
Annals of the „Constantin Brancusi” University of Targu Jiu, Engineering Series, No.3 /2020 

 

65 

 

 

 

 

EXERGY ANALYSIS OF POWER EQUIPMENT – PART II: EXERGY 

EFFICIENCY OF THE COMBUSTION PROCESS 

 

Cristinel Racoceanu, University “Constantin Brâncuși” of Tg-Jiu, ROMANIA 

 

 
ABSTRACT: Exergy analysis is an important instrument in estimating the efficiency of a process that involves energy 

conversion. Unlike energy analysis, exergy analysis requires a reference state. The paper presents several characteristics 

of the exergy analysis in comparison to the energy analysis and an application to the combustion process. It was already 

shown that the combustion process has the lowest exergy efficiency of all processes of a power cycle. It is therefore 

important to understand the sources of exergy loss during combustion and take actions to improve its exergy efficiency. 

It was demonstrated that pre-heating combustion air results in a higher exergy efficiency. 
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1.INTRODUCTION  
There are a number of benefits of exergy 

analysis compared to energy analysis. Usually 

the benefits are clearly identifiable and 

sometimes they point out features that could 

contribute to significant improvements of the 

equipment design [1,9,10]. To name just a few: 

- Exergy-based efficiency values, unlike 

those based on energy, are always measures 

of the approach to true ideality, and 

therefore provide more meaningful 

information when assessing the 

performance of energy systems. Also, 

exergy losses clearly identify the locations, 

causes and sources of deviations from 

ideality in a system. 

- Methods based on exergy have been 

gradually improved to the purpose of 

providing assistance in design-related 

activities. For example, some methods 

(such as exergo-economics and thermo-

economics) can be used to improve 

economic evaluations. Other methods 

(environomics) can assist in environmental 

assessments 

- Exergy/exergy analysis can improve 

understanding of terms like energy 

conservation [11] and energy crisis, 

providing better answers to global problems 

- In complex systems with multiple products 

(e.g., cogeneration and trigeneration 

plants), exergy methods can help evaluate 

the thermodynamic values of the product 

energy forms, even though they normally 

exhibit radically different characteristics. 

There are though several disadvantages and 

drawbacks of using exergy and exergy analysis 

as a parameter [9], a tool respectively to assess 

the industrial processes: 

- Exergy methods are considered complex 

and difficult to grasp by some users. It has 

been frequently reported that the necessity 

to choose a reference environment for 

exergy analysis is considered by some users 

too challenging [2] 

- The most important issue reported by the 

engineering and scientific community is the 

interpretation of the exergy analysis results.  

- Traditionally, the energy analysis is the 

main tool in assessing industrial processes; 

consequently, too few users consider 

exergy analysis seriously and are aware of 

its benefits 

- Exergy analysis does not usually result in 

easily tangible results with immediate 

applicability in practice. 

 

2. EXERGY ANALYSIS FORMULATION 

FOR COMBUSTION PROCESSES 

 

The fundamental equation for determining the 

exergy for a process is [3]: 
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∫
𝑇 − 𝑇0
𝑇

𝑑𝑞
2

1

= (𝑒2 − 𝑒1) + 𝑙1−2 + 𝑇0Δ𝑠𝑖𝑟𝑒𝑣 

     (1) 

For chemical reactions, two different exergy-

related concepts can be introduced: relative 

exergy 𝑒 and absolute exergy 𝑒′. Relative 

exergy is zero at the reference conditions while 

the absolute exergy has a finite value given by 

the maximum work of that chemical reaction 

at the environment temperature. 

With the notations above one can write the 

following identity [3]: 

 

𝑑𝑒′ = 𝑑𝑒′ − 𝑑𝑒0
′ + 𝑑𝑒0

′   (2) 

 

With the notation 𝑒0
′ = −𝑙𝑚𝑎𝑥,0: 

 

𝑑𝑒′ = (𝑑𝑖′ − 𝑑𝑖0
′ ) − 𝑇0(𝑑𝑠

′ − 𝑑𝑠0
′ ) −

−𝑑𝑙𝑚𝑎𝑥,0    (3) 

 

Substituting in (1): 

 

𝑑𝑒′ = (𝑑𝑖′ − 𝑑𝑖0
′ ) − 𝑇0(𝑑𝑠

′ − 𝑑𝑠0
′ ) (4) 

 

It follows that: 

 

𝑑𝑒′ = 𝑑𝑒 − 𝑑𝑙𝑚𝑎𝑥,0   (5) 

 

The work resulting from a chemical reaction is 

given by [6]: 

 

𝑑𝑙 = −𝑑𝑒′ +
𝑇−𝑇0

𝑇
𝑑𝑞 − 𝑇0𝑑𝑠𝑖𝑟𝑒𝑣 (6) 

 

In case of a reversible chemical reaction: 

 

𝑑𝑙 = 𝑑𝑙𝑚𝑎𝑥 = −𝑑𝑒′ +
𝑇−𝑇0

𝑇
𝑑𝑞 (7) 

 

Combining (6) and (7) it follows that: 

 

𝑑𝑙 = 𝑑𝑙𝑚𝑎𝑥 − 𝑇0𝑑𝑠𝑖𝑟𝑒𝑣  (8) 

 

In case of a reversible chemical reaction taking 

place at the reference temperature it follows: 

 

𝑑𝑙 = 𝑑𝑙𝑚𝑎𝑥 = −𝑑𝑒0
′ = −(𝑑𝑖0

′ − 𝑇0𝑑𝑠0′) 
     (9) 

 

Substituting (5) in (6) it follows that: 

 

𝑑𝑙 = −𝑑𝑒 + 𝑑𝑙𝑚𝑎𝑥,0 +
𝑇−𝑇0

𝑇
𝑑𝑞 − 𝑇0𝑑𝑠𝑖𝑟𝑒𝑣  

     (10) 

 

For a process between two states denoted 1 and 

2: 

 

𝑙1−2 = 𝑒1 − 𝑒2 + 𝑙𝑚𝑎𝑥,0 + ∫
𝑇−𝑇0

𝑇
𝑑𝑞 −

2

1

𝑇0𝑑𝑠𝑖𝑟𝑒𝑣    (11) 

 

For combustion processes it can be considered 

that 𝑑𝑞 = 0 and 𝑑𝑙 = 0 (processes are 

approximately adiabatic and isobar). With 

these assumptions, Eq. (9) changes its form 

into: 

 

𝑑𝑙𝑚𝑎𝑥,0 = 𝑑𝑒 + 𝑇0𝑑𝑠𝑖𝑟𝑒𝑣  (12) 

 

The maximum work that can be obtained from 

a chemical reaction is obtained by integrating 

Eq. (6) between the process limits 1 and 2: 

 

𝑙𝑚𝑎𝑥,0 = (𝑖01
′ − 𝑖02

′ ) − 𝑇0(𝑠01
′ − 𝑠02

′ )  
     (13) 

 

or: 

 

𝑙𝑚𝑎𝑥,0 = 𝑞𝑝 − 𝑇0(𝑠01
′ − 𝑠02

′ ) = 𝐻𝑠 −

𝑇0(𝑠01
′ − 𝑠02

′ )    (14) 

 

 

Where: 

𝑠01
′ , 𝑠02

′  absolute entropies 

𝑞𝑝 the heat produced by isobar combustion, 

equal to the superior calorific value  

The value of 𝐻𝑠 can be determined from the 

elemental analysis of the fuel [7,8] and the 

term (𝑠01
′ − 𝑠02

′ ) requires information on the 

chemical bonds of the element in the fuel. For 

coal and oil several formulas can be reported: 

- Dulong [4]: 

 

𝐻𝑠 = 145.44𝐶 + 620.28𝐻 + 40.5𝑆 −

−77.54𝑂   (15) 

 

- Grummel – Davies [5]: 

 

𝐻𝑠 = [
654.3𝐻

100−𝐴
+ 424.62] [

𝐶

3
+ 𝐻 −

𝑂

8
+

+
𝑆

8
]    (16) 
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- Mott – Sponner [4]: 

 

𝐻𝑠 = 145.44𝐶 + 610.28𝐻 + 40.5𝑆 −

62.46𝑂   (17) 

 

 

2.1. Determination of combustion elements 

exergy 

The exergy of the fuels can be determined by 

[]: 

 

𝑒𝑐 = 𝑖1 − 𝑖2 − 𝑇0(𝑠1 − 𝑠2 )  (18) 

 

It is not always practical to employ (18) to 

determine the exergy. Approximate formulae 

for each fuel type were determined as follows: 

- Coal: 

 

𝑒𝑐𝑆 = 𝐻𝑖   (19) 

 

- Liquid fuel: 

 

𝑒𝑐𝐿 = 0.975𝐻𝑖   (20) 

 

- Gaseous fuel: 

 

𝑒𝑐𝐿 = 0.95𝐻𝑖   (21) 

 

The exergy of air: 

The air at the reference temperature has the 

exergy zero. Once it is pre-heated it introduces 

exergy to the process. The exergy of the 

combustion air can be determined with the 

standard definition: 

 

𝑒 = 𝑖 − 𝑖0 + 𝑇0(𝑠 − 𝑠0)  (22) 

 

The exergy of the exhaust gas: 

Considering the molecular bonds between the 

elements: 

 

𝑒𝑔 = ∑𝑚𝑖[𝑖1 − 𝑖2 − 𝑇0(𝑠1 − 𝑠2)] (23) 

 

Where: 

𝑚𝑖 – the mass of component i 

𝑖1, 𝑖2 the enthalpy of each component before 

and after combustion. 

𝑠1, 𝑠2 the entropy of each component before 

and after combustion. 

Admitting that combustion takes place at 

constant pressure and neglecting pressure drop 

over the exhaust gas duct: 

 

𝑠1 = ∫
𝑑𝑖

𝑇

𝑇1
0

+ 𝑐𝑜𝑛𝑠𝑡   (24) 

 

𝑠2 = ∫
𝑑𝑖

𝑇

𝑇2
0

+ 𝑐𝑜𝑛𝑠𝑡   (25) 

 

It follows that: 

 

𝑠1 − 𝑠2 = ∫
𝑑𝑖

𝑇

𝑇2
𝑇1

   (26) 

 

Substituting in Eq. (23): 

 

𝑒𝑔 = ∑𝑚𝑖 [𝑖1 − 𝑖2 − 𝑇0 ∫
𝑑𝑖

𝑇

𝑇2
𝑇1

] (27) 

 

In order to determine 𝑒𝑔 it is required to 

determine the integral in Eq. (27). The integral 

can be determined by means of graphic 

methods based on the 1 𝑇⁄ − 𝑖 diagram. 

 

2.2. The exergy efficiency of the combustion 

process 

For an adiabatic combustion process without 

air preheating the following equations apply: 

 

𝑙𝑚𝑎𝑥,0 = −Δ𝑒0   (28) 

 

The exergy efficiency of the combustion 

process is given by: 

 

𝜂𝑒𝑥 = 1 −
Δ𝑒𝑖𝑟𝑒𝑣

𝑙𝑚𝑎𝑥,0
   (29) 

 

If the combustion air is preheated by using heat 

from an external source: 

 

𝜂𝑒𝑥 = 1 −
Δ𝑒𝑖𝑟𝑒𝑣

𝑙𝑚𝑎𝑥,0+𝑔𝑎𝑒𝑎
   (30) 

 

Where 𝑔𝑎 is the amount of air required for the 

stoichiometric combustion of 1 kg of fuel and 

𝑒𝑎 is the exergy of the preheated air. 

 

2.3. Influence of air preheating on the 

irreversibility of the combustion process 

 

In Figure 1 the temperature – entropy diagram 

for exhaust gas at the reference pressure is 

represented schematically. The surface area 
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12341 is equivalent to the enthalpy difference 

between initial and final state, the surface area 

1251 corresponds to the exergy of the exhaust 

gas and the surface area 23452 corresponds to 

the anergy of the exhaust gas, which is 

equivalent to the loss in the environment, 

𝑇0(𝑠 − 𝑠0). 

 
Figure 1. Exergy and anergy of the exhaust has at 

the reference temperature  

 

For the exergy E corresponding to a given 

amount of heat Q an exergetic parameter Ψ can 

be defined as follows: 

 

Ψ =
𝐸

𝑄
=

𝑒𝑔

𝑖1 − 𝑖2
=
𝑖1 − 𝑖2 − 𝑇0(𝑠1 − 𝑠2)

𝑖1 − 𝑖2
= 

 

= 1 − 𝑇0
𝑠1−𝑠2

𝑖1−𝑖2
   (31) 

 

From Eq. (31) it can be noticed that the 

exergetic parameter decreases as the exhaust 

gas temperature decreases. 

 

3. CONCLUSIONS 

The exergetic analysis of the combustion 

process demonstrated that producing heat 

through combustion is more efficient as the 

temperature of the process increases. The heat 

containing a low percent of exergy must not be 

released for the process but it has to be re-used. 

Combustion air pre-heating is the key process 

to achieve recirculation of heat and increase 

considerably the exergy efficiency 
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