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Abstract— In this paper, the useful concept of energy and 

exergy utilization is analyzed, and applied to the boiler 

system. Energy and exergy flows in a boiler have been 

shown in this paper. The energy and exergy efficiencies 

have been determined as well. In a boiler, the energy and 

exergy efficiencies are found to be 71.6% and 25%, 

respectively. A boiler energy and exergy efficiencies are 

compared with others work as well. It has been found that 

the combustion chamber is the major contributor for exergy 

destruction followed by heat exchanger of a boiler system. 
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I. INTRODUCTION 

Boiler efficiency therefore has a great influence on heating- 

related energy savings. It is therefore important to maximize 

the heat transfer to the water and minimize the heat losses in 

the boiler. Heat can be lost from boilers by hot flue gas 

losses, radiation losses and, in the case of steam boilers, 

blow-down losses. To optimize the operation of a boiler 

plant, it is important to locate where energy loss is likely to 

occur. A significant amount of energy is lost through flue 

gases as all the heat produced by the burning fuel cannot be 

transferred to water or steam in the boiler. As the 

temperature of the flue gas leaving a boiler typically ranges 

from 150 to250
o
C, about10–30% of the heat energy is lost 

through it. A typical heat balance in a boiler is shown in Fig. 

1 (Jayamaha, 2008,Beggs, 2002) 

The First Law of Thermodynamics is used to 

analyze the energy utilization, but it is unable to account the 

quality aspect of energy. So that exergy analysis is used. 

Exergy is the consequent of Second Law of Thermo- 

dynamics. It is a property that enables us to determine the 

useful work potential of a given amount of energy at some 

specified state. 

 
Fig. 1: Heat balance for a boiler 

An exergy analysis is usually aimed to determine 

the maximum performance of the system and identify the 

component where exergy is destruction. Identifying the 

main components of exergy destruction, causes of 

destruction, true magnitude of destructions, shows the 

direction for potential improvements for the system and 

components, (Kanoglu et al., 2005, 2007). 

As a boiler is used in many industrial applications 

and use significant amount of energy, its efficiency 

improvement and reduced losses/exergy destruction will 

play a significant role in energy savings and mitigation of 

environmental pollution. It may be stated that this study will 

be useful to policy makers, engineers, industrial energy 

users and scientist in industrial boiler energy use. In this 

exergy analysis on a boiler is done according to the method 

used by Rosen (1999). 

II. GENERAL DESCRIPTION OF BOILER SYSTEM 

Exergy is always evaluated with respect to a reference 

environment. The reference environment is in stable 

equilibrium, and is a sink or source for heat. T0=25
o
C as the 

surrounding temperature, P0=100kPa as the surrounding 

pressure. 

 
Fig. 2: Schematic diagram of combustor and heat exchanger 

The expression of energy (η) and exergy (ψ) 

efficiencies for the principle types of processes considered 

in this  

η= Energy in products/ total energy input 

ψ= Exergy in products/ total exergy input 

III. MATHEMATICAL ANALYSIS 

The method used to determine exergy and energy use, 

energy and exergy efficiencies for boiler. For that boiler 

decomposes in the combustor and heat exchanger. 

A. Analysis on combustor: 

 
Fig. 3: Schematic Diagram of Combustor 

1) Energy analysis on combustor: 

The combustor in a boiler is usually well insulated that 

causes heat dissipation to the surrounding almost zero and 

work is zero. Also, the kinetic and potential energies are 

usually negligible. Then only total energies of the in coming 

streams and the out going mixture remained for analysis. 
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The conservation of energy principle requires that these two 

equal each others. Besides, the sum of the in coming mass 

flow rates will be equal to the mass flow rates of the out 

going mixture. 

Ein-Eout=0 

Ein=Eout 

mfhf+maha-mphp=0 

mfhf+maha=mphp 

where mf = mass flow rate of fuel kg/s, ma= mass 

flow rate of air kg/s, ha=specific enthalpy of air kJ/kg,  hf 

=specific enthalpy of fuel kJ/kg 

The first law efficiency of combustor 

 
2) Exergy analysis on combustor 

The maximum power output or reversible power is 

determined from the exergy balance applied to the boiler 

considering boundary with an environment temperature of 

To. 

Xin-Xout-Xdestroyed=0 

mfεf+maεa-mpεp-XD=0 

XD= mfεf+maεa-mpεp  
Second law efficiency of combustor 

ψc= mpεp/mfεf 

B. Analysis of Heat Exchanger 

Heat exchanger is a device where two moving fluid streams 

exchange heat without mixing. Heat is transferred from the 

hot fluid to the cold. 

1) Energy analysis of heat exchanger 

A heat exchanger involves no work, negligible kinetic and 

potential energy. The energy balance as shown in diagram. 

Ein-Eout=0 

(mphp+mlhl)-(mghg+mshs)=Q 

Q=mH(hp-hg)-mc(hs-hl) 

First law efficiency of heat exchanger 

given by 

ηh=mc(hs-hl)/mh(hp-hg) 

The overall efficiency of boiler is given by 

ηB=mc(hs-hl)/mfhf 

 
Fig. 4: Heat Exchanger Schematic diagram 

2) Exergy of heat exchanger  

Xin-Xout-Xdestroyed=0 

XH=mH(εp-εg)+mc(εl-εs) 

The overall exergy balance for boiler is given by 

XB=XD+XH 

Heat exchanger exergy efficiency is given by 

ψH=mc(εl-εs)/mh(εp-εg) 

Overall exergy efficiency of boiler is given by 

ψB=mc(εl-εs)/mfεf 

Substance 

Mass 

Flow 

rate 

kg/s 

Temperature 
o
C 

Enthalpy 

kJ/kg 

Entropy 

kJ/kg C 

Air 4.125 126.85 400.98 1.9919 

Fuel 0.275 1243.99 50050 2 

Hot 

products 
4.40 250 3504 7.0716 

Water 4.22 100 419.15 1.307 

Steam 4.22 185.33 2782.73 6.546 

Flue gases 4.4 212.57 361.44 1.9 

Table 1: Input Data(DOSH-2008) 

IV. RESULTS AND DISCUSSION 

A. Analysis on combustor 

1) Energy use of combustor 

Ein= mfhf+maha 

     = 15416.34 kJ/s 

2) Exergy destruction of combustor 

In Exergy destruction it is assumed that the combustor 

operates in steady- flow process since there is no change in 

process with time at any point, thus change of mass and 

energy of the control volume of combustor is equal to zero 

and that there is no work interaction involved and the kinetic 

and potential energies are negligible. 

IC= mfεf+maεa-mpεp=6658 kJ/s 

 

Second law efficiency for combustor 

ψc= mpεp/mfεf 

     =44.87% 

B. Energy use in the heat exchanger 

Q=mH(hp-hg)-mc(hs-hl) 

  =3856 kJ/s 

First law efficiency of heat exchanger 

ηh=mc(hs-hl)/mh(hp-hg) 
    = 71.65% 

Overall efficiency of boiler 

ηB=mc(hs-hl)/mfhf 
    =71.6% 

 
Fig. 5: Grassman Diagram for combustor 
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C. Exergy destruction in the heat exchanger 

XH=mH(εp-εg)+mc(εl-εs) 

=3662 kJ/s 

 

Second Law efficiency of heat exchanger 

ψH=mc(εl-εs)/mh(εp-εg) 

     = 47.92% 

 

The overall heat balance for boiler 

XB=XD+XH 

     =6658+3662=10320kJ/s 

Overall exergy efficiency of boiler 

ψB=mc(εl-εs)/mfεf 

      =25% 

 

Energy 

consumpti

on kJ/s 

Exergy 

destructio

n 

kJ/s 

Energy 

Efficienc

y 

Exergy 

efficienc

y 

Combust

or 
15416.34 6658 100 44.87 

Heat 

exchange

r 
3856 3662 71.65 47.92 

Boiler 19272.34 10320 71.6 25 

Table 2: Result 

 
Fig. 6: Grassman diagram for heat exchanger 

Section sets of parameters by Minitab software and find 

NOx emission for those sets of parameters. NOx for those 

sets are given in table 2. 

V. CONCLUSION 

In this study following conclusion are drawn: 

 It has been found that heat exchanger and 

combustor are the main parts that contributed loss 

of energy 

 Combustor is the major contributor for exergy 

destruction in a boiler as shown in Fig-5 and Fig-6. 

 The exergy efficiency is lower than the energy 

efficiency. 

REFERENCES 

[1] Changel, Y.A, Boles, M.A., 2006. In: 

Thermodynamics: An Engineering Approach fifth 

edition McGraw Hill, New York. 

[2] Aljundi Islam, H., 2009b. Energy and exergy 

analysis of a steam power plant in Jordan. Applied 

Thermal Engineering 29, 324–328.  

[3] Cortez, L.A.B., Gomez, E.O., 1998. A Method for 

exergy analysis of sugarcane bagasse boilers. 

Brazillian Journal of Chemical Engineering Vl 1, 

15 . 

[4] Department of Occupational Safety and Health 

(DOSH), 2009. 

[5] Einstein D., Worrell E., Khrushch M., 2001. Steam 

Systems in Industry: Energy Use and Energy 

Efficiency Improvement Potentials, Lawrence 

Berkeley National Laboratory. 

[6] Energy information administration (EIA), 2007. 

International energy annual, online, retrieved 3rd 

January 2009. 

[7] Kotas, T.J., 1985. In: The Exergy Method of 

Thermal Plant Analysis. Butterworths, Essex. 

[8] Oladiran, M.T., Meyer, J.P., 2007. Energy and 

exergy analyses of energy consumptions in the 

industrial sector in South Africa. Applied Energy 

84, 1056–1067.  

[9] RajKumar, Kaushik, S.C. Ashok Kumar, 2009. 

Energy and Exergy Analysis of Non- reheat 

Thermal Power Plant. In: Proceedings of 

International Conference on Energy and 

Environment. March 19–21, ISSN: 2070-3740. 

[10] Gonzalez, M.A., 1998. Improved Boiler 

performance through thermodynamic modeling. A 

Maser Thesis, Texas A and M University, 

Kingsville, USA. 

[11] Hammond, G.P., Stepleton, A.J., 2001. Exergy 

analysis of the United Kingdom energy system. 

Proceedings of the Institution of Mechanical 

Engineers. Part A: Journal of Power and Energy 

215 (2), 141–162. 

[12] Jayamaha, Lal, 2008. In: Energy Efficient Building 

Systems, Hardbook. Mcgraw Hill education, 

Europe. Jamil, J.A.A.B., 1994.  

[13] Energy and Exergy Analysis of Ghazlan Power 

Plant. A Masters Thesis, Faculty of College of 

Graduate Studies, King Fahad University of 

Petrolium and Minerals. Saudi Arabia. Kanoglu, 

M, Isık, S.K, Abusoglu, A, 2005.  

[14] Performance characteristics of a Diesel engine 

power plant. Energy Conversion and Management 

46, 1692–1702. 

[15] Rosen, M.A., 1999. Second law analysis: 

approaches and implications. Interna- tional 

Journal of Energy Research 40, 415–429.  

[16] Rosen, M.A., Dincer, I., 1997. Sectoral energy and 

exergy modeling of Turkey. ASME-Journal of 

Energy Resources Technology 119 (3), 200–204. 

Rosen, M.A., 1992.  

[17] Evaluation of energy utilization efficiency in 

Canada using energy and exergy analyses. Energy 

17 (4), 339–350.  


