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Exergy analysis-a different perspective on energy 
Part 2 : rational efficiency and some examples 
of exergy analysis 

Eur Ing J A McGovern, PhD, CEng, MIMechE, FIEI, MASHRAE, MASME 
Department of Mechanical and Manufacturing Engineering, Trinity College, University of Dublin, Ireland 

The concept ofexergy having been introduced in thejirst part of this paper, a universal rational eficiency is now defined and a number 
of examples of exergy analyses is given. 

1 RATIONAL EFFICIENCY 

There has been much confusion within the literature 
concerning the rational or second law efficiency. Such 
efficiencies have been defined in many different ways 
[see for example reference (l), Ch. 41. It is hereby pro- 
posed that there is one universal rational efficiency 
which can be defined with respect to a specified refer- 
ence environment for any system across whose bound- 
ary exergy interactions occur with any number of 
specified systems. 

According to equation (46) in Part 1 a system in 
which energy crosses the boundary and energy trans- 
formations take place is perfectly good in the thermody- 
namic sense if there is no exergy destruction 
(irreversibility) within it. Such a system has a rational 
efficiency of unity. No system can be less efficient than a 
system in which all exergy that enters and any excess of 
the system's initial exergy over its final exergy is 
destroyed. Such a system has a rational efficiency of 
zero. 

In general, a system may interact with any number of 
other systems including the specified reference environ- 
ment at its boundary (Fig. 1). In defining the rational 
efficiency these external systems must be specified in 
order that a single net exergy interaction with each can 
be evaluated. 

In Fig. 1 an exergy output to the specified reference 
environment is shown. This represents a loss of exergy 
from the system being analysed, rather than exergy 
destruction within the system. Any such exergy output 
can always be made zero by redrawing the analysis 
boundary at a position within the specified reference 
environment where its equilibrium is undisturbed. This 
is not unreasonable since exergy analysis imposes no 
restrictions on the definition of a system boundary. 

The rational efficiency is therefore defined as follows. 
Let EIp2 represent the decrease in the exergy of the 
system over the period for which the rational efficiency 
is defined. Tf El > 8, then the rational efficiency, $, is 
given by 

$ =  (1) 
C k  'out, k 

E1'in.l + 2 1  2 

The M S  wus received on 21 February I990 and W U S  ui.cepted,/ur publication on 9 
June 1990. 

where the subscript k refers to an external system that 
serves as an exergy sink and subscript 1 refers to an 
external system that serves as an exergy source. 

If El < E2 then 

If the system undergoes no change, as in the case of a 
steady flow system, or returns to its initial state, as 
where it undergoes a cycle, then - 

= G ~ - ~  = 0 and 

The definition of the universal rational efficiency can 
be summarized in a single expression as follows: 

9 =  
exergy outputs 
to all systems 
exergy inputs 1 (4) 1 

1 +C[ any exergy increase 

any exergy decrease 
[ of the system 

[ of the system 

For a given item of plant the exergy transfers and 
quantities of exergy that are transported depend on 
where the boundary is drawn. It is therefore of the 
utmost importance that the boundary that is used to 
quantify the overall performance of a plant is carefully 
selected and precisely defined. The identification and 
specification of the various external systems with which 
exergy interactions occur stem from the constraints of 
the physical situation being analysed (see Section 7.3 in 
Part 1 and the worked examples which follow in 
Section 2). 

1+n from all systems 

2 APPLICATIONS O F  EXERGY ANALYSIS 

2.1 Exergy analysis of a hot water boiler 
Consider the case of a conventional oil-fired boiler 
which has an overall thermal efficiency based on the net 
calorific value of the fuel of 85 per cent. The water flow 
temperature i s  95T, with a return temperature of 60°C. 
Boiler electrical auxiliaries consume an amount of 
power equivalent to 0.5 per cent of the net calorific 
value of the fuel burned. The air flowrate is 110 per cent 
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Fig. 1 A system, F, which undergoes exergy interactions with 
five external systems, A to E, in addition to the speci- 
fied reference environment. Some of the exergy inter- 
actions are into system F while others, including the 
interaction with the reference environment, are out of 
system F 

of the stoichiometric requirement and the temperature 
of the flue gases is 250°C. The reference environment, 
which corresponds with the state of the intake air, is 
specified as air at 25°C and 0.101325 MPa. The pres- 
sure drop of the water in passing through the boiler is 
negligible. 

Figure 2 shows an analysis boundary for the plant. 
According to a conventional energy analysis, for 100.5 
units of energy that enter the system 85 units are trans- 
ferred to the water and 15.5 units are lost to the 
environment. Although the thermal efficiency is nor- 
mally stated without including the energy input to 
the auxiliaries a strict energy-based efficiency would be 
85/100.5, or 84.6 per cent. 

In carrying out an exergy analysis it is necessary to 
identify the external systems with which exergy inter- 
actions occur. These are 

(a) the system that provides the electric power, 
(b) the system that provides the fuel, 
(c) the steady flow stream of water that receives heat 

Note that the analysis boundary has been drawn in 
such a way that the flue gases have zero exergy as they 
have fully mixed with the specified reference environ- 
ment. Also the air that enters the analysis boundary has 
zero exergy. 

The exergy transfers corresponding to flow work are 
zero where the fuel, air and flue gases cross the analysis 
boundary since the pressure in each case is taken to be 
PO. 

transfer. 

2.1.1 The exeryy input equivalent to the electrical input 

The exergy input, ZA, is equal to the electrical energy 
input, that is 0.5 exergy units per 100 units of calorific 
value that enter the analysis boundary. 
Part A: Journal of Power and Energy 

2.1.2 The exergy input with the fuel 

The exergy that crosses the analysis boundary with the 
fuel is Zlch of the fuel. Methods have been developed to 
estimate the standard chemical exergy of multiple- 
component hydrocarbon fuels with respect to a stan- 
dard reference environment [see references (2), ch .  3, 
Sec. 5 and (3), App. C]. 

Gas oil with a net calorific value of 42800 kJ/kg has 
an estimated chemical exergy of 45726 kJ/kg, or 1.068 
times the NCV, with respect to a standard reference 
environment at 25°C and 0.101 325 MPa. 

Therefore, for 100 units of calorific value that enter 
with the fuel the exergy that enters the analysis bound- 
ary, E, , is 106.8 units. 

2.1.3 The exergy output to the hot water 

From equation (28) in Part 1, for 85 energy units of heat 
transfer to the water the exergy transfer is given by 

298.15 ln((95 + 273.15)/(60 + 273.15)} 85 
95 - 60 I 

= 12.67 

2.1.4 Rational efliciency of the boiler 

12.67 - 
= 11.8% 'C - - ' = EA + E, 106.8 + 0.5 

This low figure indicates that there is very considerable 
scope for improvements in energy utilization in the case 
of conventional boilers such as this one. This fact is 
easily overlooked when conventional thermal efficiency 
values of the order of 85 per cent are quoted. 

2.1.5 The source of ineflciency (rational) 

Exergy analysis can be readily applied to identify the 
regions of a plant in which significant irreversibility 
(exergy destruction) occurs. Consider an analysis 
boundary around the isolated combustion and heat- 
transfer system of the boiler, as shown in Fig. 3. In this 
case exergy interactions occur with three external 
systems : 

(a) the steady flow stream of reactants and products, 

@ IMechE 1990 
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Water transfer ,J I 
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Shaft 
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Fig. 3 Analysis boundary for the combustion and heat- 
transfer region of the water boiler represented in 
Fig. 2 

(b) the shaft of the fan (the fuel pump power input is 

(c) the water surrounding the analysis boundary. 
Assume the shaft power of the fan is determined to be 
0.3 units per 100 units of fuel calorific value. Assume 
that the temperature on the water side of the heat 
exchange surface at the analysis boundary is roughly 
uniform at 98°C. The gas oil is taken to have an ulti- 
mate mass analysis of C, 86.7%; H, 13.3%. 

As the composition of the reference environment (and 
the intake air) is required for the combustion and 
exergy calculations this is specified in Table 1. 

Assuming combustion is complete, the combustion 
equation on a mass basis is as follows : 

1 kg fuel + 15.805 kg dry air 

regarded as negligible for simplicity), 

+ 0.307 kg H,O,,, + 3.179 kg C 0 2  
+ 1.504 kg H,O,,, + 12.091 kg N, + 0.338 kg 0, 

Hence, the mole fractions of the products are: CO,, 
0.1208; H,O, 0.1397; N,, 0.7219, O,, 0.0177. 

The mean specific heat capacity of the flue gas is esti- 
mated to be 1.100 kJ/kg K, using tabulated specific heat 
data for the constituents. Assuming the gas is ideal the 
thermomechanical exergy [equation (10) in Part I] can 
be expressed per unit mass as 

523.15 - 298.15 - 298.15 In - 
298.15 

= 63 095 J/kg = 63.1 kJ/kg 
Thermomechanical exergy per 100 units of 

calorific value = 100 x 63.1 x 17.112/42800 = 2.52 

The chemical exergy of the flue gas can be calculated 
from equation (13) in Part 1 once its composition has 
been determined by measurement or by estimation from 
the air-fuel ratio and the combustion equation, as in 
this case. Per 100 units of calorific value, this is found to 
be 3.05 units. 

The total exergy loss with the flue gas is thus 
2.52 + 3.05, or 5.57 units per 100 units. The comparable 
figure for the conventional energy loss is found to be 9.9 
units. 
@ IMechE 1990 

Table 1 Composition of the specified ref- 
erence environment 

Substance Mole fraction Mass fraction 

N2 0.7567 0.7401 
0 2  0.2035 0.2275 

0.0003 0.0005 
0.0092 0.0129 

H,O",, 0.0303 0.0190 
CO2 
Other 

The net exergy input from the stream of reactants 
and products is thus 

8, = 106.8 - 2.52 - 3.05 = 101.2 

Therefore, 

sin = 101.2 + 0.3 = 101.5 

The heat transfer to the water across the analysis 
boundary is equal to the energy released in combustion 
minus the energy lost with the flue gases, that is 
100 - 9.9 or 90.1 units. The exergy transfer across the 
analysis boundary to the water from the combustion 
and heat-transfer region is therefore given approx- 
imately by equation (23) in Part 1 as 

- 98 - 2 5  
EAC = 90.1 = 17.7 

273.15 + 98 

This is the only exergy output. Thus EOut = 17.7. 
Exergy destruction (irreversibility) 

- 3  - - =in - EA0", 

= 101.5 - 17.7 = 83.8 

Rational efficiency of the combustion and heat 
- 
3,"t 17.7 

transfer region = 7 = - = 17.4% 
sin 101.5 

Thus, most of the exergy destruction within the boiler 
occurs within the combustion and heat-transfer region. 
Exergy is destroyed because of lack of reversibility in 
the combustion process and the large temperature dif- 
ferences between the combustion products and the 
water that is heated. The exergy that is lost to the 
environment with the flue gases is relatively small at 
5.57 units per 100 units of calorific value. Exergy 
analysis thus yields a very different perspective on 
energy use in the boiler to that given by a conventional 
energy-based analysis. 

Two remedies which are available to reduce the 
exergy destruction that occurs in the combustion and 
heat-transfer region of a boiler are 

(a) to extract the heat of combustion at the highest pos- 
sible temperature, by interposing a power gener- 
ating cycle if necessary; 

(b) to oxidize the fuel by a method that involves less 
irreversibility, such as in a fuel cell. 

2.2 Provision of heated air to a building 
What ideal mechanical power would be required to 
supply a building with 0.4536 kg/s of air heated from an 
outside temperature of 10°C to a temperature of 
26.67"C? 

Proc Instn Mech Engrs Vol 204 
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10°C + Air f-- 26.67"C 
i i  

f i  I i i  I , ,  

To = 283.15 K f- Series of ideal (looc) 
heat pumps 

Fig. 4 Analysis boundary for an ideal device that provides 
heat transfer to a steady flow air stream 

The required rate of heat transfer to the air is given 

Q = rit~,AT = 0.4536 (1005)(26.67 - 10) 
by 

= 7599W = 7.60 kW 

Kelvin posed the question and answered it with the 
figure 0.2135 kW in December 1852 (4). This represent- 
ed what would now be called an ideal heat pump coeffi- 
cient of performance of 35. 

Consider an ideal reversible system as represented in 
Fig. 4. The exergy output to the air stream per unit time 
is given by equation (28) in Part 1 : 

{ 283.1 5 ln(299.82/283.15) 
ZOut = 7.60 1 - 

299.82 - 283.15 

= 0.2153 kW 

Since the system shown in Fig. 4 is assumed to be ideal 
the exergy input rate as shaft power must equal the 
exergy output rate, that is the required mechanical 
power is 0.2153 kW. Thus, Kelvin's answer was correct 
to within 1 per cent. This was quite remarkable at a 
time when the second law of thermodynamics had not 
yet been postulated in mathematical terms and the 
absolute temperature scale had not been defined. Kelvin 
arrived at his result by considering reversible gas cycles, 
the known gas relationships and, in particular, Carnot's 
previous work (5). 

Kelvin stated that it was not his objective to show 
how closely the ideal could be approached, but rather 
to show how 'the limit which [had] hitherto appeared 
absolute, [could] be surpassed'. By continuing to use 
techniques and particularly performance criteria based 
on the first law of thermodynamics, rather than on the 
first and second laws, engineers remain blinkered and 
continue to aim for and fall short of limits that can in 
fact be surpassed. This is the case in many areas, not 
only in relation to providing useful heating. 

A very good conventional natural-gas-fired air heater 
with a thermal efficiency of 95 per cent would provide a 
heating effect equivalent to 95 per cent of the net calo- 
rific value of the fuel consumed. The chemical exergy of 
methane gas is about 1.03 times its net calorific value. 
An ideal reversible machine would thus provide a 
heating effect as described above of 1.03 x 35 = 36.1 
times the NCV. The ideal machine would thus provide 
a heating output equivalent to 36.1/0.95 = 38 times the 
output of the current technology 'high-performance' 
fuel-fired heater. Assuming that the temperature of the 
heated air need not be higher than 26.67"C the rational 
efficiency of the gas-fired heater can be expressed as the 
Part A Journal of Power and Fnergy 

inverse of the latter figure, that is 2.6 per cent-a very 
different perspective on energy use. 

2.3 Exergy analysis of an air-to-water beat pump 
A small electrically driven air-to-water heat pump oper- 
ating in the steady state takes heat from the outside 
ambient air which is at a temperature of -5.5"C and 
provides heat transfer to a steady stream of water 
flowing at the rate of 1 kg/min, raising its temperature 
from 14.5 to 31.5"C. The total electrical power input to 
the heat pump to drive the compressor and the evapo- 
rator fans is 550 W, of which 80 W goes to the fans. 

According to a conventional energy analysis the rate 
of heat transfer to the water is given by 

Q = mc,AT = (3/60)(4180)(31.5 - 14.5) 

= 1184 W 

The coefficient of performance (COP) is given by 

Q 1184 cop = - = - - - 2.15 
W 550 

With respect to an analysis boundary which inter- 
sects the inlet and outlet water pipes, the electric power 
cable and encompasses part of the specified reference 
environment, exergy interactions occur with two exter- 
nal systems : 

(a) the supply of electrical energy and 
(b) the steady stream of water that accepts heat trans- 

fer. 

From equation (45) in Part 1 the exergy transfer rate 
to the water stream is given by 

% = 'Vout  - Bin) = ~ h a u t  - hi") - k T i s a u t  - Sin) 

For an incompressible fluid and assuming the pressure 
drop between inlet and outlet is negligible, this can be 
written as 

= - 1 4180{(31.5 - 
60 

14.5) 

- (273.1 5 - 5.5) In - (z:;)} 
= 113.9 W 

The exergy input rate, gA, is equal to the electric power 
input and hence the overall rational efficiency of the 
heat pump is given by 

*=-=-- EB 113.9 
- 20.7% 

Z A  550 

This rational efficiency, which is based on the operating 
data of an actual plant, is low and indicates consider- 
able potential for improvement. This fact illustrates the 
inadequacy of the energy-based 'coefficient of per- 
formance' as a figure of merit for heat pumps. A COP 
value which may be quoted for a heat pump gives no 
idea of how closely it approaches the thermodynamic 
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IR-12 -17"C(1.7bar) Finned hut-exchanger 

Exit air velocity over lower boundary = 2.5 mis 

Fig. 5 Analysis boundary around the evaporator of a heat 
pump 

ideal and especially to the non-engineer conveys the 
impression of 'getting something for nothing,' even 
when the true performance is very poor. 

Exergy analysis can be used to identify the sources of 
irreversibility within the plant. Consider the evaporator 
of the same heat pump as shown schematically in Fig. 5. 
Exergy interactions occur with three external systems : 

(a) the supply of electrical energy for the fans, 
(b) the steady flow refrigerant stream, 
(c) the steady flow air stream. 

The net exergy that crosses the analysis boundary to 
the steady flow air stream is given by equation (45) in 
Part 1, modified to take account of the kinetic energy at 
outlet : 

i C", 3 c  = ?h(ho"f - h,) - ?hjlT,(so"t ~ Sin) + m - 2 

Considering the air to be an ideal gas and since the inlet 
and outlet pressures are equal to p, this reduces to 

= 0.565(1005) 

(-6.8 + 5.5) - (273.15 - 5.5) In 

2.5' 
2 

+ 0.565 - 

= 1.799 + 1.765 = 3.56 W 

The rate at which exergy crosses into the analysis 
boundary from the refrigerant (at the conditions shown 
in Fig. 5) is given by - 

Z B  = ?h(hin - h,",) - mT,(si" - S,J 

= 6.80 x 10-'{(240.5 - 351) x lo3 

- 267.65(1.166 - 1.59) x 10') 

= 20.29 W 
0 IMechE 1990 

The electric power input to the fans, Z,, is 80 W. 
Hence, the exergy destruction rate 1 in the evaporator is 
given by 

I = 
* i  i i + ZB - Zc 

= 80 + 20.29 - 3.56 = 96.7 W 

The rational efficiency for the evaporator as enclosed by 
the analysis boundary shown in Fig. 5 is given by 

3.56 
SO + 20.29 

- 
= 3.5% z c  - $ = -  - 

=A + EB 
The rate of heat transfer in the evaporator is given by 

Q = 6.8(351 - 240.5) = 751 W 

In energy terms, the evaporator fan power of 80 W 
does not seem large in comparison to the rate of heat 
transfer in the evaporator. This is seen in a different 
light when the exergy transfer corresponding to the elec- 
tric power, 80 W, is compared with the net exergy pro- 
vided to the evaporator by the refrigerant stream, which 
is just 20.3 W. 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

3 SOME LIMITATIONS OF EXERGY 
ANALYSIS AND AREAS FOR FURTHER WORK 

There is a lack of consensus on terminology and 
methodology. This paper is intended as a further step 
towards consensus. 
The procedures for applying exergy analysis can be 
tedious. Computer-based algorithms will minimize 
this problem. 
The detailed application of exergy analysis places 
greater demands on experimental measurement tech- 
niques than conventional energy analysis. This pre- 
sents an ongoing challenge. 
In order to apply exergy analysis for conceptual 
design there is a need for a data base that would 
describe the rational efficiencies achievable in current 
technology processes and plant. Manufacturers of 
plant components such as turbines and expanders 
will need to provide performance data in a suitable 
form. 
Data on chemical substances suitable for exergy 
analysis is not always readily available. Undoubtedly 
the gaps will be filled as the demand for such data 
increases . 
Improved methods are required for estimating the 
exergy of complex substances and mixtures. 
There is a need for further work to develop a meth- 
odology for optimizing plant and to relate the 
overall rational efficiency to the rational efficiencies 
of its components or sub-systems. 

4 CONCLUSIONS 

In this paper an account has been given of exergy 
analysis and this has included some significant new con- 
ceptual developments and interpretations. Part 1 
describes a toolbox which engineers can use in applying 
exergy analysis to actual problems. Part 2 is concerned 
with describing the degree to which actual systems 
approach the thermodynamic ideal of reversibility and 
includes worked examples to illustrate the concepts and 
the use of the toolbox. 
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