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1.  INTRODUCTION1.  INTRODUCTION1.  INTRODUCTION1.  INTRODUCTION    

Steam boilers are widely applied for process heating, 

sterilization, drying, material conditioning and 

saponification in bottling, pharmaceutical, tobacco and 

soap industries; and also for production of mechanical 

and electrical energy. Energy is consumed, conserved 

and dissipated in steam boilers when engaged in 

producing steam for different end uses by combustion 

of fuel.  

For any given environment, energy which may be 

converted into other forms is called useful energy or 

exergy. And energy which cannot be converted into 

other energy forms is called useless energy or anergy 

[1]. When all processes of the system and the 

environment are reversible, exergy is fully conserved. 

Exergy is destroyed whenever an irreversible process 

takes place. Exergy destruction is a measure of the 

thermodynamic imperfections determined when an 

exergy analysis is performed on a plant such as an 

entire power station, a chemical processing plant or a 

refrigeration plant, and this refers to wasted work or 

wasted potential for the production of work [2]. 

Exergy is a useful concept for determining 

improvement, since it is a connection between the 

physical and engineering world and the surrounding 

environment, and expresses the true efficiency of 

engineering systems. Exergy analysis has been applied 

in the design of engineering systems as well as 

sectoral energy and exergy consumption [3]. There 

has been an increasing interest in applying energy and 

exergy analysis modelling techniques for energy-

utilization assessments in order to obtain energy 

savings in recent years [4].  Exergy analysis is a 

methodology for the assessment of the performance of 

devices and processes, and involves analysing the 

exergy at different points in a series of energy-

conversion steps [6]. Consequently, efficiencies can be 

evaluated, and the process steps having the largest 

losses (i.e., the greatest margin for improvement) can 

be identified. Exergy analysis has been found to be a 

highly versatile method by many scientists, engineers, 

managers, decision and policy makers. Exergy analysis 

has been employed in many spectra of socioeconomic 

and industrial infrastructure such as, analysing and 

evaluating the energy utilization efficiency of 

countries, steam and thermal power plants, 

combustion and energy conversion processes, iron 

smelting processes, etc. It has been established to be a 

very useful tool for determining operational 

improvements and energy savings of industrial 

processes and products [7-10].    

Suresh et. al [11] conducted a study to predict the 

possible improvement in efficiency obtained with 

thermal power plants. The study dealt with the 

comparison of energy and exergy analysis of thermal 

power plants based on advanced steam parameters in 

Indian climatic conditions. The study involved coal-

based thermal power plants using subcritical, 

supercritical, and ultrasupercritical steam conditions. 

The design configurations of 500 MWe unit size were 

considered. The study encompassed the effect of 

condenser pressure on plant and exergy efficiency. 

The effect of high grade coal on performance 

parameters as compared to typical Indian low grade 

coal was also studied. The major exergy loss took 

place in coal combustion followed by the steam 

generator. Due to condenser pressure limitation, the 

maximum possible plant efficiency was found to be 

about 41% for supercritical steam power plant and 

44.4% for the ultrasupercritical steam power plant. It 

was therefore concluded that installing coal-based 

thermal power plants based on advanced steam 

parameters in India will be a prospective option 

aiding energy self-sufficiency. 

The persistent increase in energy demand for 

economic development and the need for the 

preservation of the environment are indications that 

energy systems ought to become more efficient [12]. 
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Attempts have been made by other researchers to 

combine mathematical or economical methods and 

advanced thermodynamic processes to investigate 

and improve plant systems, and also to study and 

minimize the effects of irreversibility. Ataei and Yoo 

[13] performed the simulation of a 325 MW steam 

power plant in which the operational parameters of 

the Rankine cycle were optimized using the exergy 

concept combined with a pinch-based approach in the 

study of combined pinch and exergy analysis for 

energy efficiency optimization in a steam power plant. 

Srinivas et. al [14] conducted a thermodynamic 

analysis of the effect of ‘n’ feedwater heaters on 

performance of a steam power cycle with a 

generalized mathematical formulation. They carried 

out performance calculations formulated separately to 

a single feedwater heater and extended to ‘n’ 

feedwater heaters for parametric study. The work of 

Srinivas et. al [14] examined the improvements in 

efficiency with increases in boiler pressure, turbine 

inlet temperature and furnace temperature, and they 

were able to determine the maximum gain in the 

efficiency of the cycle. Gutierrez and Mendez [15] 

developed a theoretical analysis to minimize the 

entropy generation of a thermo-electric cooler. They 

applied an analysis of first and second law of 

Thermodynamics to thermo-electric cooler, and 

considered the entropy generation equation as the 

objective function and the first law as a restriction, in 

accordance with the variational calculus theory. Their 

numerical estimations indicated that minimum 

entropy generation and the better performance 

coefficients (COPs) were achieved with the largest 

figure of merit, which represented a relationship 

between the Peltier effect (cooling) and the Joule 

effect (heating). 

It is imperative to adopt reliable methods to assess the 

performance of industrial facilities, such as steam 

boiler, for sustainable use. The performance of steam 

boilers could be assessed based on operational and 

output parameters which are of primary interest to a 

researcher or other stakeholders. In a study of an oil-

fired boiler system, Orosun and Adamu [16] modelled 

steam boiler as a multivariable plant with two inputs, 

namely, feed water rate and oil-fired flow rate; and 

two outputs, which were steam temperature and 

pressure. The authors modelled the plant parameters 

using artificial neural network. Their result showed a 

correlation of 0.97 in the simulated and actual outputs 

for temperature and pressure respectively. They 

however did not consider the exergetic analysis of the 

steam boiler. Igboanugo et. al [17] had also studied the 

performance characteristics of a boiler unit using 

failure mode effect and fault tree analyses, the energy 

source for the boiler was low grade fuel from palm oil 

bunch and fibre. The study revealed that in a single 

shift operating mode of eight hours, a time of 72 

minutes was saved arising from the effectiveness of 

the plant overhaul carried out. They obtained an 

energy efficiency of 54.2% at boiler operating 

pressure of 700 kN/m2. The effect of irreversibility, 

exergy destruction and efficiency were not analysed in 

the study. 

This study is aimed at investigating the exergetic 

performances, developing of exergetic models and 

potential of energy savings through investigation of 

the effects of various thermodynamic and operational 

variables in oil-fired industrial steam boilers.    

    

2. 2. 2. 2. METHODMETHODMETHODMETHOD    

2.12.12.12.1    Material streams in steam boilerMaterial streams in steam boilerMaterial streams in steam boilerMaterial streams in steam boiler    

The basic influx of material streams in a boiler as 

exemplified by Figure 1 which is an exploded view of 

the model of Saidur et. al [18], takes place in the 

combustion unit and heat exchanging unit. The intake 

air (from ambient air supply) mixes with the 

combustion fuel, usually hydrocarbon in a chemical 

oxidation process to release heat energy in the 

furnace. Combustion of LPFO and diesel fuels was 

used in this study. The hot product of combustion 

exiting the furnace enters the heat exchanging unit in 

which the supplied heat energy is utilised to transform 

the feed water entering into the heat exchanging unit 

into saturated steam. The saturated steam may further 

be heated in the superheater by hot flue gases from 

the furnace to obtain superheated steam. The flue 

gases and heat loss exit the boiler to complete the 

material and energy flow process in the boiler. 

    

2.22.22.22.2    Operational parametersOperational parametersOperational parametersOperational parameters    

The general specifications of the boiler investigated 

are presented in Table 1. This shows that the boiler is 

a fire tube type and horizontal in orientation. It is 

internally fired, forced circulation, low pressure and 

stationary. It is also a multi-tube and operates on 

either LPFO or diesel fuels. The operating steam 

temperature, maximum steam pressure and operating 

steam pressure are 180 0C, 1600 kN/m2 and 

750kN/m2 respectively. The steam generated from 

boiler is for the purpose of boiling, steam regeneration 

of carbon filter, and sterilization.  
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Figure 1: Material streams flow diagram in a steam boiler 

 

The operational parameters used in this study are 

enumerated in Table 2 for both LPFO and diesel 

operation. Similar values had been adopted for the 

air temperature, steam pressure, mass flow rate of 

fuel, evaporation ratio, and excess air. The fuels have 

their peculiar specific heat capacities, stoichiometric 

and actual fuel ratios respectively as presented in 

Table 2. The specific heat capacity, stoichiometric 

and actual fuel ratios of LPFO operated boiler are 

1.866 kJ/kgK, 13.428 and 16.114 kg of air/kg of fuel, 

while that of diesel operated boiler are 1.9612 

kJ/kgK, 14.128 and 17.00 kg of air/kg of fuel 

respectively. The distinction in the peculiar 

thermodynamic properties is expected to influence 

the nature of exergetic performances of LPFO and 

diesel operated boilers.  

Table 1: Specification of industrial steam boiler 
investigated 

Details Specification 

1. Orientation  Horizontal 

2. Type of tube Fire tube 

3. Type of firing  Internally fired 

4. Type of circulation  Forced  

5. Type of pressure  Low  

6. Stationary or portable  Stationary 

7. Single or multi-tube  Multi-tube 

8. Type of fuel used  LPFO and Diesel 

Details Specification 

9. Operating steam temperature 

(0C) 
180 

10. Maximum steam pressure 

(kN/m2) 
1600 

11. Operating steam  pressure 

(kN/m2) 
750 

12. Purpose of steam generated 

Boiling, steam 

regeneration of 

carbon filter, 

sterilization 

 
 

Table 2: Parameters for the LPFO and diesel operation 
of boiler [19-20] 

Parameter LPFO 

operated 

Diesel 

operated 

Air temperature (0C) 77.00 77.00 

Steam pressure (kN/m2) 800.00 800.00 

Rate of fuel consumption 

(kg/s) 

0.18 0.18 

Evaporation ratio, Er 12 12 

Specific heat capacity, cp 

(kJ/kgK) 

1.866 1.9612 

Stoichiometric air-fuel 

ratio, AFRst   

(kg of air/kg of fuel) 

13.428 14.128 

Actual air-fuel ratio, AAF  

(kg of air/kg of fuel) 

16.114 17.00 

Excess air, EA (%) 20 20 
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2.2.2.2.3333    Mass balance of Mass balance of Mass balance of Mass balance of material streamsmaterial streamsmaterial streamsmaterial streams    

Conservation  of mass and energy balance was 

applied to the boiler system in addition to the 

evaporation ratio and air fuel ratio and were used to 

determine mass flow rates of substances of all 

material streams in the boiler, such as; air, am& , fuel, 

fm& , hot products, pm& , feed water, wm& , steam, sm&

and flue gas, gm&  [19]. 

Hence, 

pfa mmm &&& =+     (1) 

gp mm && =      (2) 

sw mm && =      (3) 

The evaporation ratio of a boiler can be expressed by 

[19-21]; 

f

s
r

m

m
E

&

&
=      (4) 

 

2.2.2.2.4444    Energy and exergy analysis of boiler Energy and exergy analysis of boiler Energy and exergy analysis of boiler Energy and exergy analysis of boiler     

The physical and chemical exergy associated with 

material streams for a flow process makes up the 

total flow exergy transfer which is the theoretically 

obtainable work when the substance is brought into 

total equilibrium with the local environment [22-25]. 

Ertesvag [26] presents the total flow exergy transfer 

by equation (5), while the specific physical flow 

exergy is given by equation (6). 

chph εεε +=       (5) 

)( 000 ssThhph −−−=ε     (6) 

The method of determining the chemical exergy of 

fuels is similar to that used in methodology for the 

physical and chemical exergetic analysis of steam 

boilers [19] and cumulative exergetic assessment of 

LPFO utilized steam boilers [20], and are as follows 

[25, 27-28]; 

For complete combustion of hydrocarbon with 

atmospheric air,  
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The molar chemical exergy of reactants and products 

is given by, 
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The mole fraction of oxygen (
2On ), carbon dioxide 

(
2COn ) and water ( OHn

2
) in a standard 

environment are presented in Table 3, and the values 

of yx  and which are constant coefficients that 

characterises the hydrocarbon and combustion 
process are presented in Table 4. Where the molar or 

universal gas constant R = 8.3144 kJ/kmol K.  
The standard Gibbs functions of formation of other 
components in equation (9) are presented in Table 3. 

The change in standard Gibbs function is expressed 

by, 

222
)

4
(

2
)( OvOHCO g

y
xg

y
gxg +−+=∆           (10) 

The specific chemical exergy was determined by 

M

e
ch
xch =ε       (11) 

The chemical exergy of atmospheric air was 

determined by equation (12), where the mole 
fractions of the elements in a standard environment 

with respective chemical exergies are presented in 

Table 3. 

( )∑=
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ch
xi

ch
airx i

ene )(               (12) 

The specific chemical exergy of steam, water and 
combustion fuels presented in Ohijeagbon et. al [19-

20] are shown in Table 5. Complete combustion 

analysis was assumed in determining the chemical 
exergies of fuels undergoing combustion. 

 

Table 3: Chemical exergies, standard Gibbs functions of formation and mole fractions of components of 

atmospheric air at reference conditions of 250C and 1 atm [19, 26-27] 

Components Chemical exergies 
(kJ/kmol)  

(70% relative humidity) 

Standard Gibbs 

function, g

(kJ/kmol) 

Mole fraction composition 
of a reference environment 

model 

Nitrogen, N2 668.10 0 0.7565 

Oxygen, O2 3,930.50 0 0.2035 

Carbon dioxide, CO2 19,610.00 -394,390 0.0003 
Argon, Ar 11,640.00 0 0.0091 

Water, H2O (g) 9,474.00 -228,590 0.0303 
Water, H2O (liq) 884.20 -237,150 - 

Hydrogen, H2 236,098.00 0 0.0001 
Carbon monoxide, CO 274,870.00 -137,160 - 

Table 4: Fuel specifications for LPFO and diesel 
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Specifications LPFO 

(No. 6 Oil) 

Diesel 

(No. 2 Oil) 

%Carbon (C) 87.49 85.84 

%Hydrogen (H) 9.92 12.46 

Gross heating value (HHV), kJ/kg 42,657.34 45,482.52 

Net heating value (LHV), kJ/kg 40,515.15 42,790.21 

CO2 max 16.50 15.60 

%Sulfur (S) 1.40 1.60 

%O2 1.190 0.100 

Source:  Ohijeagbon et. al [20], TSI Incorporated [29] 

 

Table 5: Specific chemical exergy of material streams 

in the boiler [19, 30] 

Substance Chemical exergy 
(kJ/kg) 

Air 58.79 

Steam  526.33 
Water 49.12 

LPFO (Before combustion) = 
HHVLPFO 

42,657.34 

LPFO (During combustion) 44,566.66 

Diesel (Before combustion) = 
HHVdiesel 

45,482.52 

Diesel (During combustion) 44,569.69 
Exhaust flue gases (LPFO 

operated) 
147.97 

Exhaust flue gases (Diesel 

operated) 
148.77 

 

The energy and exergy values and efficiencies of the 

flow processes in the LPFO and diesel operated boiler 

which include the physical and chemical exergies were 

evaluated using equations (1) to (12), the exergetic 

formulae summarised in Table 6 and the 

thermodynamic properties of materials streams data 

presented in Table 7 which was computed according 

to the method used by Ohijeagbon et. al [19] to 

determine mass flow rate, temperature, enthalpy and 

entropy of material streams in a steam boiler at 

specified node points shown in the material streams 

flow diagram of Figure 1. The exergetic formulae 

summarised in Table 6 were determined through 

energy and exergy balance amalysis in the combustion 

and heat exchanging units of a boiler system [19-20].  

The exergetic values and efficiencies which includes 

energy input, energy efficiency, exergy destruction 

and efficiency of the combustion unit; heat loss, 

energy efficiency, exergy destruction and efficiency of 

the heat exchanging unit; energy efficiency, overall 

exergy destruction and efficiency of the entire boiler 

accordingly. Consequently, a parametric analysis of 

reference state ambient conditions, entropy effects, 

and mass flow rates of fuel, feed water and steam 

temperatures and evaporation ratio on exergetic 

performance of boilers was carried out, and various 

exergetic empirical relations was also determined. 

    

Table 6: Summary of exergetic values and efficiencies formulae of steam boilers [19-20] 
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Heat exchanging unit 
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Table 7: Thermodynamic analysis of material streams for the diesel and LPFO operated boiler 

Point Stream 

Mass flow rate (kg/s) Temperature (0C) Enthalpy (kJ/kg) Entropy (kJ/kgK) 

LPFO 

operated 

Diesel 

operated 

LPFO 

operated 

Diesel 

operated 

LPFO 

operated 

Diesel 

operated 

LPFO 

operated 

Diesel 

operated 

1 Air, am& , 2.90 3.06 77.00 77.00 350.49 350.49 1.8571 1.8571 

2 Fuel, fm&  0.18 0.18 1345.69 1289.13 40515.15 42790.21 1.6664 1.7337 

3 
Hot products, 

pm&  3.08 3.24 342.03 327.66 2697.38 2708.25 4.3857 4.5088 

4 
Feed water, 

wm&  
2.16 2.16 100.00 100.00 419.10 419.10 1.3070 1.3070 

5 Steam, sm&  2.16 2.16 170.40 170.40 2768.30 2768.30 6.6616 6.6616 

6 
Exhaust flue 

gas, gm&  
3.08 3.24 148.84 146.32 223.46 218.85 2.6882 2.7475 

    

3. 3. 3. 3. RESULTS AND DISCUSSIONRESULTS AND DISCUSSIONRESULTS AND DISCUSSIONRESULTS AND DISCUSSION    

3.1 3.1 3.1 3.1 Thermodynamics of material streams flowThermodynamics of material streams flowThermodynamics of material streams flowThermodynamics of material streams flow    

The same values of combustion air temperature 77.00 
0C, steam pressure 800kN/m2, mass flow rate of fuel 

0.18 kg/s, evaporation ratio 12, and excess air 20% 

respectively used in the analysis of the boiler 

operation resulted in higher fuel combustion 

temperature of 1345.69 0C in the LPFO operated 

boiler compared with 1289.13 0C in the diesel 

operated boiler as presented in Table 7. This was 

attributed to lower values of the specific heat capacity 

and air fuel ratio of LPFO as presented in Table 2 and 

used for computing the combustion fuel temperatures 

in the energy balance equation of the combustion unit. 

Consequently, higher combustion fuel temperature 

resulted in higher temperatures of products of hot flue 

and exhaust gases as indicated in Table 7.  

 

 

3.23.23.23.2    Exergetic modellingExergetic modellingExergetic modellingExergetic modelling    

Previously derived thermodynamic formulations to 

determine exergetic values and efficiencies in a steam 

boiler operation given in Table 6 were used to develop 

empirical models for estimations and applications of 

oil fired steam boilers. Averaged values of 

thermodynamic variables, standard reference state 

temperature, specific chemical exergy of material 

streams and heating values given in Tables 4, 5 and 7, 

the exergetic expressions contained in Table 6 and 

expression relating AAF to AFRst [19] were used to 

obtain the exergetic models given in equations (13) to 

(28).  

]68.41652)1(49.350[ ++= stfin AFREAmE   (13) 

]1)1[(8433.5)( ++= stLPFOC AFREAη   (14) 

]1)1[(57.5)( ++= stDieselC AFREAη    (15) 

])1(66.152129.39270[ stfC AFREAmI +−=&   (16) 

]1)1[(39.3 ++= stC AFREAψ     (17) 

]20.2349}1)1{(66.2481[
)( rstflossH EAFREAmQ −++=&

       (18) 
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rB E03.3=ψ                (24) 

From equations (14), (15) and (17), the relation 

between the energy and exergy efficiencies of an 

adiabatic combustion unit of a steam boiler can be 

expressed respectively for LPFO and diesel operated 

boilers as 

CLPFOC ψη 724.1)( =               (25) 

CDieselC ψη 643.1)( =               (26) 

From (19) and (21), the energy and exergy 

efficiencies relation of a heat exchanging unit of a 

steam boiler may be expressed as  

HH ψη 4.1=                (27)  

From (22) and (24), the energy and exergy 

efficiencies relation of an entire steam boiler may be 

expressed as: 

BB ψη 8614.1=               (28)        

The models make it possible to estimate vital 

exergetic information on the performance evaluation 

of oil-fired steam boilers with minimum input 

operational parameters, such as mass flow rate of fuel, 

air-fuel ratio and evaporation ratio. The models 

developed assumed linearity, as the respective 

coefficient of correlation and standard error of 

estimate obtained was approximately 1.00 and 0.00 

respectively. The ratio of energy to exergy efficiencies 

of steam boiler was obtained as  1.8614. Previous 

study by Mehdi and Amir [31], obtained the energy to 

exergy efficiencies relation of boiler as 1.962, 

suggesting relatively higher energy or lower exergy 

efficiencies compared to that represented by the 

developed models in this study; they obtained the 

energy and exergy efficiencies of boiler to be 89.21% 

and 45.48%, respectively. The higher energy obtained 

in their study could be attributed to higher 

evaporation ratio of 15.26.  Applying the evaporation 

ratio used by Mehdi and Amir [31] into the exergetic 

efficiency models developed and given by equations 

(22) and (24), results in energy and exergy efficiency 

of 88.21% and 46.24% respectively which compare 

favourably with those obtained by Mehdi and Amir 

[31].  

    

3.3.3.3.3333    EEEExergetic lossesxergetic lossesxergetic lossesxergetic losses    with changes in evaporation ratio with changes in evaporation ratio with changes in evaporation ratio with changes in evaporation ratio 

and mass flow rate of fueland mass flow rate of fueland mass flow rate of fueland mass flow rate of fuel    

Thermodynamic variables are critical to the exergetic 

performance and energy savings of steam boilers; 

hence, it is highly imperative to understand the mode 

of performance outputs with operational variables, 

such as, evaporation ratio and mass flow rates of fuel. 

Figure 2 shows that exergetic losses increased in 

boiler with changes in mass flow rate of fuel at 

constant evaporation ratio, while Figure 3 shows 

reducing values in exergetic losses with changes in 

evaporation ratio at constant mass flow rate of fuel. 

This clearly indicates that reduction in exergetic 

losses and consequently energy savings can be 

achieved in steam boilers by maintaining the input 

fuel value and increasing the evaporation ratio of 

steam boiler operation. Table 7 shows that the same 

steam pressure of 800 kN/m2 resulted in the same 

saturated steam temperature of 170.00 0C. This 

implies that higher energy loss and exergy destruction 

are experienced in the heat exchanging unit of the 

diesel operated boiler as against that of the LPFO 

operated boiler as shown in Figures 2 and 3.  

The overall exergy destruction of LPFO and diesel 

operated boilers were nearly the same irrespective of 

changes in evaporation ratio and mass flow rate of 

fuel. This is attributed to the same values of 

evaporation ratio, excess air and mass flow rate of fuel 

assumed for both boiler operations. The average 

overall boiler exergy destruction in the LPFO and 

diesel operated boiler operations increased from 

3121.76 to 9365.27 kJ/s as the mass flow rate 

increases from 0.1 to 0.3 kg/s, while the average 

overall boiler exergy destruction decreased from 

6062.23 to 5176.10 kJ/s (14.62%) as the evaporation 

ratio increases from 10 to 14 respectively 

. 
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Figure 2: Exergetic losses in boiler with changes in mass flow rate of fuel at constant evaporation ratio 

 

 
Figure 3: Exergetic losses in boiler with changes in evaporation ratio at constant mass flow rate of fuel 

 

3.43.43.43.4    Effects of reference state temperature, entropy, Effects of reference state temperature, entropy, Effects of reference state temperature, entropy, Effects of reference state temperature, entropy, 

feed water and steam temperatures feed water and steam temperatures feed water and steam temperatures feed water and steam temperatures     

Figure 4 clearly shows reducing values in exergy 

efficiency with corresponding increases in reference 

state temperature, consequently, increases in exergy 

destruction in all units in a boiler. This is an indication 

that it is more advantageous to keep ambient 

temperature of a boiler system as low as possible.  

The combustion unit and entire boiler exergy 

efficiencies experienced slight decreases in exergy 

destruction and slight increases in exergy efficiencies 

as fuel entropy was increasing as shown in Figure 5, 

while Figure 8 shows that the heat exchanging unit 

and entire boiler experienced slight increases in 

exergy destruction and slight decreases in exergy 

efficiencies as feed water temperature and entropy 
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was increasing. The average factor of exergy efficiency 

to entropy changes due to fuel entropy and feed water 

entropy was determined as 0.015 and 0.049 

accounting as the lowest. The average factor of exergy 

efficiency to entropy changes due to exhaust flue gas 

entropy, combustion product entropy in heat 

exchanging and combustion units and superheated 

steam entropy were determined as 0.51, 0.76, 1.29 

and 3.85 respectively from Figures 6, 7 and 9. This 

indicates that the largest amount of entropy changes 

in a boiler system is due to superheated steam 

entropy. As shown in Figure 9, increasing superheated 

steam temperature and entropy would result in 

decreases in exergy destruction and possible energy 

savings since superheated steam can be achieved by 

recycling of waste heat in boilers.  

Figure 6 shows that combustion product entropy 

would result in increase in exergy destruction in the 

combustion unit while it leads to decreases in exergy 

destruction in the heat exchanging unit. Increases in 

flue gas entropy results in increases in exergy 

destruction in the heat exchanging unit as shown by 

Figure 7. The Figures 5 to 9 show that the key area to 

control irreversibility resulting from entropy effects is 

that due to combustion product entropy which leads 

to increased exergy destruction in the combustion 

unit. 

 

 
Figure 4: Exergy efficiency in boiler at different reference state 
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Figure 5: Exergy efficiency in boiler with respect to combustion fuel entropy 

 

Figure 6: Exergy efficiency in boiler with respect to combustion product entropy 
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Figure 7: Exergy efficiency in boiler with respect to exhaust flue gas entropy 

 
Figure 8: Exergy efficiency in boiler with respect to feed water temperature/entropy 
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Figure 9: Exergy efficiency in boiler with respect to super heated steam temperature/entropy 

 

4.4.4.4.    CONCLUSIONCONCLUSIONCONCLUSIONCONCLUSION    

Exergetic models to estimate exergetic quantities and 

efficiencies for performance evaluation of oil-fired 

steam boilers with minimum input operational 

parameters as mass flow rate of fuel, air-fuel ratio and 

evaporation ratio have been developed. The relation 

between the energy and exergy efficiencies of an 

adiabatic combustion unit for LPFO and diesel 

operated boilers, heat exchanging unit and of an entire 

steam boiler have been determined as  

CLPFOC ψη 724.1)( = , CDieselC ψη 643.1)( = , 

HH ψη 4.1=  and BB ψη 8614.1=  respectively. 

Reduction in exergetic losses and subsequently gain in 

energy savings can be achieved in steam boilers by 

maintaining the input fuel value and increasing the 

evaporation ratio of steam boiler operation. The 

average overall boiler exergy destruction decreased 

from 6062.23 to 5176.10 kJ/s, that is, 14.62% as the 

evaporation ratio increased from 10 to 14. Increase in 

superheated steam temperature results in decreases 

in exergy destruction and possible energy savings as 

superheated steam can be achieved by recycling of 

waste heat in boilers. The major area to control 

irreversibility resulting from entropy effects is the 

combustion product entropy which leads to increased 

exergy destruction in the combustion unit. Increasing 

feed water temperature resulted in slight increases in 

exergy destruction of heat exchanging unit and entire 

boiler. 
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