln used for clinker production operating with 
pre-calcination were performed. The energy analysis fol-
lowed the most common adopted methodology for this sys-
tem. However, the exergy analysis was performed consider-
ing and neglecting the flow chemical exergy contribution, in 
order to detect the difference between these two approaches. 
The major aim of this study is to explore the chemical exergy 
impact on the rotary kiln exergy analysis. Since the rotary 
kiln is an equipment that involves flows at temperatures con-
siderably elevated, a high impact of chemical exergy in this 
system indicates that chemical exergy may be considered in 
any system with reactions and change of streams composi-
tion, even in systems involving high temperatures. In addi-
tion, the effect of pre-calcination on the rotary kiln analysis 
was studied, as it causes changes in the flows composition.

System description

For the clinker production, the mix of finely ground raw 
materials called raw meal passes through heating in order 
to activate a series of chemical reactions that will result in 
the main clinker compounds. The major reactions are lime-
stone calcination and the clinkerization reactions given by 
Eqs. (1–5) (Anacleto et al. 2018; Çamdali et al. 2004).

This process occurs in the pyro processing unit, com-
posed of three sections, as illustrated in Fig. 1. In the pre-
heating section (first section), the raw meal passes through 
the cyclones-tower and the calciner, when present. In this 
step, the raw meal is pre-heated by the rotary kiln exhaust 
gases and goes through most of the calcination. This stage 
is commonly known as pre-heating or pre-calcination. In the 
second section, the pre-calcined raw meal, called hot meal, 
enters the rotary kiln, where the calcination is finished and 
the clinkerization is carried out. Finally, the clinker is cooled 
in the cooling section.

(1)CaCO3 → CaO + CO2

(2)2CaO + SiO2 → (CaO)2SiO2

(3)CaOAl2O3 + 2CaO → (CaO)3Al2O3

(4)CaOAl2O3 + 3CaO + Fe2O3 → (CaO)4Al2O3Fe2O3

(5)(CaO)2SiO2 + CaO → (CaO)3SiO2
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In the present study, a rotary kiln of a Brazilian Cement 
Plant was considered as the control volume for the ener-
getic and exergetic analysis. The rotary kiln dimensions 
are 4.1 m of diameter and 62.0 m in length. The rotary 
kiln inlet flows are the hot meal, fuel and primary and 
secondary air, while the outlet streams are the clinker and 
flue gases, as shown in Fig. 2. When the rotary kiln is 
operating stably, which means that the goal of production 
are being reached, the following conditions are observed: 
the secondary air corresponds to 87.18% of the total inlet 
air, the total inlet air mass flow is in excess in relation to 
the stoichiometric value to promote complete combustion 
(5% of flue gases mass flow rate corresponds to oxygen 
provided by the excess air), the average rotary kiln wall 
temperature is 168 °C, the hot meal  SO3 mass flow cor-
responds to 1.18% of the respective total mass flow, hot 
meal is 83% pre-calcined and it is possible to consider that 
the fuel ashes aggregate to the clinker. The mass flow and 
temperatures of the substances in the rotary kiln at a stable 
operation are given in Table 1. The whole pyro processing 
unit in this Brazilian Plant presents an average thermal 
energy consumption of 3684 MJ per ton of clinker.

For a stable operation of the rotary kiln, the following 
premises can be considered to propose the mass, energy and 
exergy balances:

 (i) Steady state operation.
 (ii) Kinetic and potential energy and exergy variation can 

be neglected.
 (iii) There is no change of pressure in the control volume.
 (iv) The volume of the control volume is constant.
 (v) The electrical work can be neglected.
 (vi) Leakage air can be neglected.

Mass analysis (balance and pre‑calcination 
simulation)

The mass conservation equation for an open system operat-
ing in a steady state, such as the rotary kiln, is written as 
Eq. (6).

Based on the mass conservation, a simulation was per-
formed to predict how the stream mass flow and composi-
tion change as a function of the hot meal percentage of pre-
calcination that enters the rotary kiln. This simulation was 
performed in order to verify the pre-calcination impact in 
the rotary kiln energy and exergy analyses. Usually cement 
industries operate with a range of 75–95% of pre-calcination. 
Then, this was the range explored in the simulation. The 
starting point for the simulation was the operational condi-
tions showed in Table 1, referent to an operation with 83% 
of pre-calcination. As mentioned previously, the clinker 
mass flow and composition, as well as the specific heat 
consumption of the pyro processing unit are fixed goals of 

(6)
∑

ṁin =
∑

ṁout

Fig. 1  Example of a pyro 
processing unit ( adapted from 
Giannopoulos et al. (2007))

Fig. 2  Control volume—Rotary Kiln
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production. Then, these conditions are constant in all simu-
lation scenarios.

Although the pyro processing unit heat consumption is 
constant, the rotary kiln heat consumption changes for dif-
ferent conditions of pre-calcination. For the equipment under 
study, when the pre-calcination percentage is lower than 
83%, it is necessary to calcine a higher mass of limestone in 
the kiln than it is necessary in the usual operational condi-
tions, since the hot meal has a higher content of limestone in 
this condition. Thus, a higher fuel mass flow rate is required 
in the rotary kiln. From this statement, it is also possible to 
consider that a lower fuel mass flow is necessary in the cal-
ciner in the pre-heating stage, keeping the pyro processing 
unit heat consumption fixed and respecting the production 
goals. In the simulation, this increase in the rotary kiln fuel 
mass flow was calculated using the respective lower heat-
ing value (31,342 kJ/kg) and the enthalpy of reaction for 

the calcination reaction (1781.55 kJ/kg  CaCO3). The fuel 
mass flow increase corresponds to the necessary to promote 
the extra hot meal calcination. When the pre-calcination 
percentage is higher than 83%, the opposite situation will 
occur. Overall, the total flow rate of fuel in the system (kiln 
and pre-heater) will be kept constant, while the proportion 
of fuel at each injection point will vary according to the 
considered pre-calcination rate.

As mentioned previously, in this process all the fuel ash 
goes to the clinker. Therefore, as the mass flow and composi-
tion of the clinker are constant and the fuel mass flow rate 
in the rotary kiln changes, the hot meal substances mass 
flow changes in the simulation in order to respect the mass 
conservation law. Moreover, the mass flow and composition 
of the flue gases also change in each scenario, since this flow 
is a function of the fuel, limestone and air mass flow rate. 
The inlet air mass flow rate in each scenario is in excess in 

Table 1  Rotary kiln operational 
conditions

C3S: (CaO)3SiO2; C2S: (CaO)2SiO2; C3A: (CaO)3Al2O3; C4AF: (CaO)4Al2O3Fe2O3

Inlet Outlet

 Hot meal (1118 K) Mass flow rate (kg/h) Clinker (1473 K) Mass flow rate (kg/h)
 CaO 47,810 C3S 59,474
 SiO2 18,140 C2S 7290
 Fe2O3 2900 C3A 7829
 Al2O3 4804 C4AF 8887
 Na2O 136 Na2O 137
 SO3 1109 SO3 503
 CaCO3 17,355 K2O 661
 K2O 659 P2O5 1121
 P2O5 1056 Total 85,902
 Total 93,969

Fuel (298 K) Mass flow rate (kg/h) Flue gases (1118 K) Mass flow rate (kg/h)
 C 4564 CO2 24,372
 O2 292 H2O 1912
 N2 90 N2 59,844
 H2 200 O2 4573
 S 123 SO2 732
 P2O5 65 Total 91,433
 Na2O 2
 K2O 3
 CaO 25
 Fe2O3 20
 Al2O3 15
 SiO2 45
 H2O 111
 Total 5555

Air (331 K and 1458 K) Mass flow rate (kg/h)
 O2 18,056
 N2 59,755
 Total 77,811
 Total 177,335 Total 177,335
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relation to the stoichiometric value, as mentioned previously. 
Air mass flow is defined in such a way that 5% of the flue 
gases mass flow rate corresponds to oxygen.

Thus, except for the clinker, all the process mass flow 
rates in the simulation change as a function of the percent-
age of pre-calcination. Moreover, hot meal and flue gas 
compositions also change. As the variation in the fuel mass 
flow rate is exactly the value to compensate the variation in 
the percentage of the calcination reaction that occurs in the 
rotary kiln, the process reaction enthalpy does not change. 
However, it is expected that the energetic efficiency will 
change as a function of the components’ enthalpy and the 
process mass flow rate variation. In addition, it is expected 
for the chemical exergy contribution in the exergy balance 
to present a relevant variation in the simulation due to the 
variation of the mass flow compositions.

In this study, although the rotary kiln flows (except for 
the clinker flow) change, the whole pyro processing unit 

balance is kept the same, since the clinker mass flow rate 
and composition does not change (the same with the pyro 
processing thermal consumption). Consequently, the change 
in the rotary kiln balance in this study promotes a change in 
the pre-heating stage that balances it, in a way that the pyro 
processing unit does not change.

Data from the simulated scenario of 75% of pre-calcina-
tion are given in Table 2 in order to illustrate the methodol-
ogy. In this scenario, it is possible to observe that, except 
for the lime, the hot meal substances that are also present 
in the fuel ash enter the kiln at a lower mass flow rate. This 
occurs because, as the extra fuel ash will incorporate the 
material, a lower amount of these substances is necessary 
to get the desired clinker composition. Lime is an excep-
tion because the respective mass is strongly connected to 
the percentage of pre-calcination. This extra calcination in 
the rotary kiln also causes extra  CO2 in this equipment’s flue 
gases. Moreover, in this scenario a higher air mass flow rate 

Table 2  Rotary kiln simulated 
conditions for 75% of pre-
calcination

Inlet Outlet

 Hot meal (1118 K) Mass flow rate (kg/h) Clinker (1473 K) Mass flow rate (kg/h)
 CaO 43,135 CaO 59,474
 SiO2 18,137 SiO2 7290
 Fe2O3 2899 Fe2O3 7829
 Al2O3 4803 Al2O3 8887
 Na2O 136 Na2O 137
 SO3 1152 SO3 503
 CaCO3 25,698 K2O 661
 K2O 658 P2O5 1121
 P2O5 1051 Total 85,902
 Total 97,669

Fuel (298 K) Mass flow rate (kg/h) Flue gases (1300 K) Mass flow rate (kg/h)
 C 4954 CO2 29,472
 O2 317 H2O 2075
 N2 97 N2 65,540
 H2 217 O2 5152
 S 134 SO2 788
 P2O5 70 Total 103,027
 Na2O 2
 K2O 3
 CaO 27
 Fe2O3 22
 Al2O3 16
 SiO2 48
 H2O 121
 Total 6028
 Air (331 K and 1473 K) Mass flow rate (kg/h)
 O2 19,789
 N2 65,443
 Total 85,232
 Total 188,929 Total 188,929
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is necessary to allow the complete fuel burn, resulting in a 
higher flue gas mass flow.  SO3 mass flow in the hot meal is 
fixed as 1.18% of the total hot meal mass flow. Finally, in 
this scenario, it is necessary to provide an extra energy flow 
rate of 14,863,486 kJ/h (compared to the usual operational 
conditions) to promote the extra calcination inside the rotary 
kiln, which requires an extra fuel mass flow rate of 473 kg/h 
in relation to the usual operational conditions.

Energy analysis

The energy balance general equation for a steady state pro-
cess can be written as Eq. (7) (Caglayan and Caliskan 2018; 
Gürtürk and Oztop 2014).

Considering the conditions previously presented in the 
system description, the energy balance of this process can 
be written as Eq. (8).

The specific enthalpy can be calculated using the sub-
stances heat capacities and constant pressure, as shown in 
Eq. (9). Table 3 comprises the parameters for the calculation 
of the heat capacities at constant pressure for each substance 
involved in this process (Çamdali et al. 2004).

Since the process energy loss corresponds to the rotary 
kiln heat loss, the energetic efficiency can be described as 
Eq. (10) (Atmaca and Yumrutas 2014a).

Exergy analysis

The exergy can be defined as a system work potential in 
relation to a reference equilibrium state (Som and Datta 
2008). In other words, the exergy represents the maximum 
work that could be obtained for a system in a transforma-
tion in which the system conditions correspond to the initial 
state and the reference conditions correspond to the final 
state (Darvishi 2017; Ortega-Delgado et al. 2019; Özilgen 
2018). In the exergy analysis the reference state is usually 

(7)0 = Q̇ − Ẇ +
∑

ṁin

(

hin +
v2
in

2
+ gzin

)

−
∑

ṁout

(

hout +
v2
out

2
+ gzout

)

(8)
∑

ṁout ⋅ hout −
∑

ṁin ⋅ hin = Q̇

(9)h(T) = hf ,0 +
T

∫
T0

cPdT

(10)𝜂en = 1 −
Q̇

Ėin

the environment (Bühler et al. 2018). If a system presents the 
same temperature and pressure of the environment, meaning 
a thermomechanical equilibrium, the system in considered 
to be in the “restricted dead state”, also denominated by just 
“environment state”. If a system is in a thermomechanical 
and chemical equilibrium with the environment, it is in the 
“absolute dead state” (Bühler et al. 2018). In the absolute 
dead state, no work can be obtained for the system.

In the exergy analysis both the First and the Second Law 
of Thermodynamics are considered, since the exergy is a 
thermodynamic property originated from the combination 
of the two laws (Mastral et al. 2018; Terehovics et al. 2017). 
Different from the energy, exergy can be destroyed due to the 
process irreversibilities, associated with the entropy genera-
tion (Bühler et al. 2018). Exergy balance for a steady state 

process can be described as Eq. (11) (Ustaoglu et al. 2017).

In Eq. 11, the first and second terms correspond to the 
exergy flow, the third represent the exergy loss, related to 
the heat loss, the fourth term is the exergy related to the 
work, which is the work itself, and the last term is the exergy 
destruction, related to the entropy generation and described 
by Eq. (12) (Costa 2016; Ramos et al. 2019). The tempera-
ture considered to calculate the exergy loss in this work was 
the rotary kiln wall average temperature. Since the kinetic 
and potential exergies are neglected in this study, the specific 
flow exergy can be written as Eq. (13) (Bühler et al. 2018).

where the terms h − h0 and s − s0 can be calculated by the 
Eqs. (14) and (15), respectively.

The first term in Eq. (13) represents the physical exergy 
contribution, while the second term describes the chemical 

(11)

∑

ṁinexin −
∑

ṁoutexout +
∑

(

1 −
T

T0

)

Q̇j − Ẇ = Ex
d

(12)Ėxd = T0Ṡgen

(13)ex =
[(

h − h0
)

− T0
(

s − s0
)]

+

[

∑

i

(

�i,0 − �i,00

)

xi

]

(14)h − h0 =
T

∫
T0

cPdT

(15)s − s0 =
T

∫
T0

cP

T
dT
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exergy contribution, defined as ex0
ch

 . The physical exergy 
corresponds to the energy available to produce work when 
the flow is brought from its state to the “restricted dead 
state”. On the other hand, the chemical exergy corresponds 
to the energy available when the flow is brought from the 
“restricted dead state” conditions to the “absolute dead 
state” (Araújo et al. 2007). Most of the literature describes 
the “restricted dead state” as the standard ambient conditions 

(Anacleto et al. 2018; Bühler et al. 2018; Fellaou et al. 2018; 
Ustaoglu et al. 2017; Yildirim and Genc 2017). However, 
to describe the absolute dead state it is also necessary to 
define the reference state composition. Substance chemical 
exergy can be calculated based on three reference states: 
atmospheric gaseous composition, sea water composition 
and lithosphere composition (Szargut 1989). The more abun-
dant species in each of these states are taken as references 
species. Chemical exergy calculation is different for each 

Table 3  Parameters for the calculation of the substances heat capacities at constant pressure

a National Institute of Standard Technology (NIST)
b Smith et al. (2007)
c Jung and Hudon (2012)
d Matschei et al. (2007)
e Lothenbach et al. (2019)
1  cp(T) = � + �

(

T

1000

)

+ �

(

T

1000

)2

+ �

(

T

1000

)3

+ �

(

T

1000

)−2

2 cp(T) = R
(

� + �T + �T−2
)

3  cp(T) = � + �T + �T−2 + �T2 + �T−1

4 cp(T) = � + �T + �T−2 + �T−0.5

Substance � � � � � T (K)

CaO1,a 49.95403 4.887916 − 0.352056 0.046187 − 0.825097 298–3200
SiO2

1,a 72.77482 1.293543 − 0.004360 0.000798 − 4.140645 298–1996
Fe2O3

1,a 93.43834 108.3577 − 50.86447 25.58683 − 1.611330 298–950
150.624 – – – 950–1050
110.9362 32.04714 − 9.192333 0.901506 5.433677 1050–2500

Al2O3
1,a 102.429 38.7498 − 15.91090 2.628181 − 3.007551 298–2327

Na2O1,a 25.5754 177.71 − 166.3350 57.6116 0.338149 298–1023
− 125.7730 302.074 − 140.6420 21.324 38.2831 1023–1243

SO3
1,a 24.02503 119.4607 − 94.38686 26.96237 − 0.117517 298–1200

CaCO3
2,b 12.572 2.637 × 10–3 − 3.120 × 105 – – 298–1200

K2O1,a 245.0104 − 567.0492 778.7219 − 346.2641 − 4.653361 298–700
72.55098 41.39097 − 0.728497 0.218564 0.066026 700–2000

P2O5
3,c − 21.643407 0.3362284 − 3.516373 × 106 1.126290 × 10–4 2.2900402 × 104 298–1000

225.000000 – – – –  > 1000
C2,b 1.771 0.771 × 10–3 − 0.867 × 105 – – 298–2000
S1,a 21.21978 3.865858 22.27461 − 10.31908 − 0.122518 298–388,36
N2

1,a 28.98641 1.853978 − 9.647459 16.63537 0.000117 100–500
19.50583 19.88705 − 8.598535 1.369784 0.527601 500–2000

H2
1,a 33.066178 − 11.363417 11.432816 − 2.772874 − 0.158558 298–1000

O2
1,a 31.32234 − 20.23531 57.86644 − 36.50624 − 0.007374 100–700

30.03235 8.772972 − 3.988133 0.788313 − 0.741599 700–2000
H2O2,b 3.47 1.450 × 10–3 0.121 × 105 – – 298–2000
CO2

1,a 24.99735 55.18696 − 33.69137 7.948387 − 0.136638 298–1200
58.16639 2.720074 − 0.492289 0.038844 − 6.447293 1200–6000

SO2
1,a 21.43049 74.35094 − 57.75217 16.35534 0.086731 298–1200

57.48188 1.009328 − 0.076290 0.005174 − 4.045401 1200–6000
C3S4,d− e 209 0.036 − 4.25 × 106 – – –
C2S4,d− e 152 0.037 − 3.03 × 106 – – –
C3A4,d− e 261 0.019 − 5.06 × 106 – – –
C4AF4,d− e 374 0.073 – – – –
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reference state. Gaseous reference species in the atmosphere 
standard chemical exergy are defined by Eq. (16) (Ustaoglu 
et al. 2017).

Standard chemical exergy for solid reference species in 
the litosphere is given by Eq. (17) (Szargut 1989).

where �i is corresponds to the reference specie mole fraction 
in the lithosphere, calculated by Eq. (18) (Szargut 1989).

Standard chemical exergy for an element for which the 
reference specie is dissolved in sea water can be calculated 
by Eq. (19), where the pH is considered to be 8.1 (Szargut 
1989).

Elemental standard chemical exergies are used to calcu-
late non-reference substance chemical exergies. In order to 
calculate these non-reference substance chemical exergies, 
it is required to propose their formation reactions by using 
only reference species as reactants. This allows calculating 
the substance chemical exergy using Eq. (20) (Gharagheizi 
et al. 2014; Rivero and Garfias 2006; Song et al. 2012; Szar-
gut 1989).

Some studies determined several substance chemi-
cal exergies considering these reference states and using 
these reference species. This data was used to develop the 
exergy balance in this work (Qian et al. 2017; Rivero and 
Garfias 2006; Song et al. 2012; Szargut 1989). Moreover, 
based on Eq. 20 and using data from substances for which 
the standard chemical exergy was already calculated, it is 
possible to determine other substance chemical exergies 
by a proposition of chemical reactions in which only the 
standard chemical exergy of the substance of interest is 
unknown applying Eq. (21). Clinker component standard 
chemical exergies used in this work were calculated apply-
ing Eq. (21) for the reactions given by Eqs. (2), (3), (4) and 
(5). Clinker component standard chemical exergies calcu-
lated directly from Eq. (20) and calculated by Eq. (21) can 
be seen in the appendix. Fuel standard chemical exergy 

(16)ex0
ch
= RT0 ln

(

Pi,0

Pi,00

)

(17)ex0
ch
= −RT0ln

(

�i

)

(18)�i =
ni,0ciM0

li

(19)ex0
ch
= j

[

−Δg0
f
+

1

2
Zex0

ch,H2
−
∑

k

Nkex
0
ch,k

− 2.303RT0Z(pH) − RT0 ln
(

u0�
)

]

(20)ex0
ch
= Δg0

f
+
∑

el

�elex
0
ch,el

on a dry basis can be estimated by Eq. (22), developed by 
Song et al. (2012).

Gaseous streams chemical exergy, such as the flue gases, 
are calculated using the substance standard chemical exergy 
in Eq. (23) (Querino et al. 2019).

As mentioned previously, there are classical and modern 
approaches in the exergetic efficiency calculation. The clas-
sical exergetic efficiency can be defined by Eq. (24), in order 
to evaluate how effectively the input exergy is conserved 
in the process (Çamdali et al. 2004; Ustaoglu et al. 2017). 

Modern exergetic efficiency can be defined by Eq. (25) and 
allows quantifying how effectively the fuel exergy is con-
verted into the desired product exergy (Lazzaretto and Tsat-
saronis 2006; Madlool et al. 2012; Vučković et al. 2014).

The concept of fuel in the modern exergetic efficiency 
analysis is not restricted to the fuel consumed in the process. 
According to Lazzaretto and Tsatsaronis (2006) the fuel cor-
responds to all the resources expended in order to produce 
the desired product. Thus, exergetic efficiency can also be 
represented by Eq. (26) (Madlool et al. 2012).

In the present study, the desired product is the clinker, 
while the fuel used to drive the process corresponds to the 
contribution of all the inlet streams (hot meal, fuel and 
air). In this context, flue gas exergy is a loss (undesired). 

(21)ex0
ch
= Δg0

r
+
∑

i

�iex
0
ch,i

.

(22)

ex0
ch,coal

= 363.439C + 1075.633H − 86.308O

+ 4.147N + 190.798S − 21.1A(kJ/kg)

(23)ex0
ch
=
∑

i

xiex
0
ch,i

+ RT0

∑

i

xiln
(

xi
)

(24)�ex =

Ex
out

Ex
in

(25)�ex =

Ex
P

Ex
F

(26)�ex =
Desired exergetic effect

Exergy used to drive the process
=

Ex
P

Ex
F
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Moreover, the authors applied the concept of modern exer-
getic efficiency to the energetic efficiency calculation. In this 
approach, energetic efficiency can be calculated by Eq. (27).

Methodology

The methodology adopted in this study consists mainly of 
the process description using mass balance and thermo-
dynamic tools. The major aspects used in the energy and 
exergy analysis were previously presented. The diagram 

(27)𝜂en =
ĖP

ĖF

=
Desiredenergeticeffect

Energyusedtodrivetheprocess

shown in Fig. 3 illustrates the methodology used. Pre-cal-
cination analysis was developed adopting the methodology 
which considers all the system chemical exergy, in order 
to detect the chemical exergy impact in the exergy analysis 
related to the flows change of composition.

Results and discussion

Energy analysis

Energetic analysis of this process using data from Table 1 
resulted in a classical energetic efficiency of 63.9%. This 
value is not distant from the value obtained by Atmaca and 

Fig. 3  Methodology schematic 
diagram

Fig. 4  Process Sankey diagram
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Yumrutas, (2014a) (55.8%). The rotary kiln heat loss rate 
is approximately 1.2 × 108 kJ.hr− 1. The rotary kiln energy 
balance can be seen in Table 4 and Fig. 4.

The results presented in Table 5 allow deducing that the 
major energy contribution to the rotary kiln comes from 
the fuel combustion as expected. However, the secondary 
air energy contribution to the process is also relevant. This 
result confirms the benefit of the use of the secondary air 
(obtained from the clinker cooler outlet air) as an input of 
the system with the aim of recovering energy. Moreover, 
the rotary kiln exhaust gases carry out a considerable part 
of the rotary kiln inlet energy. Therefore, efforts in order 
to recover this available energy in other process units are 
justifiable. Modern cement plants usually recover rotary 
kiln exhaust gases energy, using them for drying the raw 
meal and fuel in the grinding processes. Flue gases can 

also be used in Organic Rankine Cycles for power genera-
tion (Ustaoglu et al. 2017).

Although it is possible to recover the flue gas energy, in 
the modern efficiency analysis this stream energy can be 
considered a loss. In this process, the desire is to convert the 
inlet energy into the desired product, maximizing the desired 
product energy. Since the flue gases consume a fraction of 
the energy that should be transferred to the clinker, flue gas 
energy is undesired and must be minimized. Taking into 
consideration this approach, the rotary kiln modern energetic 
efficiency is 31.1%, calculated by Eq. (27).

Exergy analysis

The exergy balance was developed using the data from 
Table 1. Data for the exergy balance performed neglecting 
the stream chemical exergy can be seen in Table 5, while 
the data corresponding to the complete exergy balance are 
exposed in Table 6.

The exergetic efficiency obtained using Eq. 21 and data 
from Table 5 corresponds to 38.2%. This value is close to 
the value obtained by Atmaca and Yumrutas (2014) (38.7%), 
who adopted the same methodology applied to generate 
Table 5 data. This result indicates that the rotary kiln data 
used in this study are reliable. The exergy balance is illus-
trated in the Grassmann Diagram shown in Fig. 5.

Modern exergetic efficiency calculated by Eq. 26 and 
data from Table 5 corresponds to 22.6%. This value is 
inferior to that obtained by the classical evaluation, which 
is justifiable, since in this case flue gas exergy does not 
contribute to the exergetic efficiency. Modern exergetic 
efficiency for the rotary kilns studied by Çamdali et al. 
(2004) and Atmaca and Yumrutas (2014) are 18.8% and 
16.7%, respectively. These rotary kilns present a lower 
efficiency value than that obtained in the present work 

Table 4  Rotary Kiln energy balance

ṁ(kg/h) T
0
(K) T (K) ṁΔh(kJ/h) Percentage (%)

Inlet
 Hot meal 93,969 298 1118 75,851,606 22,4%
 Fuel 5555 298 298 0 0,0%
 Primary air 9974 298 331 334,519 0,1%
 Secondary 

air
67,837 298 1458 88,027,273 26,0%

 Fuel com-
bustion

– – – 174,385,211 51,5%

 Total 177,335 338,598,609 100,0%
Outlet
 Clinker 85,902 298 1473 105,324,183 31,1%
 Flue Gases 91,433 298 1118 82,264,947 24,3%
 Reactions – – – 28,860,160 8,5%
 Heat loss – – – 122,149,319 36,1%
 Total 177,335 338,598,609 100,0%

Table 5  Rotary kiln exergy 
balance neglecting streams 
chemical exergy

Physical Exergy 
Rate (kJ/h)

Chemical 
Exergy Rate 
(kJ/h)

Total exergy Rate (kJ/h) Contribution to the 
total exergy (%)

Inlet
 Hot meal 40,787,530 0 40,787,530 14.5%
 Fuel 0 187,259,154 187,259,154 66.6%
 Air 53,080,724 0 53,080,724 18.9%
 Total 93,868,254 187,259,154 281,127,408 100.0%

Outlet
 Clinker 63,668,780 0 63,668,780 22.6%
 Flue gases 43,658,262 0 43,658,262 15.6%
 Parcial total 107,327,042 0 107,327,042 38.2%
 Exergy lost 39,636,575 14.1%
 Exergy destroyed 134,163,791 47.7%
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considering the modern analysis. However, both kilns have 
a higher efficiency than that obtained in the present work 
considering the classical analysis. This behavior occurs 
because flue gas exergy in these rotary kilns had a higher 
impact in the outlet exergy than in the rotary kiln studied 
in the present work. Thus, considering the conversion of 
the inlet exergy into the desired product, the rotary kiln 
studied in the present work is the most efficient among 
these three studied ones.

On the other hand, values obtained in Table 6 allow infer-
ing that the chemical exergy presents a relevant contribu-
tion to the total exergy of this process. This result indicates 
that, even in the exergetic analysis of systems that involve 
flows with high temperature, the chemical exergy contribu-
tion cannot be neglected. The chemical exergy presented the 
highest impacts in the exergy evaluation from the hot meal, 
fuel and clinker. The contribution of the chemical exergy in 
the total exergy of the flue gases showed a lower relevance. 
This occurred because the substances in these solid flows 

have a higher potential to perform work due to the higher 
chemical potential difference between their current state and 
the absolute dead state condition. The complete exergy bal-
ance is illustrated in the Grassmann Diagram exposed in 
Fig. 6.

In this methodology, the rotary kiln classical exergetic effi-
ciency was 55.5%. If Çamdali et al. (2004) and Atmaca and 
Yumrutas (2014) had considered flow chemical exergy, the 
classical exergetic efficiency from their rotary kilns would be 
76.7% and 45.8%, respectively. In all the cases, the efficiency 
is considerably different from that calculated neglecting the 
stream chemical exergy, which indicates that stream chemical 
exergy is relevant in any clinker rotary kiln analysis.

The rotary kiln modern exergetic efficiency considering 
Table 6 data and applying Eq. (26) is 41.8%. This analysis 
for the studies of Çamdali et al. (2004) and Atmaca and 
Yumrutas (2014) results in an efficiency of 34.6% and 
26.8%. In both methodologies (considering and neglecting 
the streams chemical exergy), it can be observed that the 

Table 6  Rotary kiln complete 
exergy balance

Physical 
exergy rate 
(kJ/h)

Chemical 
exergy rate 
(kJ/h)

Total exergy rate (kJ/h) Physical 
exergy per-
centage

Chemical 
exergy per-
centage

Inlet
 Hot meal 40,787,530 124,784,423 165,571,953 24.6% 75.4%
 Fuel 0 187,259,154 187,259,154 0.0% 100.0%
 Air 53,080,724 0 53,080,724 100.0% 0.0%
 Total 93,868,254 312,043,577 405,911,831 23.1% 76.9%

Outlet
 Clinker 63,668,780 106,124,606 169,793,386 37.5% 62.5%
 Flue gases 43,658,262 11,753,573 55,411,835 78.8% 21.2%
 Parcial total 107,327,042 117,878,179 225,205,221 47.7% 52.3%
 Exergy lost 39,636,575
 Exergy destroyed 141,070,035

Fig. 5  Process Grassmann 
diagram (neglecting stream 
chemical exergy, except from 
the fuel)
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concept employed in the efficiency analysis leads to different 
interpretations. While classical exergetic efficiency points to 
the rotary kiln studied by Çamdali et al. (2004) as the most 
efficient, modern exergetic efficiency points to the rotary kiln 
studied in the present work as the most efficient one. Thus, it 
is important to evaluate carefully which concept of efficiency 
can be more realistic for the process in consideration, since 
different concepts of efficiency can lead to different inter-
pretations of the system under study.

Pre‑calcination analysis

The pre-calcination influence on the classical energetic 
and exergetic efficiencies is shown in Fig. 7. From Fig. 7 

it can be seen that the rotary kiln energetic efficiency 
reduces with the percentage of pre-calcination increase. 
The energy demand variation is due to the percentage of 
pre-calcination and this is balanced by the fuel mass flow 
rate in the simulation, as mentioned previously. However, 
the pre-calcination also affects the hot meal and flue gas 
enthalpies due to their composition variation, especially 
the change in the limestone and lime ratio in the hot meal 
and in the  CO2 mass rate change in the flue gases. The 
increase in the pre-calcination caused a reduction in the 
hot meal, air and flue gas enthalpies, but the reduction in 
the flue gas enthalpy was more relevant.

Since the pyro processing unit specific heat consump-
tion was kept constant (as well as the composition and mass 
rate of the clinker), this reduction in the rotary kiln classical 
energetic efficiency causes an increase in the pre-heating 
stage efficiency. Therefore, this result does not allow con-
cluding that the pre-calcination is not indicated. Usually in a 
real process the increase in the percentage of pre-calcination 
causes a reduction in the pyro processing unit specific heat 
consumption, which would balance the observed classical 
energetic efficiency reduction in this simulation.

The classical exergetic efficiency when the flow chemical 
exergy was neglected shows that the rotary kiln efficiency 
clearly increases when the percentage of pre-calcination is 
higher. This result is different from that observed when all 
the chemical exergy is considered, which means that the 
methodology adopted in the exergy analysis can influence 
even the system interpretation. Thus, it is inadequate to dis-
regard the flow chemical exergy in the rotary kiln exergy 
analysis.

When all the chemical exergy contributions are consid-
ered, the classical exergetic efficiency was not considerably 
affected by the percentage of pre-calcination. Just a slightly 
increase in the efficiency proportional to the percentage of 

Fig. 6  Process Grassmann 
diagram

Fig. 7  Pre-calcination effect on the classical energetic and exergetic 
efficiency
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pre-calcination can be seen, inferior to 1%. This occurred 
because its effect on the hot meal exergy balanced the effect 
on the fuel combustion exergy. In addition, the output exergy 
did not change considerably in the simulation.

The pre-calcination influence on the modern energetic 
and exergetic efficiencies is shown in Fig. 8. Different 
from that observed in the classical analysis, in this modern 
approach, the rotary kiln energetic and exergetic efficiencies 
increase when the percentage of pre-calcination increases. 
This result is more realistic for the process than the results 
obtained by the classical analysis. The higher the percent-
age of pre-calcination, the lower is the fuel mass flow rate 
required in the rotary kiln, as it is necessary to promote 
a lower percentage of the calcination reaction inside the 

equipment, which is an endothermic reaction. Thus, it is 
expected that the rotary kiln efficiency increases with the 
increase of the pre-calcination, as observed in the modern 
analysis. Furthermore, from Fig. 8 it is possible to observe 
that, although all the curves presented a similar behavior 
in the modern efficiency analysis, when the stream chemi-
cal exergy contribution was considered in the analysis, effi-
ciency values are considerably different from the values 
when the respective contribution was neglected.

This difference between the results obtained by the clas-
sical and modern calculation occurs because, while the first 
analysis take into account the flue gas energy and exergy 
contribution in the outlet, the second analysis does not con-
sider flue gas energy and exergy as a useful contribution, 
disregarding the respective contribution in the efficiency. 
Since the clinker energy and exergy do not change in the 
simulation, and the flue gas energy and exergy reduce with 
the increase of pre-calcination (as will be discussed follow-
ing), this flue gas behavior causes a reduction in the classical 
efficiency, reflected in the calculated value. In the modern 
analysis, since flue gas energy and exergy are not taken into 
account (undesired energy and exergy), the efficiency vari-
ation is related just to the fuel energy and exergy contribu-
tion. Therefore, it can be seen that, for a higher percentage 
of pre-calcination, it is possible to produce the same clinker 
with a lower fuel energy and exergy consumption.

Pre-calcination and chemical exergy effects in each rotary 
kiln stream are presented in the following results (physical 
and chemical exergies of each stream were considered). In 
these results, it was considered as exergy lost the exergy 
related to the heat loss and considered as exergy destroyed 
the exergy related to the irreversibilites (classical concept).

The pre-calcination effect in each input and output of 
energy and exergy is shown in Figs. 9 and 10. From Fig. 9a 
it is possible to observe that the fuel combustion and air 

Fig. 8  Pre-calcination effect on the modern energetic and exergetic 
efficiency

Fig. 9  a Effect of pre-calcination on the input energy. b Effect of pre-calcination on the input exergy
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contributions to the input energy reduced with the increase 
of the pre-calcination percentage. This is a consequence of 
the fuel and air mass flow rate reduction associated with the 
higher pre-calcination. Thus, the hot meal contribution to the 
inlet energy was higher. The same behavior was observed in 
the input exergy analysis, but on a larger scale (Fig. 9b). That 
happened because, in the exergetic analysis, the increase in 
the pre-calcination causes two effects: a fuel and air exergy 
contribution reduction due to the decrease of fuel and air 
mass flow rates, and a hot meal exergy contribution increase, 
as a consequence of the higher lime mass ratio.

Output flows analysis, illustrated by Figs. 10a, b, shows 
that the flue gases and clinker had a similar behavior as 
a function of the percentage of pre-calcination. In this 
simulation, clinker energy and exergy values are constant, 
because the mass flow and composition were kept constant. 
However, its contribution to the outlet energy and exergy 
increased with the increase of the pre-calcination rate due 
to the reduction of the flue gases contribution. Flue gas 
energy and exergy contributions are inversely proportional 
to the percentage of pre-calcination, because the higher pre-
calcination leads to a lower  CO2 mass rate in the flue gases, 
which results in lower energy and exergy. Since the heat 
loss is proportional to the percentage of pre-calcination, the 
exergy loss is also proportional. Finally, the exergy destruc-
tion is not affected by the pre-calcination, since the total 
input and output exergies did not change considerably.

The pre-calcination effect on the chemical exergy analysis is 
relevant in the hot meal and flue gases. The chemical exergy con-
tribution to the total exergy in these flows changes considerably 
with the variation in the percentage of pre-calcination, as can be 
seen in Fig. 11. This change occurs because of the change in the 
flow composition. The higher the pre-calcination of the hot meal, 
the higher the CaO ratio in its composition. Since the standard 
chemical exergy of CaO is higher than the standard chemical 

exergy of  CaCO3, the hot meal chemical exergy increases with 
an increase in the pre-calcination. Moreover, the higher CaO 
ratio in hot meal promotes a physical exergy reduction. However, 
the change of physical exergy in this case is less relevant than 
the chemical exergy change, as can be seen in Fig. 12. Thus, the 
higher the pre-calcination, the higher the chemical exergy contri-
bution in the hot meal total exergy. For the flue gases composi-
tion, the higher the pre-calcination, the lower the  CO2 ratio. This 
decrease in the  CO2 ratio results in a reduction of the chemical and 
physical exergies. However, the chemical exergy reduction is more 
relevant, as shown in Fig. 13. Thus, the chemical exergy contri-
bution to the hot meal total exergy is directly proportional to the 
pre-calcination, while the chemical exergy contribution to the flue 
gas total exergy is inversely proportional to the pre-calcination.

Fig. 10  a Effect of pre-calcination on the output energy. b Effect of pre-calcination on the output exergy

Fig. 11  Flue gases and hot meal chemical exergy fraction as a func-
tion of the pre-calcination
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Conclusions

In this work an energetic and exergetic analysis of a rotary 
kiln used for clinker production in a Brazilian Cement 
plant was performed. The aim of the work was to study the 
chemical exergy impact on the rotary kiln exergy analysis, 
also considering the influence of the percentage of pre-
calcination. First, the analysis was developed for the usual 
operational conditions. Posteriorly, the pre-calcination 
effect on the process was studied.

The rotary kiln classical energy efficiency was 63.9%, 
not distant for the value obtained by Atmaca and Yumrutas 

(2014a). Rotary kiln exergy classical efficiency, when consid-
ered all the chemical exergy contribution, was 55.5%, while the 
classical exergy efficiency considering just the fuel chemical 
exergy was 38.2%. The results indicates that, even in a system 
with high temperature, such as the rotary kiln, the chemical 
exergy may be considered in the exergy analysis. In addition, 
for the both approaches, classical exergetic efficiency was infe-
rior to the classical energetic efficiency calculated following 
the common literature results. This indicates that exergy analy-
sis really is able to detect system irreversibilities and reinforces 
its importance in system thermodynamic evaluations.

Considering the modern concept of efficiency, the rotary 
kiln energy efficiency was 31.1%, significantly inferior to 
that obtained in the classical analysis. Exergy efficiency 
when the stream chemical exergy was considered and when 
the respective contribution was neglected were 41.8% and 
22.6%, respectively. Both values are also inferior to those the 
obtained in the classical analysis. This result indicates that 
flue gases carried out of the rotary kiln a relevant fraction 
of the inlet energy and exergy. Flue gas energy and exergy 
are not used in the rotary kiln and consist in a loss. Efforts in 
order to recover this loss are justifiable in order to increase 
the cement plant efficiency.

In relation to the pre-calcination simulation, although 
the simulation was performed in a way that the pyro pro-
cessing unit energetic efficiency did not change, the rotary 
kiln energy and exergy efficiencies changed with the vari-
ation of the percentage of pre-calcination. Results showed 
that the modern concept of efficiency allows performing a 
more realistic evaluation for the rotary kiln. Considering 
modern energy and exergy efficiency analysis, it is indi-
cated to operate the rotary kiln using the maximum pre-
calcination feasible, since the energy and exergy losses are 
minimized in this condition. In relation to the irreversibi-
lites, classical exergy analysis showed that the rotary kiln 
exergy destroyed (by irreversibilities) does not change con-
siderably when the percentage of pre-calcination changes. 
Usually, irreversibilites are also related to equipment tech-
nological limitations. Consequently, in this process, efforts 
to acquire well designed equipment might be more efficient 
to reduce process irreversibilities than change some opera-
tional conditions.

Rotary kiln energetic and exergetic analysis showed that the 
pre-calcination effect on the stream energy and exergy contri-
bution to the process followed the same behavior, but the effect 
on the exergy is more perceptible. This occurred because the 
substance chemical exergy amplified the pre-calcination influ-
ence on the process. Moreover, the stream composition varia-
tion as a function of the percentage of pre-calcination showed 
that the solid stream chemical exergy is more influenced by the 
composition than the gaseous streams.

All the information necessary to reproduce the obtained 
results is presented in this article. Thus, it becomes possible to 

Fig. 12  Hot meal exergy variation as a function of the pre-calcination

Fig. 13  Flue gases exergy variation as a function of the pre-calcina-
tion
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adapt the proposed methodology to other similar systems and 
to compare the efficiencies of different clinker rotary kilns.
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