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Abstract - Boiler is one of the important components in 

meeting the steam needs of a production process in 

industry. Increasing boiler efficiency requires precision of 

thermodynamic characteristics and performance. This can 

be reviewed more completely with exergy analysis. Exergy 

analysis is needed to determine the amount of work loss in 

a machine or system. In the calculation of exergy, heat 

capacity data is needed. Therefore, the mass entering the 

boiler from the fuel is in the form of chemical compounds, 

so to calculate the heat capacity, calculations need to be 

made based on the chemical substances contained in the 

compound. The analysis that will be carried out in this 

study is to provide resources and energy utilization in the 

boiler system so that the mass, energy, and exergy balance 

values can be determined. Based on the calculation results, 

the boiler efficiency value is 68.71. For the heat efficiency 

values of 98.59%, 86.97%, and 52.83%. The efficiency of 

the Second Law of Thermodynamics is 16.81%, 21.21%, 

with a heat interaction effectiveness value of 0.005% while 

the exergy efficiency value is 85.51% with an exergetic 

efficiency value of 97.09% and 17.86%. To optimize the 

performance of the boiler work system, it can be done by 

increasing the combustion air temperature which is 

attempted as high as possible by operating the kiln close to 

maximum capacity (60% -90%). 

Keywords: Boiler, Thermodynamics, Efficiency, Energy, 

Exergy. 

I. INTRODUCTION 

Boilers are one of the important components in meeting 

the steam needs of a production process in industry. In the 

palm oil industry, boilers are the systems that consume the 

most energy so that there will be many factors that can be 

done to optimize the boiler system. This is because of the 

many studies that have been done on the function of the boiler. 

To increase the efficiency of the boiler system, precision is 

needed in terms of thermodynamic characteristics and 

performance. This is usually reviewed more completely with 

exergy analysis. 

Exergy is a thermodynamic property that depends on the 

form of the energy process and the state of its environment. 

Every system that is not in equilibrium with its environment 

has an exergy value. If a system is in equilibrium with its 

environment, then the system has an exergy of zero. Exergy 

with a value of zero has no ability to do work on its 

environment.  

By using this method, a real picture will be obtained of 

the magnitude of the loss of a system, what are the causes and 

where the loss is located in the system, so that improvements 

can be made to the work system as a whole or to its 

components only. 

 

Figure 1: Boiler 

The analysis that will be conducted in this study is to 

evaluate the use and utilization of energy in the boiler system 
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so that the mass, energy, and exergy balance values can be 

determined. In addition, this study also evaluates the exergetic 

efficiency value in the boiler system so that it can be used as a 

reference for optimization in the boiler system. 

II. METHODOLOGY 

Exergy analysis in this study was carried out in several 

stages, namely entering the required data, including: 

thermodynamic properties of air, air and steam used for 

research, temperature, pressure, mass flow rate, O2 and CO2 

content, feed water content, boiler water, and fuel. 

In this study, the data used to disseminate and analyze are 

sourced from: 

A. Secondary data sources, are supporting analysis data that 

can provide data, be it historical operational data, 

references related to the boiler system, or laboratory test 

data. 

B. Primary data sources, namely data obtained from 

logsheets, observation results, or direct measurements in 

the field. The primary data include: 

 Fuel consumption data (tons/hour) 

 Discharge data (kg/hour), including: combustion 

air, feed water, exhaust gas, production steam, and 

bottom ash 

 Temperature data (oC), including: combustion air, 

feed water, exhaust gas, production steam, and 

boiler surface 

 Pressure data (bar), including: combustion air, feed 

water, exhaust gas, and production steam 

In general, this data collection is used to measure or 

assess the performance of the boiler system, especially 

regarding the temperature and loading conditions of the boiler. 

In this study, researchers use data used to measure the extent 

to which the boiler system performs against actual loading 

conditions and the variables that influence it. 

In addition, this study is also intended to provide the 

magnitude of the exergy damage value that occurs under 

operating conditions so that a picture of the parameters that 

cause exergy damage to the boiler system is obtained. 

To complete the energy balance calculation, the step that 

must be taken is to find the energy equation in a system. This 

energy equation is used to obtain a strategy in completing the 

energy balance calculation. The equation that is widely used to 

complete the energy balance calculation is the equation that is 

often listed in the First Law of Thermodynamics, namely: 
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The above equation can be simplified to: 

xWQ    =  
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The energy equation for a reaction system is also stated in 

the First Law of Thermodynamics. 

xWQ    =      P,ThNP,ThN RiiRpiip
    (3) 

As long as the flow of mechanical energy (or work) 

performs rotation whose exergy can be measured, the exergy 

is automatic work converted into an exergy flow of the same 

value. Thus, the work flow (W) is proportional to the exergy 

flow. 

xw = W  (4) 

Exergy measurement for heat flow value can be 

calculated by knowing the previously known heat flow value. 

The exergy value in heat flow can be determined as follows: 
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When the exergy of an ideal gas system is evaluated, a 

simple approach is to use a formula that describes the change 

in properties. Thus the exergy value of an ideal gas system is. 
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III. RESULTS AND DISCUSSIONS 

Boiler efficiency is a measure of the boiler's ability to 

meet a given steam demand with a given amount of fuel. To 

build a boiler with very little or no heat loss is very expensive, 

therefore boiler efficiency is always less than 100%.Based on 

these data, the boiler efficiency value based on operating 

conditions using the direct method. 
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Table 1: Boiler Efficiency 

 

The composition of the fuel also has an effect on the 

efficiency of the boiler. The difference in combustion in 

various types of fuel is caused by the different hydrogen 

content in each fuel, so that the water vapor content in the 

combustion gas is also different. The greater the ratio between 

hydrogen atoms and carbon in the fuel, the more air will be 

produced in the combustion reaction. The more air is 

produced, the greater the energy needed to evaporate it so that 

the heat available to generate water vapor is reduced. The 

following is an illustration of the composition of the fuel 

consumed by the boiler. 

Table 2: Fuel Composition 

Component 
M 

(kg/kmol) 

Mass 

Flow 

(kg/h) 

Mass 

Fraction 

(%) 

Molar 

Flow 

(kmol/h) 

Molar 

Fraction  

(%) 

C 12  334.57  45.03 0.04 0.00 

H2 2  35.66  4.8 0.06 0.01 

O2 32  152.76  20.56 0.21 0.03 

N2 28  3.86  0.52 7.25 0.98 

S 32  44.13  5.94 0.73 0.10 

H2O 18  72.07  9.7 0.25 0.03 

Ash -  99.93  13.45 -  

Total - 743 100 8.52  1.15  

 

Component 
M 

(kg/kmol) 

Mass 

Flow 

(kg/h) 

Mass 

Fraction 

(%) 

Molar 

Flow 

(kmol/h) 

Molar 

Fraction  

(%) 

CaO 56 32.74 32.76 0.59 0.59 

MgO 40 0.87 0.87 0.02 0.02 

SiO2 60 30.06 30.08 0.50 0.50 

Al2O3 102 26.64 26.66 0.26 0.26 

Fe2O3 160 9.62 9.63 0.06 0.06 

Total  99.93 100 1.43 1.43 

The calculation of the mass balance in the boiler is 

divided into two parts, namely the mass input and mass 

output. The mass input consists of feed water, fuel and air 

while the mass output consists of exhaust gas from baking, 

blow down and steam products. From the results of the 

calculation of the mass entering and the mass leaving the 

boiler, the results of the mass balance in the boiler can be 

known. The results of the mass balance in the boiler are as 

follows. 

Table 3: Mass Balance 

Input Mass Value 

1. Feed Water  29,470.00  kg/h 

2. Fuel  743.00  kg/h 

3. Air Combustion (Primary)  39.35  kg/h 

4. Air Combustion (Secondary)  39.35  kg/h 

Total  30,291.70  kg/h 

Output Mass Value 

1. Flue Gas  369.80  kg/h 

2. Steam  29,350.00  kg/h 

3. Blowdown  120  kg/h 

4. The Neglected Mass  451.91  kg/h 

Total  30,291.70  kg/h 

In the calculation of the energy balance in the boiler, heat 

capacity data is needed which is adjusted to the phase form of 

the substance. Heat capacity data can be obtained from several 

literatures related to heat capacity. Energy calculations in the 

boiler are in the form of sensible heat, combustion heat, 

reaction heat, formation heat, convection heat, radiation heat, 

FD fan motor power and feed water pump power. The energy 

entering and leaving the boiler is in the form of sensible heat, 

heat reaction, motor work, heat loss due to convection, and 

heat loss due to radiation. 

From the results of calculating the energy input and 

output from each component, the energy balance value can be 

seen in the following table. 

Table 4: Energy Balance 

INPUT: Value 

1. Feed Water  37,815.61  kW 

2. Feed Water Pump  75.00  kW 

3. Air Combustion (Primary and Secondary)  0.23  kW 

4. FD Fan (Primary and Secondary)  60.00  kW 

5. Fuel  2,621.02  kW 

6. Heat of Combustion  3,014.59  kW 

Total  43,586.46  kW 

OUTPUT: Value 

1. Flue Gas  (219,190.41) kW 

2. Steam  2,977.52  kW 

3. Blowdown  722.90  kW 

4. Convection and Radiation  11.60  kW 

5. Heat of Reaction  (258,941.45) kW 

Total  43,463.06  kW 

                        84                       215                                1                      20.0                   3,058                         352.80                     2,800.50             7,485,067 

3,76 x %O  x 100/(100 - %CO  -4,76 x %O )     =
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Fuel:

Efficiency =

(Output Energy x 100%)/(Input Energy)
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(kcal/kg) (E ) kJ /h Excess Air = 69.86%
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Neglected heat = (43,586.46 – 243,463.06) kW 

 = 123.40 kW 

 = (1,123.40 /43,586.46) 100%  

 = 0.328% 

Exergy analysis is needed to determine the amount of 

work loss in a machine or system. In the calculation of exergy, 

heat capacity data is needed. Because the mass that enters the 

boiler is in the form of fuel that has chemical compounds, then 

to calculate the heat capacity is done based on the chemical 

name of the compound. 

Exergy input can be determined if the work done by the 

boiler in a process, the amount of net work on the system is 

equal to the exergy input to the system. Likewise, as long as 

the calculation of the motor work performed on the system 

shows the flow of exergy to the system can be considered as 

exergy entering a process. The exergy leaving the boiler is in 

the form of boiler exhaust gas exergy, combustion dust 

exergy, exergy lost due to convection and radiation, steam 

exergy (product), blowdown exergy, and exergy used for 

reactions in the boiler. 

From the results of the calculation of exergy input and 

output from each component, the exergy balance value in the 

boiler is as follows. 

Table 5: Exergy Balance 

Input: Value 

Feedwater  622.72  kW 

Fuel  2,891.17  kW 

Air Combustion  0.0006  kW 

Fan Power  135.00  kW 

Total  3,648.89  kW 

Output:    (kW) kW 

Flue Gas  (32.84) kW 

Dust  3.84  kW 

Steam  613.22  kW 

Blowdown  43.29  kW 

Convection and 
radiation  0.57  kW 

Reaction  2,920.17  kW 

Total  3,548.25  kW 

Neglected exergy = (3,648.89 – 3,548.25) kW 

 = 100.64 kW 

 = (100.64 /3,648.89) 100%  

 = 2.76% 

The efficiency of fuel use in boilers varies from one to 

another, depending on the type of boiler and the process used. 

Boilers are basically a solid gas heat exchanger whose flow is 

opposite and much of the energy produced is wasted. 

Basically the problem of heat loss is related to the design of 

the plant. 

Thermal efficiency in boilers: 

a. Theoretically (based on energy balance calculations) 

1
η

 
= 100%

EnergyOutput 

EnergyLost EnergyInput 



 

  = 
 

100%
43,463.06

90.72260.1146.586,43



 

  = 98.59% 

b. Industry (based on fuel consumption) 

1η  = 100%
Energy Fuel

EnergyLost Energy Fuel



 

  = 
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3,014.592,621.02
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  = 86.97% 

c. Based on products produced 

1η  = 100%
Energy Fuel

Energy Steam
  

  = 
 

 
100%

3,014.592,621.02

90.72260.1152.977,2



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  = 52.83% 

The efficiency of the Second Law of Thermodynamics 

shows the conversion of energy based on whether the input 

energy is useful or not. The concept of exergy is used to 

determine the effectiveness of a system in doing work. The 

effectiveness of a system is the ratio of the actual useful work 

produced to the reversible or useful work. Effectiveness which 

is also called the Second Law of Thermodynamics efficiency 

can be considered as a practical measure of doing work. 

The efficiency of the Second Law of Thermodynamics in 

a boiler can be determined based on several things. 

a. In theory (based on exergy calculations) 

2η  
= 100%

ExergyInput 

Steam ofExergy 
  

  = 100%
3,648.89

613.22
  

  = 16.81% 
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b. Industry (based on fuel consumption) 

2η  
= 100%

Fuel ofExergy 

Steam ofExergy 
  

 = 100%
2,891.17

613.22
  

 = 21.21% 

In the case of energy transfer in the form of heat, the 

efficiency of the Second Law of Thermodynamics is the ratio 

of the amount of heat used to the heat transferred, so the 

effectiveness of the heat interaction is: 

2η  = 100%
Radiation and Convection of LossHeat 

Radiation and Convection ofExergy 
  

 = 100%
11.60

0.00057
  

 = 0.005% 

Three definitions of exergetic efficiency for steady state 

processes are conventional or simple exergetic efficiency, 

rational exergetic efficiency, and utilized exergetic efficiency. 

Traditional exergetic efficiency is the ratio of the total 

exergy flow out to the total exergy flow in. 

eη  = 100%

input
x

outputx





 

 = 100%
3,648.89

3,542.59
  

 = 97.09 % 

Rational exergetic efficiency is defined by Kotas (1985) 

as the ratio of the desired output exergy (product exergy) to 

the exergy used or consumed. Rational exergetic efficiency 

can be applied to any system, with the expectation that it is 

naturally lost from the system. 

R  = 100%

used

output desired

x

x
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  = 
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100%

feedwate
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  = 100%
0006.017.891,272.622

29.4322.61384.384.32



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  = 17.86% 

Brodyansky, Sorin relates the useful exergy coefficient. 

This form of efficiency is an improvement on traditional 

exergy efficiency, since it reduces the inflow and outflow 

components that remain unchanged. 

uη  = 100%

dtransferreinput

dtransferreoutput

xx

xx





 

 =
 
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100%
08.915,289.648,3

08.915,259.542,3





 

 = 85.51% 

IV. CONCLUSION 

Based on the results of the calculations and analysis 

carried out, it can be concluded that the mass balance obtained 

the value of the feed water to steam ratio. The feed water used 

was 29,470 kg/hour and the clinker produced was 29,350 

kg/hour, so the value of the feed water to steam ratio was 

1.004 kg of feed water/kg of steam. This price is still in 

accordance with the ratio value limit, namely 1.2-1.5 kg of 

feed water/kg of steam. 

The maximum efficiency of a boiler does not occur at full 

load but at about two-thirds of full load. As the load on the 

boiler decreases, the efficiency also tends to decrease. At zero 

output, the boiler efficiency is zero, and any amount of fuel 

used only adds to the losses. 
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