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Abstract 

The ceramic tile manufacturing process consumes large amounts of energy, mainly in the firing 

stage. Firing usually takes place in natural gas-fuelled continuous roller kilns, the most widely 

used tile firing facilities worldwide, which typically exhibit low energy efficiency (generally 5 to 

20%). This paper investigates the application of energy and exergy balances to an industrial roller 15 

kiln firing porcelain tiles in order to identify the most critical parameters affecting kiln energy 

efficiency and propose ways of improving kiln energy performance. The experimental kiln 

measurements and thermodynamic calculations confirmed the kiln’s low energy performance 

(15%). Exergy analysis showed that 83% of the total exergy input into the kiln was destroyed, 

only 10% of the exergy input being kept in the physico-chemical transformations of the ceramic 20 

tile composition. The main sources of irreversibilities: natural gas combustion, heat transfer in 

the fired tile cooling process, and heat transfer through the kiln surfaces, were identified and 

quantified. The study shows that waste heat (over 61%) recovery could be expected to 

significantly increase kiln energy performance. Finally, further measures are proposed for 

optimising kiln energy efficiency.  25 
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1. Introduction 
 

World ceramic tile production was about 13500 million square metres in 2017, the main tile 

production areas being in Europe and in Asia, which accounted for about 2000 and 9400 million 30 

square metres, respectively [1]. The top five ceramic tile producers were China, India, Brazil, 

Vietnam, and Spain. In the European Union, Spain and Italy were the biggest ceramic tile 

producers, accounting for about 70% of EU production.  

The natural gas-fuelled roller hearth kiln technology studied in this paper is similar to the most 

widely used ceramic tile firing technique in the world. In 2017, an estimated 8000 roller kilns 35 

were manufacturing ceramic tiles globally [2]. The study can therefore readily be extrapolated to 

such facilities worldwide.  

Considering standard average energy consumption per kiln in 2011 [2][3], annual world energy 

consumption in ceramic tile firing, mainly by natural gas combustion, may be estimated at 

1.82·105 GWh (14 kWh/m2 relative to the Lower Heating Value (LHV) [3]). Figure 1 40 

schematically illustrates the main stages of the glazed ceramic tile manufacturing process: raw 

materials preparation (by dry milling and wetting or wet milling and spray drying), forming by 

pressing, drying, glazing and decorating, and firing [4][5]. 

  
 45 

Figure 1. Schematic illustration of the glazed tile manufacturing process. 
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In wet milling, currently the most common raw materials preparation method [6], thermal energy 

consumption takes place mainly in three process stages: spray drying (in which the milled ceramic 

slurry needs to be dried for semi-dry pressing); drying (after the green tile body has been formed); 50 

and firing. In tile manufacture by wet milling, firing accounts for more than 50% of overall 

thermal energy consumption [7][8][9]. In traditional ceramic tile manufacture, from an energy 

viewpoint, the firing stage is the most important process stage. Firing supplies the heat needed for 

the required physico-chemical transformations in the tile composition to develop. These 

transformations provide the product with the desired technical and aesthetic properties. The 55 

thermal energy needed to fire ceramic tiles usually stems from natural gas combustion, a process 

that produces CO2 emissions.  

In Europe, ceramic tile manufacturing companies with a production capacity of more than 75 

tonnes per day must comply with EU legislation on greenhouse gas emissions (see Annex I of 

[10] and [11]). Consequently, as CO2 emissions in the tile industry are mainly conditioned by 60 

fossil fuel combustion processes, given the emission allocation method, which is based on the so-

called benchmarking system, companies with higher energy efficiencies will have greater 

competitive advantages [7][8].  

A review of energy and exergy studies on the ceramic tile firing process revealed lacunae in 

knowledge in regard to kiln energy performance. A literature survey ([8, 15-18]) on energy 65 

analyses of industrial kilns firing ceramic materials showed that studies focused mainly on energy 

saving. However, analyses based on the first law of thermodynamics quantify all energy inputs 

and outputs identically, without considering energy quality or its degradation during 

transformations. These limitations in energy analysis have led exergy analysis, which provides a 

better understanding of such systems and processes, to emerge as a powerful tool in engineering 70 

evaluations. 

Exergy analysis is a particularly suitable approach for more efficient use of resources, since it 

enables the location, types, and true magnitudes of waste and loss to be identified [19]. The main 

objective of kiln exergy analysis is to provide a clear image of the process, identify and quantify 
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irreversibilities and sources of energy inefficiency and exergy destruction, distinguish the quality 75 

of energy consumption, select optimum firing conditions, and reduce the ceramic kiln’s 

environmental impact. Energy and exergy analysis advantages have been extensively discussed 

in studies of other industries, such as the lime [20-22], plaster [23-25], iron [26-29], steel [30], 

silicon [31], nickel [32], and especially the cement industry [33-42], as well as of power plants 

[43-45]. Although numerous studies have evaluated thermal efficiency and sought to optimise 80 

ceramic tile firing kilns [2][3][8][9][15][17][18][46-51], mainly addressing technical, 

environmental, or energy issues, few studies have focused on an exergy analysis of ceramic 

processing [52-56]. Nor is there is a clear methodology for the analysis and interpretation of 

results. No studies were found in the literature on the exergy analysis of natural gas-fuelled roller 

kilns, currently the most widely used kiln for manufacturing ceramic tiles worldwide. 85 

In this study, a comprehensive energy analysis methodology has been adapted to an industrial 

roller kiln firing porcelain tiles. The heat losses through the kiln surfaces were experimentally 

quantified using a thermographic camera instead of being estimated by the difference between 

input and output energy, the most commonly used methodology. The thermographic camera 

allowed heat losses to be analysed in detail, this being of the utmost importance in processes 90 

where this output is very significant.  

In the literature survey performed on the energy analysis of industrial processes, which was not 

only limited to ceramic processes, it was observed that the only chemical reactions included were 

fuel combustion reactions, while very few studies included an estimation of the chemical exergy 

involved in the materials processing reactions. In this study, the energy needed for the required 95 

physico-chemical transformations to develop in the ceramic tile composition during firing, which 

was the only strictly unrecoverable energy, was therefore also considered. The paper thus goes 

beyond the conventional energy balance by including a detailed exergy analysis and puts forward 

some suggestions to increase kiln energy performance.  
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Nomenclature    

A Area (m2)  Greek Symbols 

�̇� Exergy rate (kW) ρ Density (kg/mN
3 ) 

�̇�𝐃 Exergy destruction rate (kW) η Energy performance (%) 

�̅�chi Molar chemical exergy of stream i (kJ/kmol) η Efficiency (%) 

�̅�ch,j 
Molar chemical standard exergy of component 

j (kJ/kmol) 
σ 

Stefan–Boltzmann constant 
(J/(m2sK4)) 

hc 
Coefficient of heat transmission by convection 

(J/(m2sK1,25)) 
Ɛ Emissivity 

cp Specific heat (kJ/kg K)  Subscript 

�̅�pj Molar heat of component j (kJ/ kmol K) 0 Reference environment 

𝐠j Specific Gibbs energy of component j (kJ/kg) c Natural gas for combustion 

𝐡j Specific enthalpy of component j (kJ/kg) ca Cooling air 

�̅�j Molar enthalpy of component j (kJ/kmol) cg Cooling air exhaust gases 

�̇� Enthalpy rate (kW) ch Chemical 

hgH 
Enthalpy of combustion of natural gas relative 

to HHV (kWh/kg) 
d Dilution air 

hgL 
Enthalpy of combustion of natural gas relative 

to LHV (kWh/kg) 
f Fired tiles 

�̇�  Mass flow rate (kg/s) fg Flue gases 

Mi Molecular weight of stream i (kg/kmol) g Natural gas 

𝐦𝐍
𝟑  Normal cubic metre i Process stream i 

P Pressure (kPa) in Input 

�̇� Heat transfer rate (kW) j Component j of process stream i 

�̅� 
Universal constant of ideal gases (8.3143 

kJ/kmol K) 
out Output 

𝐬j Specific entropy of component j (kJ/kg K) ox Oxidising air 

�̇� Entropy rate (kW/K) ph Physical 

T Temperature (K) r Reactions 

wj 
Mass fraction of component j (kg of 

component j/kg total) 
u Unfired tiles 

yj 
Mole fraction of component j (kmol of 

component j/kmol total) 
ul Uncontrolled losses 

 Abbreviations w Kiln walls and vault  

HHV Higher Heating Value (kWh/kg)  Superscript 

LHV  Lower Heating Value (kWh/kg) 0 Reference environment 

LOD Limit of Detection   

    

  100 
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2. Description of the facility 

 

The studied ceramic tile kiln was a single-deck roller kiln, 112.71 metres long, made up of 51 

modules, each of which was 2.21 metres long, located inside a tile factory hall. The plane formed 

by the rollers conveying the tiles divided the kiln into a top and a bottom chamber with different 105 

firing temperature settings. The product manufactured in the study was porcelain tile and the kiln 

worked in steady conditions during the experimental measurements. Heating was by natural gas 

combustion at the kiln burners, where air and gas were fed in through different inlets. The studied 

kiln contained 168 burners. The oxidising agent at the burners was external air fed in at hall 

ambient temperature. The flue gases produced by natural gas combustion at the burners were 110 

exhausted into the atmosphere outside the factory hall through a single flue gas stack at the kiln 

entrance. The flue gas stack contained an external ambient air intake (dilution air) to reduce flue 

gas temperature and protect the exhaust fan. The firing zone was separated from the cooling zone 

by a firewall. The fired ceramic tiles were cooled down to practically external ambient 

temperature in three stages after firing as they travelled through the kiln. In the first and last 115 

stages, external ambient air was directly injected into the kiln to cool the fired tiles while, between 

600 and 500 ºC, a much gentler intermediate cooling stage was needed because the allotropic 

transformation of quartz takes place at about 573 ºC. The hot gases from the cooling stages were 

released into the atmosphere outside the factory hall through the cooling exhaust gas stack. The 

studied kiln is schematically illustrated in figure 2. 120 

  

Figure 2. Streams involved in the studied porcelain tile kiln. 
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3. Materials and methods 

 125 

This section describes the characteristics of the materials and the characterisation methodologies 

used in the studied firing process. For the sake of simplicity, the reader is referred to previous 

publications [57] for a full description of the materials characterisation. The present paper focuses 

on the specific methodology introduced in this study. 

3.1. Materials characteristics 130 

i) Fuel: natural gas 

Table 1 details the chemical composition and main properties of the natural gas fuel used in the 

studied kiln, which correspond to those of the average natural gas fuel supplied to the ceramic tile 

industry in the Castellón district [58].  

Table 1. Average values of the main characteristics of the natural gas fuel used. 135 

Parameter Symbol Value Property Symbol Value 

Chemical 

composition  

(% by volume) 

 

Methane CH4 (g) 90 Density at 25 ºC (kg/mN
3 ) ρg 0.726 

Ethane C2H6 (g) 7.5 Molecular weight (kg/kmol) Mg 17.76 

Propane  C3H8 (g) 1.5 
Higher Heating Value (HHV) 

(kWh/kg) 
hgH 15.07 

Butane C4H10 (g) 0.40 
Lower Heating Value (LHV) 

(kWh/kg) 
hgL 13.62 

Nitrogen N2 (g) 0.60 Specific heat (kJ/kgK) cpg 2.152 

 

The CO2 emission factor considered for natural gas was 56.3 t CO2/TJ [59]. 

 

ii) Flue and cooling exhaust gas stream characteristics 

The chemical composition of the kiln flue gases was experimentally determined (table 2) using a 140 

portable combustion analyser system (Kane 350 XL). The exhausted kiln cooling gases (table 2) 

were basically made up of air, and their composition was determined using the same gas analyser. 

Table 2. Flue and cooling exhaust gas composition and temperature. 

Parameters Flue gases Cooling exhaust gases 

Chemical composition  

(% by volume) 

 

CO2 3.26 --- 

H2O 6.19 --- 

O2 13.98 21.00 

N2 76.56 79.00 

Temperature (K)  511.8 425.0 
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iii) Studied unfired and fired porcelain tile composition 

Porcelain tile chemical composition was determined by wavelength dispersive X-ray fluorescence 145 

spectrometry (WD-XRF), using a PANALYTICAL Axios WD-XRF spectrometer with Rh tube 

and 4 kW power. Reference materials were used to guarantee measurement traceability. The 

chemical analysis of the unfired porcelain tile composition is shown in table 3. 

Table 3. Chemical analysis and loss on ignition (LOI) of the unfired porcelain tile composition (% by weight). 

Oxides 
Unfired porcelain tile 

composition (% by weight) 

SiO2 73.84 

Al2O3 19.59 

Fe2O3 <0.50 

CaO 0.40 

K2O 0.97 

Na2O 5.20 

LOI 3.74 

Total 100 

 150 

The mineralogical phases of the material streams were determined by XRD analysis. The results 

obtained for the unfired and fired porcelain tile compositions are shown in table 4. 

Table 4. Mineralogical analysis of the unfired and fired porcelain tile compositions (% by weight). 

Mineralogical phases 
Unfired tile  

(% by weight) 

Fired tile  

(% by weight) 

Kaolinite 19±2 <LOD 

Illite/Muscovite mica 8±2 <LOD 

Potassium feldspar 6±1 <LOD 

Albite 36±1 6±0.5 

Quartz 31±3 24±3 

Mullite <LOD 8±1 

Amorphous phase <LOD 62±4 

Total 100 100 

Exergy calculations require knowing the change in enthalpy, entropy, and Gibbs energy of the 

physico-chemical transformations occurring during ceramic tile firing. Taking into account the 155 

mineralogical phases in the unfired and fired tile compositions (table 4) and applying the 

analytical method proposed elsewhere [57] enabled the physico-chemical transformations most 
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likely to occur to be identified. These are listed in table 5. Their standard enthalpies were taken 

from [57], whereas their entropy and Gibbs energy values were estimated from thermodynamic 

databases [60][61][62]. 160 

Table 5. Reactions considered during thermal treatment of the studied porcelain tile composition. 

Components Reactions 
∆hj   

(kJ/kg) 

∆sj 

(kJ/kgK) 

∆gj   

(kJ/kg) 

Free water H2O(l) → H2O(g) 2500 6.60 476 

Clay mineral dehydroxylation 

Kaolinite 
Al2O3.2SiO2.2H2O(s) → Al2O32SiO2(s) + 

2H2O(g) 
1158 1.34 8461 

Illite/Muscovite 

mica 

(1/2)K2O.(3/2)Al2O3.3SiO2H2O(s) → 

(1/2)K2O.(1/2)Al2O3.3SiO2 (s) + Al2O3(s) + 

H2O(g) 

374 0.33 673 

Quartz inversion 

Quartz inversion α-SiO2(s) → β-SiO2(s) 11.7 0.01 7.18 

Crystallisation of calcium phases – Formation of new crystalline phases 

Mullite 
Al2O3.2SiO2(s) → (1/3) 3Al2O3.2SiO2(s) + 

(4/3) SiO2(s) 
-280 0.02 -642 

Glassy phase formation by fusion of the crystalline phase 

Potassium 

feldspar 
K2O.Al2O3.6SiO2(s) → K2O.Al2O3.6SiO2(l) 207 0.17 139 

Albite Na2O.Al2O3.6SiO2(s) → Na2O.Al2O3.6SiO2(l) 226 0.17 177 

iv) Porcelain tile characteristics and production parameters 

Table 6 shows the main characteristics of the manufactured porcelain tile and kiln working 

conditions during the experimental measurements. 

Table 6. Main fired porcelain tile characteristics and kiln working conditions. 165 

Parameter Value 

Fired porcelain tile 

Surface size 60 cm x 60 cm 

Thickness 11.31 mm 

Specific weight 25.5 kg/m2 fired tile 

Firing cycle 

Duration (cold to cold) 50 minutes 

Peak temperature 1463 K 

Kiln production 
7264 m2/day 

7718 kg fired tile/h 

Natural gas flow rate 330 kg/h 
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3.2. Theoretical approach and balance procedure 

In this section, the mass, energy, and exergy balance of a continuous industrial ceramic tile roller 

kiln are discussed. The tile firing kiln is thermodynamically considered a control volume (open 

system). The following assumptions are typically made during data collection in industrial 170 

practice: 

a) The system is assumed to operate in steady state. 

b) Changes in kinetic and potential energy and work (for instance roller conveying) of 

input and output flows are deemed negligible. Electrical energy consumption was 

therefore not taken into account because this was thermodynamically insignificant 175 

compared to thermal energy consumption [9]. 

c) Air, natural gas, and exhaust flue gases are considered ideal gases. 

d) In accordance with the IUPAC sign convention, energy input and output are assumed 

positive and negative, respectively. 

Exergy calculations require defining a reference environment, which thus has a known 180 

temperature (T0 = 298 K), pressure (P0 = 101.325 kPa), and chemical composition. Therefore, it 

should be borne in mind that the exergy values will always depend on the reference environment. 

In this study, the reference environment proposed by Szargut ([63][64]) was used, since it is a 

widely accepted criterion in the literature. 

3.3. Mass balance 185 

For an open system operating under steady-state conditions the basic mass balance equation is: 

∑ṁin,i=

i

∑ṁout,i

i

 (1) 

where ṁin,i and ṁout,i are the system’s input and output mass flow rates, respectively. The mass 

balance of the studied tile firing kiln, see figure 3, comprised the input mass flows of natural gas 

(ṁg), oxidising air (ṁox), cooling air (ṁca), dilution air (ṁd), and unfired porcelain tiles (ṁu), and 

the output mass flows of fired tiles (ṁf), cooling exhaust gases (ṁcg), and flue gases (ṁfg): 190 
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ṁg+ṁox+ṁca+ṁd+ṁu = ṁf+ṁcg+ṁfg (2) 

3.4. Energy balance 

Taking into account the assumptions detailed in Section 3.2, the basic energy balance is given by: 

∑Ḣin,i

i

−∑Ḣout,i

i

+ Q̇ = ∑∆Ḣc +∑∆Ḣr (3) 

where Ḣin,i stands for the enthalpies of the system’s input mass flow streams and Ḣout,i  stands for 

the enthalpies of the output mass flow streams. The term Q̇ comprises the rate of heat transfer 

through the kiln walls and the uncontrolled heat losses. The term ∆Ḣc comprises the enthalpy rate 195 

involved in the reactions that occurred during natural gas combustion (all of which were 

exothermic), and ∆Ḣr corresponds to the overall enthalpy rate involved in the physico-chemical 

transformations that needed to develop in the material to yield the targeted product. The main 

input and output streams for typical continuous tile roller kilns and the context on which the 

energy balance was drawn up are illustrated in figure 3. 200 

 

  

Figure 3. Streams involved in the mass and energy balance of a ceramic tile roller kiln. 
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uncontrolled heat losses (Q̇
ul

). The reactions that occurred during the firing process involved 

enthalpy changes, where ∆Ḣc corresponds to the exothermic reactions involved in natural gas 

combustion and ∆Ḣr to the physico-chemical transformations that occurred in the ceramic tile 210 

composition. The following kiln energy balance was thus obtained: 

Ḣg +Ḣox + Ḣca + Ḣd + Ḣu − ∆Ḣc = Ḣfg + Ḣf + Ḣcg − Q̇w − Q̇ul + ∆Ḣr (4) 

The enthalpies of the gaseous flows (Ḣox, Ḣca, Ḣd, Ḣcg, and Ḣfg) were obtained from 

thermodynamic tables [65] at their corresponding temperature. The enthalpy of natural gas flow 

(Ḣg) and the enthalpies for condensed phases (Ḣu and Ḣf) were calculated from their Ḣi
0 values at 

the reference environment temperature, T0, and from the tabulated specific heats, cpi, as: 215 

Ḣi = Ḣi
0 +ṁicpi(T − T0) (5) 

The heat losses through the kiln surfaces by convection and radiation were quantified according 

to [66][67][68]: 

Q̇w = hc · (Tw − T0)
1.25 · Aconv  + Ɛ · σ · [(Tw)

4 − (T0)
4] · Arad (6) 

 

where hc is the convection coefficient, Ɛ is surface emissivity, and σ is the Stefan–Boltzmann 

constant. Aconv and Arad are the surface areas available for convection and radiation, respectively, 220 

and Tw is the wall surface temperature.  

To quantify the energy losses through the kiln walls and vault (Q̇w), the kiln surfaces were divided 

into smaller areas and the average emissivity and surface temperature were determined in each, 

using an infrared camera (FLIR ThermaCAMTM E25) with an accuracy of ±2 ºC and uncertainty 

of I (k = 2) = 1.4 ºC. Figure 4 shows a thermographic image (a) and a photograph (b) of the kiln 225 

wall. 
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(a)                               (b) 

Figure 4. Thermographic image (a) and photo (b) of the right-hand wall of the kiln. 

 

Figure 5 shows thermographic images taken at the kiln wall and vault of a kiln module clearly 230 

exhibiting a substantially higher average vault than wall temperature. 

(a) (b) 

 
Figure 5. Thermographic image of the right-hand wall (a) and vault (b) of a kiln module. 

 

Uncontrolled heat losses (Q̇ul) are not readily quantifiable energy outputs. Such heat losses occur 235 

at a kiln inlet and outlet, orifices and fissures in pipelines, fans, burners, etc. Their values can be 

calculated using equation (4), provided all other enthalpies are known.  

The enthalpy released by natural gas combustion (∆Ḣc) can be calculated as: 

∆Ḣc = ṁg · hgL (7) 

where hgL is natural gas combustion enthalpy (see hgL value in table 1). The enthalpy change 

involved in the physico-chemical transformations (∆Ḣr) was estimated by applying the procedure 240 

described elsewhere [57]. 

There are different options for calculating kiln energy performance. In this study, energy 

performance was defined as the relationship between the energy put into performing the physico-
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chemical transformations of the ceramic composition and the total energy input into the system. 

Energy performance can thus be calculated as follows: 245 

η(%)=
∆Ḣr

∑ Ḣin,ii +∆Ḣc

·100 (8) 

assuming useful energy to be the energy required to fire the tile composition (∆Ḣr), i.e. the 

enthalpy of the physico-chemical transformations of the material being processed. 

3.5. Exergy balance 

The exergy balance of the studied thermal system, taking into account the assumptions set out in 

Section 3.2, is given by [69]: 250 

∑Ȧin,i

i

= ∑Ȧout,i

i

+ Ȧr − ȦQ + ȦD (9) 

where Ȧin,i is the rate of exergy supplied by the input mass flows, Ȧout,i is the rate of exergy lost 

with the output mass flows, the term Ȧr is the rate of exergy change in the physico-chemical 

transformations of the ceramic tile and the term ȦQ is the exergy transfer rate associated with heat 

fluxes. The term ȦD is the exergy destruction rate in the process. The exergy content of every 

flow involved in the process was calculated from the equations summarised in table 7.  255 
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Table 7. Exergy flow calculations involved in the exergy balance. 

Exergy terms Symbol Equation 

Exergy transfer rates 

accompanying the mass flows 

Ȧin,i , Ȧout,i Ȧi = Ȧph,i + Ȧch,i (10) 
 

Ȧph,i 

Physical exergy 

Ȧph,i = (Ḣ − Ḣ0) − T0(Ṡ − Ṡ0) (11) 

(Ḣ − Ḣ0) =
ṁi

Mi
· [c̅pi · (T − T0)] (12) 

(Ṡ − Ṡ0) =
ṁi

Mi
· [c̅pi · ln (

T

T0
) − R̅ · ln (

P

P0
)] (13) 

 

Ȧch,i 

Chemical exergy 

Ȧch,i =
ṁi

Mi
· a̅chi (14) 

 

a̅chi = ∑yj · (a̅ch,j + R̅T0lnyj)

j

 (15) 

 

Exergy change rate in a physico-

chemical transformation 

 M + N → P 

Ȧr Ȧr = Ȧch,M + Ȧch,N − Ȧch,P = ∆Ġ0 (16) 
 

Exergy transfer rate during heat 

loss  
ȦQ 

ȦQ = ∑(1 −
T0
TQ

) · Q̇Q (17) 

ȦQ = Ȧw + Ȧul (18) 

ȦQ = (1 −
T0
Tw

) · Q̇w + (1 −
T0
Tul

) · Q̇ul (19) 

 

Exergy destruction rate ȦD ȦD = T0 · σ̇ (20) 
 

Exergy efficiency ηȦ ηȦ(%)=
Ȧr

∑ Ȧin,ii

·100 (21) 

 

 

As shown in table 7, the exergy content of a mass flow can be split into two contributions: physical 

exergy (Ȧph) and chemical exergy (Ȧch). The physical exergy of a mass flow is given by equation 

(11), where (Ḣ-Ḣ0) is the rate of enthalpy change, and (Ṡ-Ṡ0) is the rate of entropy change, which 260 

can be obtained from thermodynamic tables [65] at their corresponding temperature, T, and 

pressure, P, taking into account the reference environment [63][64]. Assuming specific heat to be 

assumed constant, equations (12) and (13) can be used to obtain the enthalpy and entropy changes. 

The pressure term on the right side of equation (13) applies only for calculating the entropy when 

the fluid is an ideal gas. It is absent for liquids and solids. In the present study, the pressure term 265 

was not taken into account for gases, because all gases involved in the firing process were 

assumed to be at atmospheric pressure (P = P0). 
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The chemical exergy rate of a flow is given by equation (14), where ṁi (kg/s) is the mass flow 

rate and achi its molar chemical exergy. For an ideal gas mixture, the molar chemical exergy (a̅chi) 

is given by equation (15), where yj is the mole fraction of component j, and a̅ch,j its standard molar 270 

chemical exergy. The chemical exergy of gaseous fuels may be estimated by using this equation 

[70][71]. The change in chemical exergy of substances participating in a reaction such as M + N 

→ P is related to the Gibbs free energy of the reaction ∆G0 by equation (16). 

The exergy rate involved in the heat lost through the hot kiln surfaces, ȦQ, was associated with 

the heat flow Q̇Q at temperature TQ using the environment temperature T0 as reference [69], and 275 

is given by equation (17). 

The term ȦD represents the exergy destruction rate owing to the system’s internal irreversibilities, 

given by equation (20), in accordance with the Gouy-Stodola law [72], which establishes that the 

rate of exergy destruction is proportional to the product of the reference temperature (T0) and the 

rate of entropy generation (σ̇) within a system. Particularising equation (9) to the input and output 280 

streams of the studied kiln, the following exergy balance equation was obtained: 

 

ȦD = (Ȧg + Ȧox + Ȧca + Ȧd + Ȧu ) − (Ȧfg + Ȧr + Ȧf + Ȧcg ) + Ȧw + Ȧul (22) 

where the exergy balance in the kiln comprised the input exergy flows of natural gas, oxidising 

air, cooling air, dilution air, and unfired porcelain tiles and the output exergy flows of the flue 

gases, physico-chemical reactions, fired porcelain tiles, cooling exhaust gases, kiln wall heat 285 

losses, and uncontrolled heat losses.  

The literature contains many definitions of exergy efficiency [20][21][23][29][40][41][42]. In this 

study, exergy efficiency is defined as the ratio of the useful exergy for the firing process to the 

total exergy input into the process (∑ Ȧin,ii ), where useful exergy is the chemical exergy required 

to develop the necessary physico-chemical transformations during porcelain tile firing (Ȧr), this 290 

being the targeted system output. Thus, studied kiln exergy efficiency may be expressed as 

equation (21).  
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4. Results and discussion 

This section discusses the results of the mass and energy balance of the studied industrial tile kiln.  295 

 

4.1. Mass balance 

Table 8 details the properties of the streams involved in the mass balance.  

Table 8. Characteristics of the kiln input and output flows. 

Flow Symbols T(K) 
cpi   

(kJ/kg K) 

�̇�i 

(kg/s) 

Contribution 

(%) 

Inputs 

Natural gas ṁg 306.3 2.152 0.092 0.45 

Oxidising air ṁox 306.3 1.005 2.159 10.48 

Cooling air ṁca 306.3 1.005 13.272 64.41 

Dilution air ṁd 306.3 1.005 2.860 13.88 

Unfired tiles 
Dry solid ṁu 328.5 0.751 2.215 10.75 

H2O ṁH2O 328.5 4.182 0.0068 0.03 

 TOTAL    20.60 100 

Outputs 

Flue gases ṁfg 511.8 0.988 5.189 25.19 

Fired tiles ṁf 387.4 0.762 2.144 10.41 

Cooling exhaust gases ṁcg 425.0 1.005 13.272 64.41 

 TOTAL    20.60 100 

 300 

The gas flow rates (air gas streams and flue gas stream) were determined with an S-type pitot tube 

according to standard UNE 77225:2000. The natural gas flow rate was obtained from the direct 

readout of the flowmeter installed in the kiln over time periods longer than 3 hours. Natural gas 

pressure and temperature in the duct were also recorded. These data enabled the gas flow rate to 

be normalised. The mass flow rate of the ceramic material being processed was determined 305 

experimentally, counting the tiles that entered the kiln in a given period. Subsequently, the mass 

of at least ten tiles was determined at the kiln entrance and exit, averaging the values in each case. 

Tile moisture at the kiln entrance was determined by measuring the difference in weight between 

the unfired tile before and after drying to constant weight in a lab dryer at 110 °C. 

From table 8 it may be noted that the total mass flow circulating in the kiln was 20.60 kg/s, the 310 

ratio of the gaseous to solid streams being 9:1. That is, ceramic tile only accounted for 10% of the 

overall mass flow in the kiln. The amount of air (including oxidising, dilution, and cooling air) 
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used in the kiln accounted for the largest mass flow. In particular, the external ambient air intake 

to cool the material accounted for 64% of the total input mass flow, yielding a ratio of 6.2 kg 

cooling air/kg fired tile. Further to be noted was the high dilution air mass flow intake into the 315 

first part of the kiln. This air was fed in for two reasons: 1) to increase oxygen content in the kiln 

and 2) to reduce flue gas temperature, which must not exceed the maximum operating temperature 

(usually about 200–250 °C) of the exhaust fan. 

 

 320 
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4.2. Energy balance 

Figure 6 depicts the values of the experimental variables measured in the streams involved in the 325 

energy balance and their energy content.  

 

  

Figure 6. Values of the streams measured in the studied kiln energy balance. 

The enthalpies of each energy flow and their percentage contribution to the energy balance are 330 

shown in table 9. The numbers in parenthesis refer to the flow numbers in figure 6. 

10. Cooling exhaust gases

�̇�𝐜𝐠 = 13,27 kg/s

T= 425 K

�̇�𝐜𝐠 = 1701 kW

7. Flue  gases 

�̇� 𝐠 = 5.189 kg/s

T= 511.8 K

15.3 %O2

�̇� 𝐠 = 1174 kW

1. Natural  gas

�̇�𝐠 = 0.092 kg/s 

T = 306.3 K

P = 2.4 bar

�̇�𝐠 = 1.64 kW

4. Cooling air

�̇�𝐜𝐚 = 13.27 kg/s

T = 306.3 K

�̇�𝐜𝐚 = 110.73 kW

9. Fired tiles

�̇� = 2.144 kg/s

T = 387.4 K

�̇� = 146 kW

6. Unfired tiles 

�̇� = 2.215 kg/s

T = 306.3 K

�̇� = 14.04 kW

5. Dilution air

�̇� = 2.860 kg/s

T = 306.3 K

�̇�  = 23.87 kW

8. Physico-chemical  transformations

∆HR = 697 kW

2. Natural  gas combustion

-∆Hc = 4497 kW

3. Oxidising air

�̇�  = 2.159 kg/s

T = 306.3 K

�̇�  = 18.01 kW

KILN 

11. Surface heat losses

Walls (heating zone) = 269 W/m2

Walls (cooling zone) = 145 W/m2

Vault (heating zone) = 686 W/m2

Vault (cooling zone) = 461 W/m2

�̇� = 387 kW

12. Uncontrolled heat losses

�̇�  = 559 kW
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Table 9. Results of the energy balance. 

Flow Symbol 
Energy rate 

(kW) 

Percentage 

Contribution 

(%) 

Inputs 

(1) Natural gas Ḣg 1.64 0.04 

(2) Natural gas combustion ∆Ḣc 4497 96.39 

(3) Oxidising air Ḣox 18.01 0.39 

(4) Cooling air Ḣca 23.87 0.51 

(5) Dilution air Ḣd 110.73 2.37 

(6) Unfired tiles Ḣu 14.04 0.30 

TOTAL --- 4665.31 100 

Outputs 

(7) Flue gases Ḣfg 1174.20 25.17 

(8) Physico-chemical transformations ∆Ḣr 697.31 14.95 

(9) Fired tiles Ḣf 145.95 3.13 

(10) Cooling exhaust gases Ḣcg 1700.63 36.45 

(11) Surface heat losses Q̇
w

 387.98 8.32 

(12) Uncontrolled heat losses Q̇
ul

 559.25 12.00 

TOTAL --- 4665.31 100 

 

Figure 7 shows the Sankey diagram visualising the energy balance detailed in table 9. 

   335 
Figure 7.  Energy Sankey diagram. 

 

 

Flue gases

25.17%

1174 kW

KILN

Physico-chem. Transf’s

697 kW 14.95%

Natural Gas Combustion

96.39%

4497 kW

Cooling exhaust gases

36.45%

1701 kW

Fired tiles 3.13%

Surface heat losses 8.32%

Other inputs 3,61%

Uncontrolled heat losses 12.0%

- Natural Gas 0.04%

- Unfired tiles 0.30%

- Cooling air 2.37%

- Oxidising air 0.39%

- Dilution air 0.51%



Page 21 / 40 

 

The following may be concluded from table 9, figure 6, and figure 7: 

• Studied kiln thermal energy consumption was about 4665 kW. The main energy source of the 340 

process was obviously natural gas combustion, which accounted for 96% of the total energy 

input into the kiln. This was the sole energy contribution that constituted an economic cost 

for the company.  

• The other energy inputs were provided by the flows that entered the kiln at low temperature: 

unfired porcelain tiles (0.30%), cooling air (2.37%), oxidising air (0.39%), and dilution air 345 

(0.51%). About 15% of the energy input was used in the targeted physico-chemical 

transformations of the ceramic tile composition. Although porcelain tile is a semi-vitreous 

tile, which has a peak firing temperature of about 1190 °C and firing cycle that lasts almost 

an hour, this 15% energy input used in the chemical reactions was relatively small compared 

to the total energy input into the kiln. 350 

• The experimental measurements made in the kiln revealed that the total thermal energy lost 

through the flue and cooling exhaust gas stacks was about 2875 kW: 25% of the energy input 

was lost through the flue gas stack, while 36% was lost through the cooling exhaust gas stack. 

This was more than 61% of kiln energy consumption. Improving kiln energy performance 

therefore requires minimising and/or recovering such heat losses by implementing flue and 355 

cooling gas heat recovery systems and optimising oxidising air flow rates. 

• Energy losses through kiln surfaces (8%) and so-called uncontrolled heat losses (12%) were 

significant. These losses show that the kiln thermal insulation was unable to prevent almost 

20% of the total energy input into the studied kiln from being lost. The quality of kiln thermal 

insulation therefore needs to be improved.  360 

If useful energy is assumed to be the energy required to fire the porcelain tile composition (∆Ḣr), 

i.e. the enthalpy of the physico-chemical reactions of the material being processed, kiln energy 

performance, according to equation (8), was therefore 15%. 
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Regarding kiln production (table 6), kiln specific energy consumption was 583 kWh/t fired tile 

relative to the LHV (14.86 kWh/m2 fired tile), and the CO2 emission was 118 kg CO2/t fired tile 365 

(3.02 kg CO2/m2 fired tile).  
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4.3. Exergy balance 

The exergies of each stream and their (percentage) contribution to the exergy balance are shown 

in Table 10.  370 

Table 10. Results of the exergy balance. 

Flow Symbol 

Physical 

exergy 

(kW) 

Chemical 

exergy 

(kW) 

Total 

exergy 

(kW) 

Contribution 

(%) 

Inputs 

(1) Natural Gas Ȧg - 4669 4669 99.95 

(2) Oxidising air Ȧox 0.26 - 0.26 0.01 

(3) Cooling air Ȧca 1.60 - 1.60 0.03 

(4) Dilution air Ȧd 0.34 - 0.34 0.01 

(5) Unfired tiles Ȧu 0.19 - 0.19 0.00 

TOTAL --- 2.39 4669 4671 100 

Outputs 

(6) Flue gases  Ȧfg 291 80 371 7.94 

(7) Fired tiles Ȧf 18 - 18 0.39 

(9) Cooling exhaust 

gases  
Ȧca 286 - 286 6.13 

(10) Surface heat 

losses 
Ȧw 50 - 50 1.06 

(11) Uncontrolled 

heat losses 
Ȧul 63 - 63 1.35 

TOTAL --- 708 80 788 17 

Exergy 

destroyed 

inside the 

kiln 

 

(8) Physico-

chemical 

transformations 
Ȧr - 456 456 10 

Other kiln 

irreversibilities 
- - - 3427 73 

TOTAL ȦD - - 3883 83 

 

A Sankey flow diagram to better visualise the data detailed in table 10 is shown in figure 8. 
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Figure 8. Exergy Sankey diagram. 375 

 

The discussion in Section 4.2 shows that the application of the first law of thermodynamics can 

provide a useful view of kiln efficiency. However, the resulting energy balance misses an 

important aspect of kiln efficiency relating to the quality or usefulness of the energy inputs and 

outputs. In contrast, exergy analysis focuses on this latter aspect and allows the relative 380 

importance of the irreversibilities present in the different subsystems into which the kiln can be 

divided, or the exergy losses associated with these, to be estimated. In this regard, the data in table 

10 and figure 8 allow the following conclusions to be drawn: 

• The main exergy input source was natural gas combustion (4669 kW). Part of this exergy was 

used for the targeted physico-chemical transformations of the porcelain tile composition. In 385 

the studied kiln, the useful exergy used in the physico-chemical transformations of the tile 

composition in firing was 10%. 

• Most of the exergy was destroyed because of the irreversibilities present in the kiln. The kiln 

overall exergy destruction rate was 3883 kW (83%).  

• Application of the Gouy-Stodola law allows detailed identification of the subsystems in which 390 

exergy was destroyed. These subsystems are illustrated in Figure 9. 

*U.E.  9.76% 456 kW

KILN
Flue gases 7.94% 371 kW

Natural

gas combustion 

99.50%

4669 kW

Cooling gases 6.13% 286 kW

- Surface heat losses 1.06% 50 kW

- Uncontrolled heat losses 1.35% 63 kW

- Fired tiles 0.39% 18 kW

Other inputs 0.05 % 2 kW

EXERGY

DESTRUCTION 

73.37%

3427 kW

*U.E. = Useful Exergy
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Figure 9.  Location of the kiln subsystems in which exergy was destroyed. 

 395 

• The exergy destroyed in each of the identified subsystems is shown in table 11. 

Table 11. Location of the irreversibilities in the kiln. 

Source of 

irreversibilities 
Subsystems 

Exergy destroyed 

(kW) 
Percentage (%) 

Chemical reactions 

Natural gas 

combustion  1573 41 

53 (8) Physico-chemical 

transformations - Ȧr 

- Useful exergy 
456 12 

Heat transfer 

Heat exchange 

process during tile 

cooling 
825 21 

47 
External surfaces 

and uncontrolled 

heat losses 
818 21 

Flue gas dilution 

before gas exhaust 211 5 

TOTAL 3883 100 

• The values in table 11 show that the chemical reactions that developed in firing led to 53% 

exergy destruction.  

• Natural gas combustion was the main irreversibility in the kiln, accounting for 41% of total 400 

irreversibilities. This indicates that a substantial portion of natural gas exergy (34%) was 

destroyed during the combustion process. No more than 66% could therefore be transferred 

to the tile composition. The useful work required for the firing process was drawn from this 

exergy fraction of the fuel. Current technology and energy costs make the use of combustion 

Fuel Oxidising air

Cooling air

Unfired 

tiles

Flue 

gases

Physico-chemical 

transformations

Cooling 

exhaust gases

Wall heat 

losses

Fired 

tiles

Uncontrolled 

heat losses

Combustion

Dilution 

air

Firing zone Cooling zone
Hot fired 

tiles

Cold fired 

tiles
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in ceramic tile roller kilns unavoidable. A significant reduction in combustion irreversibility 405 

by conventional means can therefore simply not be expected in the short term [73].  

• Much of the exergy input into the kiln, namely 21% of total irreversibilities, was destroyed 

during tile cooling owing to heat transfer between the external ambient cooling air fed into 

the kiln and the hot tile. The results obtained suggest that reducing exergy losses in the cooling 

zone could significantly improve exergy efficiency in this type of kiln, if the residual exergy 410 

were recovered (e.g. to the dryers) and/or used as useful work by means of appropriate 

turbines. The possible optimisation of this cooling process is further analysed in Section 5.2. 

• Of all the exergy input into the kiln, 21% was destroyed by heat transfer through kiln surfaces 

as well as by uncontrolled heat losses. This suggests that kiln thermal insulation should be 

improved to reduce exergy losses. 415 

• The physico-chemical transformations of the tile composition being processed accounted for 

12% of total irreversibilities. 

• Finally, part of the exergy, accounting for 5% of total irreversibilities, was destroyed owing 

to the dilution air fed in at the kiln entrance to lower exhaust flue gas temperature, which must 

not exceed the maximum operating temperature of the exhaust fan. In this part of the kiln, 420 

instead of taking in external ambient air to lower the flue gas temperature, a heat exchanger 

could be installed to recover, instead of destroying, this exergy. 

The streams having chemical exergy values were the natural gas, flue gas, and ceramic tile 

streams. They only had significant values for processes whose associated chemical reactions had 

large reaction enthalpies, in this case the natural gas combustion reaction. This explains why many 425 

studies in the literature on processed products similar to ceramic materials [21][40] have only 

considered the chemical exergy introduced with the fuel, neglecting the exergy involved in 

processing the materials. However, the exergy consumed in generating the required physico-

chemical transformations of the porcelain tile composition was the most important exergy 

consumption because it defined kiln exergy efficiency.  430 

Finally, assuming the kiln to be an isolated system, kiln exergy efficiency amounted to 10%. The 

exergy destroyed by irreversibilities was unrecoverable, but the remaining exergy (17%), in the 
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form of waste heat, was potentially recoverable (at least partially) to secondary facilities or to the 

kiln itself. It would therefore be of interest to ascertain its value for system improvement. If the 

remaining exergy were recovered, the studied kiln’s potential energy efficiency could 435 

theoretically amount to 27%. It would therefore be interesting to investigate more complex 

systems (e.g. kiln + dryer) in future studies. 

5. Analysis of improvement measures based on optimisation actions 

The above analysis suggests that kiln energy efficiency could be improved by essentially two 

types of measures: those requiring investments and those based on a better management of the 440 

facility at issue. The first measures involve implementation of heat recovery systems from flue 

and cooling gases using heat exchangers; replacement of current burners with burners that work 

at lower air pressures; preheating of the oxidising air; improvement of kiln thermal insulation by 

reducing insulation thermal conductivity or increasing insulation thickness; and identification of 

potential defects in the thermal sealing of kiln roller holders. The second measures require 445 

appropriately setting the key kiln parameters to optimise kiln working conditions.  

The results obtained in the energy and exergy balances drawn up indicate that the main factors to 

be addressed in order to improve kiln energy and exergy performance are optimisation of the 

cooling air ratio and optimisation of the oxidising air flow rate used for combustion. These two 

factors are largely dependent on kiln operating conditions and can be addressed without additional 450 

investments. Both factors are analysed in detail below. 

5.1. Optimising excess oxidising air 

Kiln burners usually run with significant excess air in order to generate a suitable amount of 

oxygen in the flue gases for appropriate development of the oxidation reactions of the organic 

matter in the tile composition. Reducing air flow will lower natural gas consumption, as the 455 

temperature of a lower amount of air needs to be raised, in turn reducing energy losses in the flue 

gas exhaust stack. However, applying this cost-saving measure is conditioned by the need to 

assure sufficient oxidising air feed into the firing zone. This oxidising air feed must supply at least 

enough oxygen to maintain product quality and stability. It was experimentally determined in the 
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study that the excess air ratio needed to be 1.40. This value is considered high, as 40% more than 460 

the amount of air required to carry out stoichiometric combustion was being fed into the kiln. To 

improve energy efficiency, it would be recommendable to reduce the oxidising air flow to values 

between 1.05 and 1.10. 

Assuming a control volume comprising natural gas and oxidising air inputs and flue gas outputs 

operating in steady state under adiabatic conditions and considering combustion at different 465 

excess air ratios, the corresponding adiabatic flame temperature was estimated by an energy 

balance, thus obtaining the exergy destruction under different conditions. This is shown in figure 

10. 

  
Figure 10. Exergy destruction rate, increase with respect to the stoichiometric air ratio, and adiabatic flame 470 

temperature as a function of excess air rate. 

The results show that operating at the stochiometric air ratio, the exergy destruction rate would 

minimise. Increasing the excess air rate in combustion would decrease the adiabatic flame 

temperature but increase the exergy destruction rate. Under standard operating conditions of the 

studied kiln (stochiometric ratio = 1.4), the exergy destruction generated was 15% higher than 475 

that obtained with stoichiometric combustion. This indicates that, from an energy quality point of 

view, it would be convenient to operate with minimum excess air (i.e. at a stochiometric ratio of 

about 1.05–1.10), provided this is compatible with other system constraints, in order to decrease 
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combustion system irreversibilities, increase combustion exergy efficiency, and consequently 

enhance kiln energy efficiency. In addition, decreasing combustion air flow would reduce the flue 480 

gas stream, so that kiln energy losses caused by flue gas exhaust would decrease. 

5.2. Optimising the cooling air ratio 

To cool the fired ceramic tiles, external ambient air needed to be fed into the kiln to exchange 

heat with the hot tiles. It would be possible either to recover cooling exhaust gas energy to the 

kiln itself to preheat the oxidising air or to recover this energy to other plant facilities such as the 485 

dryers, by implementing energy saving actions and thus reducing dryer energy consumption. In 

the studied kiln, the cooling gases had a high flow rate: cooling gas temperature was 425 K and 

energy content was 1701 kW. Currently, in ceramic tile kilns, cooling exhaust gas waste heat is 

usually recovered, as such gases are made up of pollutant-free air. In any event, waste heat 

recovery of the studied kiln cooling exhaust gases would decrease kiln energy consumption and 490 

raise overall energy efficiency of the kiln and the plant.  

The specific airflow used for cooling depends on kiln design (length of the cooling zone, air-to-

tile contact system, etc.). Kiln operation can therefore take place at different specific mass flows 

(kg cooling air/kg fired tile). Figure 11 shows the change in exergy destruction rate in the kiln 

cooling zone with the air–fired tile ratio for fired tile cooling. Figure 12 shows the rise in cooling 495 

gas exergy content in the kiln cooling zone with the air–fired tile ratio for fired tile cooling. It was 

hereby assumed that the cooling exhaust gas stream enthalpy remained constant (1701 kW); the 

gas temperature was recalculated assuming the fired tiles were cooled at different mass–air ratios. 
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Figure 11. Variation of exergy destruction with cooling air flow properties, keeping output stream enthalpy 500 

constant. 

 
Figure 12. Variation of cooling gas exergy content with cooling air flow properties, keeping output stream 

enthalpy constant. 

The results obtained indicate that exergy destruction during fired tile cooling could be reduced by 505 

introducing less air for fired tile cooling. This could be achieved by maximising air–fired tile 

contact, decreasing fired tile temperature more efficiently with less air. Exergy destruction in the 
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cooling zone would therefore decrease significantly. In addition, cooling gas exergy content 

would increase significantly as the stream would have a lower air mass flow, albeit at a higher 

temperature. This would increase energy quality and facilitate subsequent use, for example, in a 510 

heat recovery system. Obviously, from a practical point of view, such minimisation would depend 

on several factors (cooling area configuration, product characteristics, etc.). However, bearing 

these factors in mind, exergy destruction could be significantly reduced in most cases. 

6. Conclusions 

The studied ceramic tile firing kiln, which may be considered representative of single-deck roller 515 

kilns operating worldwide, exhibited very low energy performance, namely 15%. Over 61% of 

the total energy input into the kiln was lost through the gas exhaust stacks. Such heat losses 

therefore need to be minimised and/or recovered. 

The energy balance drawn up showed that the main factors to be addressed to improve kiln energy 

performance were as follows:  520 

(1) Implementation of heat recovery systems for the flue gases and cooling gases. In the studied 

kiln, the total thermal energy lost through the two stacks (flue and cooling exhaust gases) was 

about 2875 kW, more than 61% of kiln energy consumption. This waste energy could be 

recovered to the same kiln as oxidising air or to other plant facilities by implementing energy 

saving actions. 525 

(2) Optimisation of the oxidising air flow rate. The estimated excess air ratio in the studied 

kiln was 1.40. This value is considered high, as 40% more than the air needed for stoichiometric 

combustion was being fed into the kiln. It is important to appropriately regulate the burners to 

prevent an excessive amount of oxidising air from entering the kiln, as this leads to increased 

energy losses through the flue gas exhaust stack.  530 

(3) Improvement of kiln thermal insulation. About 20% of the energy input into the kiln was 

lost through kiln surfaces and uncontrolled heat losses. Kiln thermal insulation was therefore not 

good enough to prevent significant energy losses. The greatest losses occurred through the kiln 

vault, probably due to the greater deterioration of the refractory material located there, resulting 
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from the rise by natural convection of the hot gases in the combustion chamber. The quality of 535 

kiln thermal insulation could be improved by reducing insulation thermal conductivity or 

increasing insulation thickness, in addition to improving the thermal sealing of kiln roller holders. 

In addition to energy efficiency, further analysis was performed by drawing up an exergy balance. 

This enabled identification and quantification of the main sources of irreversibilities in the kiln. 

Exergy analysis revealed a high rate of exergy loss in the kiln firing process, as only 10% of the 540 

total exergy input into the kiln was used in the targeted physico-chemical transformations of the 

porcelain tile composition. Total exergy destruction in the kiln because of irreversibilities was 

83%. The other exergy outputs (flue and cooling exhaust gases and kiln surface and wall losses) 

accounted for the remaining 17% exergy loss. 

The main sources of irreversibility identified in the studied kiln were natural gas combustion 545 

(41%), heat transfer in the fired tile cooling process (21%), and heat transfer through kiln walls 

and vault (21%). These factors are mainly influenced by the type of fuel, kiln technology, and 

kiln operating parameters. The following improvements, based on better management of the 

current facility without additional investments, are proposed for enhancing kiln energy efficiency: 

(1) Optimisation of the oxidising air flow rate used for combustion. In these kilns, natural gas 550 

combustion is the main source of exergy destruction in the kiln. However, the exergy loss 

involved in combustion can be reduced by minimising the use of excess air and by preheating the 

reactants. Nevertheless, in most cases only a small part of the exergy destruction in the kiln 

combustion chamber can be avoided by these means. The studied kiln worked with an excess air 

ratio of 1.40. By reducing this to 1.10, the exergy loss associated with combustion would drop by 555 

10% and kiln energy efficiency would increase. 

(2) Optimisation of the cooling air ratio. Exergy destruction during fired tile cooling could be 

reduced by optimising the amount of air used to cool the fired tile. The studied kiln exhibited a 

ratio of 6.2 kg cooling air/kg fired tile. Reducing this ratio to 4, provided this is compatible with 

other system constraints, would reduce the exergy destruction associated with the cooling process 560 

by 11%. Considering the same example, on reducing the ratio to 4 kg cooling air/kg fired tile, the 

exergy contained in the cooling gases would increase by 71%, as cooling gas temperature would 
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rise; exergy quality would also increase, which would facilitate heat recovery by implementing 

energy saving actions. 

In short, kiln efficiency could be optimised by implementing an optimum set of operating 565 

parameter values rather than simply optimal individual values. To select the optimum set of 

parameter values, avoidable and unavoidable exergy destruction and avoidable exergy losses in 

the process need to be identified. Kiln optimisation needs to focus on avoidable exergy destruction 

and avoidable exergy losses to achieve optimal kiln energy efficiency and ceramic tile quality. 
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