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ABSTRACT: Exergy analysis is a concept that can provide further insight into the quality of the energy conversion 

processes and provide completely different information compared to the classical energy analysis. Energy analysis is 

only a quantitative tool in assessing the process while exergy analysis points out the imperfections of the process. The 

paper points out several features of the exergy analysis in comparison to the energy analysis and demonstrates with a 

case study example the usefulness of such a technique. 
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1.INTRODUCTION  
Exergy analysis is an important 

thermodynamic analysis tool based on the 

Second Law of Thermodynamics, which 

provides a qualitative rather than quantitative 

method of assessing and comparing energy 

conversion processes [1]. The exergy of a 

system is the part of its internal energy that can 

be converted to work. In other words, exergy 

can be defined as the maximum shaft work that 

can be achieved by the ensemble consisting of 

the system considered and a specified 

reference environment. In this definition, the 

reference environment is assumed to be 

infinite, in equilibrium, and to enclose all other 

systems. Usually, the environment is specified 

by stating its temperature, pressure, and 

chemical composition [2,8,9]. It has to be 

noticed that exergy is not simply a 

thermodynamic property; it is a property of 

both a system and the reference environment. 

In contrast with energy, which cannot 

be destroyed (according to the First Law of 

Thermodynamics) exergy can be destroyed.  

Exergy has is only conserved if all processes 

occurring in a system and the environment are 

reversible. Any irreversibility destroys exergy. 

When an exergy analysis is performed on a 

plant such as a thermal power plant, a chemical 

processing plant, or a refrigeration system, the 

thermodynamic imperfections can be 

quantified as exergy destructions, which 

represent losses in energy quality or usefulness 

(such as wasted shaft work or wasted potential 

for the production of shaft work) [3,10]. 

Exergy analysis takes into account the different 

thermodynamic values of different energy 

forms and quantities, for example, work and 

heat. The exergy transfer associated with shaft 

work is equal to the shaft work. 

 

2. GENERAL CHARACTERISTICS OF 

EXERGY  

• Exergy is zero for a system in complete 

equilibrium with its environment. No 

difference appears in temperature, pressure 

or concentration, so there is no driving force 

for any process. 

• The exergy of a system increases as the 

system deviates more significantly from the 

environment [4]. Example: a given quantity 

of hot water has a higher exergy content 

during the winter than on a hot summer day, 

or, a cold body carries little exergy in winter 

while it can have significant exergy in 

summer. 

• When energy loses its quality, exergy is 

destroyed. Exergy is the part of energy that 

is useful, therefore, it has economic value 

and is has to be managed responsibly. 

• Exergy efficiencies are a metric of approach 

to ideality (or reversibility) [5,10]. This is 

not necessarily true for energy efficiencies, 

which are often misleading. 
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3. EXERGY EFFICIENCY 

Exergy efficiency is a very useful parameter to 

assess the energy utilization efficiency [3]. It is 

based on the Second Law of Thermodynamics 

(much in the same way the thermodynamic 

energy efficiency is based). In order to 

differentiate exergy efficiency from energy 

efficiency a control volume under steady state 

conditions is considered. The energy balance 

can be expressed as: 

 

𝑊𝑖𝑛 = 𝑊𝑜𝑢𝑡 +𝑊𝑤𝑎𝑠𝑡𝑒  (1) 

 

where: 

𝑊𝑖𝑛 – energy entering the control volume 

𝑊𝑜𝑢𝑡 – energy output in shaft work, electricity, 

etc. 

𝑊𝑤𝑎𝑠𝑡𝑒 – energy associated with the waste 

The exergy balance has the form: 

 

𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡 + 𝐸𝑤𝑎𝑠𝑡𝑒 + 𝐸𝑑  (2) 

 

where: 

𝐸𝑖𝑛 – exergy entering the control volume 

𝐸𝑜𝑢𝑡 – exergy output in shaft work, electricity, 

etc. 

𝐸𝑤𝑎𝑠𝑡𝑒 – exergy associate with the waste 

𝐸𝑑 – exergy destruction 

The exergy efficiency can be defined as: 

 

𝜓 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
= 1 −

𝐸𝑤𝑎𝑠𝑡𝑒+𝐸𝑑

𝐸𝑖𝑛
  (3) 

 

The parameter 𝜓 weights energy flows by 

accounting for each in terms of exergy. It 

stresses that both waste emissions (or external 

non-reversible processes) and internal non- 

non-reversible need to be dealt with to improve 

performance. In many cases it is the non-

reversible that are more significant and more 

difficult to address. 

The exergy losses can be divided into the 

following: 

• Exergy losses caused by non-reversible 

individual processes 

• Exergy loss due to the material loss of 

thermal agent 

• Exergy loss due to heat exchange with 

the environment 

 

 

4. EXERGY BALANCE FOR A COAL-

FIRED STEAM BOILER 

 

The main terms of the exergy balance for a 

coal-fired steam boiler are given by Eq.(3): 

 

𝐸𝑓𝑢𝑒𝑙 + 𝐸𝑎𝑖𝑟 + Δ𝐸𝑠𝑡 + Δ𝐸𝑠𝑡,𝑝 = 

= 𝐸𝑜𝑢𝑡 + 𝐸𝑎𝑖𝑟,𝑝ℎ + ∑Δ𝐸𝑙𝑜𝑠𝑠  (3) 

 

in which: 

𝐸𝑓𝑢𝑒𝑙 – the exergy associated to the fuel 

oxidation reaction. It can be considered equal 

to the inferior calorific value of the fuel 

𝐸𝑎𝑖𝑟 – the exergy associated to the combustion 

air (including the exergy increase due to the 

process in the air fan) 

Δ𝐸𝑠𝑡 – the exergy of the steam injected in the 

furnace (only in cases where liquid fuel is 

injected in mixture with steam) 

Δ𝐸𝑠𝑡,𝑝 – exergy expenditure for driving pumps 

and fans 

𝐸𝑜𝑢𝑡 – useful effect expressed as exergy 

increase of the thermal agent 

𝐸𝑎𝑖𝑟,𝑝ℎ - exergy gain of the combustion air due 

to preheating process 
∑Δ𝐸𝑙𝑜𝑠𝑠 – total exergy loss 

In order to analyze quantitatively the energy 

and the exergy balance and to differentiate 

between them a Rankine cycle is considered, 

as shown in Figure 1. 

 
Figure 1. Rankine cycle energy flows 

 

The thermal circuit of the Rankine is presented 

in Figure 1. In order to demonstrate the energy 

efficiency versus exergy efficiency, the main 

energy flows are represented in Figure 1 as 

follows: 

1 – energy flow corresponding to the fuel 

injected in the boiler 
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2 – energy flow corresponding to the steam 

produced by the boiler 

3 – work at the turbine shaft 

4 – energy flow corresponding to the steam 

evacuated to the condenser 

5 – energy flow corresponding to the feed 

water 

 
Figure 2. Sankey diagram of the energy flows in 

the Rankine cycle 

 

 
Figure 3. Sankey diagram of exergy flows in 

the Rankine cycle 

 

The energy Sankey diagram does not consider 

the temperature values at which the heat 

exchange takes place and does not consider the 

decrease of heat “quality” resulting from the 

temperature drop and heat exchange at finite 

temperature difference. 

Analyzing comparatively Figures 2 and 3 

several important observations can be derived: 

- Energy loss of the steam boiler is much 

 smaller than the exergy loss. This is explained 

by the fact that the heat exchange in the boiler 

takes place at large temperature difference due 

to the high value of the flue gas temperature. 

This process is highly irreversible and results 

in an exergy loss much higher than the energy 

loss. Even in the ideal case of a unity energy 

efficiency, the exergy efficiency would still be 

low 

- The most important energy loss is at  

the condenser (more than 50% of the useful 

heat of the fuel ends as heat loss in the 

environment). However, the corresponding 

exergy loss is much smaller. This is explained 

by the low temperature difference at which 

heat exchange from the steam to the cooling 

water takes place. 

In order to demonstrate quantitatively the 

differences discussed above, a case study is 

considered. A coal-fired steam boiler using 

coal with inferior calorific value 14500 kJ/kg 

and the following elemental analysis: 𝐶 =
39.2%, 𝐻 = 3.1%, 𝑂 = 11.3%, 𝑁 = 0.9%, 

𝑆 = 0.3%, 𝑊 = 27.0%, 𝐴 = 18.2%. The 

other relevant boiler parameters were as 

follows: excess air coefficient 1.35, steam 

mass flow rate 80 t/h, steam pressure 40 bar, 

steam temperature 450 °C, feed water 

temperature 103 °C. The environment 

temperature was considered 25 °C. The 

following energy losses were determined: 

- Energy loss due to incomplete 

combustion (both mechanical and 

chemical) [6]:   5% 

- Energy loss due to radiative and 

convective exchange in the 

environment:   1% 

- Energy loss with the heat of the flue gas 

evacuated   9% 

With the losses values listed above a thermal 

efficiency (energy) of 85% results.  
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The exergy efficiency is though considerably 

lower due to the irreversibility of the 

combustion process itself. The low value of the 

exergy efficiency demonstrates that from the 

Second Law of Thermodynamics point of 

view, the steam boiler is highly non-efficient.  

 

CONCLUSIONS 

The exergy has several advantages compared 

to energy when it comes to assessing the 

sustainability of a process: 

- It is an extensive property with a value 

uniquely determined not only by the system 

parameters but also by the environment 

parameters 

- For processes where the flow undergoes a 

combination of work, heat exchange and 

chemical interactions, the exergy can 

describe the quality of the processes. For 

instance, two heat exchangers with the same 

value of the energy efficiency can have 

completely different values of the exergy 

efficiency, depending on the specific 

temperatures of the fluids 

The exergy analysis and exergy balance are a 

set of tools that can provide interesting 

information on the performance of power 

equipment. While energy balance is common 

place and it is applied regularly in the power 

systems analysis, exergy balance should be 

applied as well, especially in the design phase 

of the power equipment.   
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