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Abstract This paper presents the methods for the calcu-
lation of chemical exergies of coal, heavy fuel oil and
natural gas that are used as fuel in conventional thermal
power plants. Calculations have shown that the chemical
composition of the fuel greatly influences the value of its
chemical exergy. In case of coal in which carbon and
hydrogen are not combined together, an increase in both
carbon and hydrogen contents increases its chemical ex-
ergy value. In case of heavy fuel oils, hydrogen—carbon
ratio is the most influencing parameter in the chemical
exergy value. An increase in hydrogen—carbon ratio in the
fuel tends to increase its chemical exergy. In case of natural
gases, a decrease in lighter hydrocarbon gas contents and
an increase in heavier hydrocarbon gas contents tend to
increase the chemical exergy value of the fuel. High
moisture and/or ash contents also tend to lower the value of
the chemical exergy.
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List of symbols

Variables

G° Standard Gibbs function (kJ)

H° Standard enthalpy (kJ)

Eg Standard molar specific enthalpy of devaluation
(kJ kmol ™)

m Percent mass of a component

M Molecular mass of a component

n kmol of a component

(NCV)°  Net calorific value of fuel (kJ kgfl)

Py Actual environmental pressure (Pa)

Poo Partial pressure of a component in actual
environment (Pa)

s° Standard entropy (kJ K™

To Actual environmental temperature (K)

To Standard temperature (K)

Greek letters
Y&, Standard specific chemical exergy (kJ kg™ ")

® Ratio of standard specific chemical exergy to the net
calorific value

A Used for a change in any parameter

Subscripts

f  Fuel

p Product

R Reactant

Introduction

Energy is the major requirement of the people in a modern
society. With industrial development, the energy con-
sumption has been rising very rapidly and due to this,
energy resources especially the fossil fuels are being
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consumed at a very high rate. This is also causing serious
environmental problems due to pollution. In order that
these resources may last longer and the pollution may be
reduced, they should be used judiciously and efficiently.
Optimum utilisation of energy resources thus becomes a
compulsion for survival and to maintain the quality of life.
This requires modifications and improvements in the
existing power generation systems. Before any effort to
modify a power generation system is undertaken, a thor-
ough thermodynamic analysis of the system is necessary.

An analysis conducted on the energy flow can reveal the
quantity and the location of energy loss. One can then take
measures to avoid or reduce this energy loss. A traditional
method of energy flow analysis is the energy balance cal-
culation based on the first law of thermodynamics. This
traditional method of analysis fails to consider changes in
energy quality during a process which makes it unsatis-
factory. It is now a well established fact that the thermo-
dynamic analysis based on the second law of
thermodynamics is quite useful in this regard. A thermo-
dynamic function which Keenan [1] originally called
availability was revived and a new name exergy was coined.
Going by the history of exergy analysis [2], the develop-
ments in this direction began around the 1930s. Since then,
a number of researchers have made contributions to the
theory and practice of exergy analysis, e.g. [3—10]. Several
papers have been published on exergy analysis of thermal
systems such as steam power plants [11-13], gas-turbine
cycles [14-16], Kalina cycle [17-20], absorption power/
cooling combined cycles [21] and cogeneration [22].

As defined by Kotas [5], exergy of a steady stream of
matter is equal to the maximum amount of work obtain-
able when the stream is brought from its initial state to the
dead state by processes during which the stream may
interact only with the environment. Exergy has two
components—physical exergy and chemical exergy.
Physical exergy is equal to the maximum amount of work
obtainable when the stream of substance is brought from
its initial state to the environmental state defined by pg
and T, by physical processes involving only thermal
interaction with the environment. Whereas, chemical ex-
ergy is equal to the maximum amount of work obtainable
when the stream of substance under consideration is
brought from the environmental state (pg, Ty) to the dead
state (poo, Top) by processes involving heat transfer and
exchange of substances only with the environment.
Alternatively, it can also be defined as the minimum
amount of work necessary to synthesise and to deliver in
the environmental state, the substance under consideration
from the environmental substances by means of processes
involving heat transfer and exchange of substances only
with the environment.
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Calculation of exergy values of a compound requires
the reference exergies of the elements. Sussman [23],
Kameyama et al. [24], Morris and Szargut [25], Szargut [26]
and Rivero and Garfias [27] calculated the standard chemical
exergy of some elements and compounds. Bilgen and Kaygusuz
[28] explained the method for the calculation of the chemical
exergies of coal-based fuels using the higher heating values.

The current study aims to provide comprehensive
methodology for the estimation of chemical exergies of
power plant fuels such as coal, heavy fuel oils and natural
gas. Hopefully, this methodology and the calculated exergy
data will be useful in the fossil fuel-fired power plants and
coal mining industries and refineries.

Estimation of standard chemical exergy of coal
Ultimate analysis

Let the ultimate analysis of the coal be as follows:

Carbon, mc ;%; Hydrogen, my, 1%; Sulphur, ms ¢%;
Nitrogen, my, £%; Oxygen, mo, ¢%; Moisture, my,0.%
and Ash, masn s %

Molar composition per 100 kg of fuel

Carbon (C) ncs = A’Z—Z kmol /100 kg of fuel (1)
Hydrogen (Hy) np, ¢ = ml: kmol/100 kg of fuel (2)
Nitrogen (N2) nn,f = AHZZZ kmol/100 kg of fuel (3)
Sulphur (S) nsy = Anjl_ss kmol/100 kg of fuel 4)
Oxygen (02) 1o, = ZZ kmol /100 kg of fuel (5)
Water (H,0) npo05 = m‘:lz kmol/100kg of fuel ~ (6)

Composition of air

Air contains 21.0 % oxygen and 79 % nitrogen by volume.
Therefore, for each kmol of oxygen % = 3.7619 kmol of
nitrogen are involved.

Combustion equations for the combustible elements

anC =+ nc‘fOZ — I’lcnyOz (7)
1

ny, fHy + EnHz,fOZ — np, fHO (8)

ns ¢S + ns Oy — ng SO, )
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Molar composition of the products for complete
combustion of fuel
COy nco,p = CO; formed during the combustion of carbon
= nc s kmol /100 kg of fuel
H,O np,0p = HyO formed during the combustion
of hydrogen + H,O present in the fuel
= (nn, + nu,0,) kmol /100 kg of fuel
SO, ngo,p = SO, formed during the combustion of sulphur
= ng s kmol /100 kg of fuel
N, N does not take part in the combustion process
Therefore, N, in the products of combustion
= N, present in the fuel + N, present in the
air supplied
= N present in the fuel + 3.7619 x O,
supplied by air
= N present in the fuel + 3.7619
% (O, required for combustion

—O, present in fuel)

1
AN, P = NN, f + 3-7619<nc,f + o f +nsg — nng)

(10)

Net calorific value of fuel

The net calorific value of fuel is the lower heating value of
the fuel which assumes the latent heat of vapourization of
water in the reaction products is not recovered. It can be
calculated by

(NCV)" = —Enthalpy of combustion
e DO SN
P R
— 70 70 70
== [(”Coz,P “hyco, T M0 My,0 + INp - Ay,
70 70
+n0,p - hyo, T 1s0,p - hd,SOg)
- (”cf ~h e+ niy g h,
+(nN2Af + nNgtAir) : ES,NZ +nsg- ﬁﬂ,s
+(n02,f + nOZ,Air) : /52,02 + nmyo ﬁgmo)]
(11)
standard molar enthalpy of

Values of specific

devaluation (ﬁg) for various substances are given in
Table 1. These values have been obtained from [5].

Table 1 Standard molar specific enthalpy of devaluation (Eg) for
various substances (source—Ref. [5])

Substance State ﬁg/kJ kmol ™!
Argon (Ar) Gas 0
Carbon (C) Solid 393,780
Carbon dioxide (CO,) Gas 0
Methane (CHy) Gas 802,320
Ethane (C,Hg) Gas 1,428,780
Propane (C3Hg) Gas 2,045,380
Butane (C4H0) Gas 2,658,830
Hydrogen (H,) Gas 242,000
Nitrogen (N,) Gas 0
Oxygen (O,) Gas 0
Sulphur (S) Solid 724,580
Sulphur dioxide (SO,) Gas 427,480
Water (H,O) Liquid —44,030
Water (H,0) Gas 0

Chemical exergy of fuel

The ratio of standard specific chemical exergy to the net
calorific value for solid fossil fuels without moisture con-
tent is given by [5]

my, mo, f

L 10.0610

mc f mc

MmN, f
. 12
e (12)

Pary = 1.0437 +0.1882

+ 0.0404

For moist solid industrial fossil fuels containing sulphur,
the standard chemical exergy is given by [5]
W (I ke ) = [(NCV) +2442w] gy +9417 - (T55)

(13)

Estimation of standard chemical exergy of fuel oils
Ultimate analysis

Let the ultimate analysis of the fuel oil be as follows:

Carbon, mc ¢%; Hydrogen, my, 1%; Sulphur, ms %;
Nitrogen, my, ¢%; Oxygen, mo, (% and Ash, masn 1%

Molar composition per 100 kg of fuel, combustion
equations for the combustible elements, molar composition
of the products for complete combustion of fuel and net
calorific value of fuel may be found using Eqgs. (1) to (11) and
the procedure given in Sect. 2 above.
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Chemical exergy of fuel oil

The ratio of standard specific chemical exergy to the net
calorific value for liquid fuels without moisture content is
given by [5]

@ = 1.0401 +0.1728 11 1 . 0432 7021

mct mct
+02169<1 —2.0628 Tt ) (14)

mc ¢ mc ¢
Vens

Now, = 15
Nevy 7 (15)
-'WOCh,f =¢- (NCV)O (16)

Estimation of standard chemical exergy of natural gas
Volumetric analysis

Assuming the following volumetric analysis of the natural
gas

CH4 = a%, C2H6 = b%, C3H8 :C%,
C4H10 :d% ansz :e%

Combustion equation for the fuel

The combustion equation for complete combustion of
1 kmol of natural gas of above composition can be written
as

(100)C o <1€0)C2 6*(100)(:* 8

* (130>C4H1° * (100>N2

((a+2b+3c+4d)+zu+3b;4c+5d
- 100

2 4 2 4
_)<a+ b+3c+ d>c02+<a+3b+ c+5d>H20

) (02 + 3.7619N2)

100 100

(a+2b+3c + 4d) + 23333y -
761
+[376 9( 100 +700|N

(17)

Standard molar specific chemical exergy of fuel

The general expression for standard molar specific chem-
ical exergy of a gaseous fuel is

70 0
Nfyel - ‘//Ch,fuel =—-AG" + E :”p )
p

7%11,? - Z IR - &gh,w
R
(18)

where R stands for co-reactants and P stands for products.
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AG" = Change in Standard Gibbs function, kJ

= AH® — T°AS° (19)
_ (z o iy~ S -ﬁsR)
P R
P R

The number of kmols of the components of the reactants
and the products can be taken from the combustion Eq.
(17) and used in the above equations. The values of the
standard molar specific enthalpy of devaluation (h ) and
the standard molar specific chemical exergy of the
components of the reactants and the products can be
taken from [5].

Results and discussion

The chemical exergy of some solid, liquid and gaseous
fuels of standard composition can be obtained from the
tables of standard chemical exergy. However, many such
fuels have different composition and are multicomponent
mixtures of very complicated compounds. Therefore, a
proper methodology for the calculation of the exact
chemical exergy of such fuels is to be followed.

In this study, some fossil fuels such as coal, heavy fuel
oil and natural gas were considered for the calculation of
chemical exergy. Tables 2, 3 and 4 show the ultimate
analysis of the samples of some such fuels used in this
study. Data of the standard enthalpy of devaluation, abso-
lute entropy and the standard molar chemical exergy for
various substances have been used in the calculations.
These values have been taken from [5]. The calculated
values of the standard chemical exergies of the considered
fuels have also been presented in Tables 2, 3 and 4.

The results of the calculations indicate that the chemical
composition of the fuel greatly influences the value of its

Table 2 Ultimate analysis of various samples of bituminous coal and
calculated values of their chemical exergy

Coal C/ Hiof O N S/ HO/ Ash/
sample % Do % B D P %

l//(()jhf/kJ kg7 !

1 486 35 12 07 05 289 58 21699 x 10*
2 61 4 3 2 1 4.5 245 2.6490 x 10*
3 716 48 63 13 34 35 9.1  3.1715 x 10*
4 734 5 6 15 3 35 7.6 32518 x 10*
5 75 52 7 2 1 1 8.8  3.2082 x 10*
6 782 55 10 15 06 1 32 3.4468 x 10*
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Table 3 Ultimate analysis of various samples of fuel oils, hydrogen—carbon ratio and calculated values of their chemical exergy
0il sample Cl% H,/% 0,:/% No/% SI% Ash/% Hydrogen—carbon ratio W, kI kg ™!
Crude oil 90 33 3 0.8 0.9 2 0.0367 3.5224 x 10*
Heavy fuel oil 1 84 10 1.6 1.2 3.15 0.05 0.1190 42529 x 10*
Heavy fuel oil 2 83.9 10.15 1.2 1.15 3.56 0.04 0.1210 42763 x 10*
Heavy fuel oil 3 83.7 12.7 1.2 1.7 0.7 0 0.1517 4.5666 x 10*
Heavy fuel oil 4 86.1 13.2 0 0 0.6 0.1 0.1588 4.6130 x 10*
Table 4 Volumetric composition of various samples of natural gas 40000
and calculated values of their chemical exergy = 38000 1
Q
= 36000 1
Natural CH4/ CzHG/ C3Hg/ C4H10/ Nz/ lﬁgh f/kJ km0171 g -
) = T 34000
gas sample % % % % % v
2= 32000 1
1 939 36 1.2 13 0 9.0207 x 10° g% 30000 1
2 774 117 85 13 1.1 1.0436 x 10° 25 280001
p = U 26000 A
3 674 168 158 0 0 1.1578 x 10 = 24000 |
6 S
4 60.1 148 134 42 7.5 1.1331 x 10 7z 22000 -
5 543 163 162 74 58 1.2579 x 10° 20000 ; ; . . .
3 35 4 45 5 5.5 6
Hydrogen/%
40000 Fig. 2 Variation of standard specific chemical exergy of coal with its
= 38000 hydrogen content
9 i
g ~ 36000
5 b 240907 50000
25 32000 = 48000 -
g g 200007 2 46000 4
& 2 23000 g_
5 26000 % o 40009
< ] 22 42000 1
E 24000 % 2 40000 ]
22000 1 25 35000 4
20000 : : : : ; ; ; =
40 45 50 55 60 65 70 75 80 g © 36000
=1 4
Carbon/% g 000
» 32000 -
30000

Fig. 1 Variation of standard specific chemical exergy of coal with its
carbon content

chemical exergy. The exergy values are closely related to
the carbon and hydrogen contents of these fuels. The var-
iation of chemical exergy of coal with the variation in
chemical composition has been presented in Table 2 and
Figs. 1 and 2. Figure 1 shows the variation of chemical
exergy with carbon content of coal while Fig. 2 shows the
variation of chemical exergy with hydrogen content. It is
clear from these results that in case of coal in which carbon
and hydrogen are not combined together, an increase in
both carbon and hydrogen contents increases its chemical
exergy value. As indicated in Table 3, in case of heavy fuel
oils, a decrease in carbon content and an increase in
hydrogen content of the fuel increase its chemical exergy.
This is because in fuel oils which are essentially hydro-
carbons, hydrogen and carbon are combined together as a
compound. So, in these fuels, hydrogen—carbon ratio is the

0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17
Hydrogen-carbon ratio

Fig. 3 Variation of standard specific chemical exergy of fuel oil with
its hydrogen—carbon ratio

most influencing parameter in the chemical exergy. The
variation of chemical exergy with hydrogen—carbon ratio is
shown in Fig. 3. This variation is almost linear. It is clear
that an increase in hydrogen—carbon ratio in the fuel
increases its chemical exergy. As indicated in Table 4 that
in case of natural gases which are essentially a mixture of
hydrocarbon gases such as methane, ethane, propane and
butane and incombustible gases such as nitrogen, a
decrease in lighter hydrocarbon gas contents and an
increase in heavier hydrocarbon gas contents tend to
increase the chemical exergy value of the mixture. High
moisture and/or ash contents also tend to lower the value of
the chemical exergy.
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Conclusions

Fossil energy resources are being consumed more and more
owing to increasing energy demand of developed and
developing countries. Therefore, wisely usage of resources
and improving the efficiency of power generation systems
is becoming a subject of increasing interest to all sectors of
society in the industrialised nations. The designers and
energy experts should consider the second law, or exergy in
designing thermal systems. Exergy analysis enables one to
evaluate quantitatively the causes of thermodynamic
imperfections of thermal and chemical processes. Poor
thermodynamic performance is the results of exergy losses
in combustion and heat-transfer processes. In this paper,
the methods for the calculation of chemical exergies of
coal, heavy fuel oil and natural gas that are used as fuel in
conventional thermal power plants have been presented.
These methods and the calculated exergy values of the
fuels considered will be useful to the analysts and
researchers not only in conducting the second law analysis
of the existing fossil fuel-fired power plants but also help in
designing new energy-efficient plants. Use of fuels having
high value of chemical exergy will improve the efficiency
of these plants.
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