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ABSTRACT

This paper presents a methodology for calculating exergy in
chemical processes. Its advantages, both in generality and
ease of application, versus other procedures used until now
are pointed out. To define the calculation methodology
presented here we start from the fact that the chosen
reference environment (RE) must satisfy the condition of
internal equilibrium. It implies that the dead state of all the
systems with the same atomic composition is identical. The
RE model proposed by Gaggioli et al. (15, 16) is used. The
temperature and pressure of the real physical environment
are included as variables in the definition of the RE.
Equations are derived to determine the chemical potential for
the elements at the dead state as a function of these
variables. As an example of the ease of applying the
proposed method, procedures are given for calculating the
exergy of the different types of substances found in a thermal
power plant.

NOMENCLATURE

Specific non—flow exergy.
Specific exergy.

Specific heat at constant pressure.
Specific energy

Lower heating value.

Higher heating value.
Specific enthapy.

Absolute pressure.

Specific entropy.
Thermodynamic temperature.
Specitic internal energy.
Specific volume.

Technical (shaft) work.
Chemical potential.

Atomic composition (vector).
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X Chemical composition (vector).

v Generic reaction coefficients (vector).
Y Air composition (vector).
Subscripts

0 Environmental state.

00 Dead state.

i=i..,n Chemical species.

I=1,..,N

=1,..,1 Chemical element.

k=1,...,m=1 Reference species.

Superscripts

0 Standard enviromental state.
00 Standard dead state.
I. INTRODUCTION

Exergy analysis permits the true thermodynamic efficiency of
industrial plants and processes to be determined, the primary
causes of their inefficiency to be established, and the costs of
obtaining their internal flows and products to be assigned in a
rational way (1, 2).

Independently of the objective pursued in the exergy
analysis, the first stage is to calculate the exergy of each and
every one of the flows of mass and/or energy which define the
logical thermodynamic structure of the production process at
the aggregation level considered for analysis. In general, no
more information is required than for the mass and energy
balances of the subsystems (3, 4).
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Fig. 1. An ideal model for determining the exergy and the non—flow exergy of a fluid.

Different authors have proposed methods for calculating the
exergy of substances of importance in industry. See for
example: (Z), (8), (10), (20). These methods, though quite
correct, use integration trajectories defined in terms of the
type of substance involved in the analyzed process, so that
they are not generally applicable, and pose problems when it
comes to elaborating computational algorithms for calculating
exergy. This severely handicap the extension of exergy
analysis to new industrial processes and plants. The aim of
this article is to contribute to solving this problem.

One definition of the exergy of a system is the minimum
technical work required to make it up from the reference
environment (RE). According to Kestin (§), the RE is
conceived as a union of three very large reservoirs: an
energy reservoir, a volume reservoir and a mass reservoir.
Physically, the RE represents those resources which Nature
provides in unlimited quantities at zero extraction cost
{technical work or exergy).

Fig. 1 shows a device where a flowing system is cre_ated
starting from the RE. A more detailed study of the individual
subsystems ‘which must make up this theoretical device can
be found in references (6, Z). Let subindex oo designate the
set of chemical species exchanged with the RE to form the
system. If we impose the condition that these must enter or
leave the mass reservoir in the intensive state present in it
(dead state), then their exergy will be zero and the minimum
work necessary to make up the flowing system _wnll
correspond to the reversible process 00 »b and will be given

by:

b=h=hy =T, (s =5 M)
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To constitute the closed system a, it will be sufficient to
connect to the device which produces the flowing system a
storage cylinder. If the process of filling the cylinder is at
constant pressure, and is furthermore adiabatic and
reversible, the system will not modify its thermodynamic state
and will produce a maximum technical work equal to v(P-P,).
Thus, the non-flow exergy will be equal to:

a=U=—Ugy+ Py (v—vy0) — Ty (s —8y)

@)

. EXERGY AS A STATE FUNCTION

In this section we will see that the condition that the exergy
behave as a state function imposes certain restrictions on the
definition of the reference environment.

Let there be a system whose atomic composition is given by
the vector dT = (d;, ..., d;, ..., d)) whose components d; are the
number of moles per mole of mass of each of the chemical
elements present in the RE which exists in a mole of our
generic system . Let their initial state be defined by the
pressure P4, the temperature T,, and the chemical
composition x;. For all the possible states which this system
can attain by means of processes involving chemical
reactions, the following stoichiometric equation holds:
n N

Z‘T..X.=2‘I'j'lyl=dj [j=1,2,...,|]

NI
i=1 ! =1

&)

where r;; and r;; are the coefficients of the atomic matrices
corresponding to the initial and final states, respectively.
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Fig. 2. Fully reversible steady —flow process involving a chemical reaction.

Consider the reversible process shown in Fig. 2, in which all
the heat interactions are with the RE. The technical work
required to produce the change of state 1 - 2 will be given by:

wy=h,~h, =Ty (s,-s,)

(4)

For the exergy as defined to behave as a state function, the
following must necessarily hold:

b2_b1=wt

©)

Using equations (1) and (4) the above equation leads to the
following condition:

h (6)

2,00~ V052,00 = N1.00 = To S1.00

which is equivalent to that found by Ahrendts (8) and
Siemons (9):

n N

z XiKioo= E YiH100

™)

i=1

and which means that the RE must satisfy the condition of in-
ternal equilibrium.

Let us now see how to calculate the exergy, for which we will
use Fig. 1, concentrating on how to define the chemical
composition of the mass reservoir. Given the condition of
internal equilibrium, in it there can physically exist a large
number of chemical species. Furthermore, all the rest can be
formed from the RE and in equilibrium with it (dead state)
without the need to invest technical work. Let the set of com-
ponents of the RE be the species k in Fig. 1. For a generic
system with atomic composition d, we have shown that inde-
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pendently of its thermodynamic state (P, T, x;), the chemical
potential in its dead state (Log= hgo =T Sgo = Ugo+PoVoo —To Soo)
will be identical. Therefore, it can be calculated from any of
the following equations:

n

uoo=z‘4

i=1

m

z Vk Hx00

k=1

|
XiHigo = 21 dito0= {8)
}a

Furthermore, the stoichiometric equation:

n m
2 AN ve=d, [i=12..1]
i=1 k=1

allows us to relate the vectors x, v and d, thus making
Equation (8) operative. Furthermore, it indicates that the
number of components must be equal to the number of
chemical elements (m=l), and that every chemical element
must be present in at least one of the components.

()

rj,i Xi =

lll. METHODOLOGY PROPOSED

The methodology proposed here for calculating the exergy is
based on the suitably exploiting Equations (8) and (9).

Selecting the set of components.

Different approaches have been developed for formulating
the chemical composition of the RE. Szargut (10) heads the
list of authors who propose an RE which, while general and
thus independent of the process analyzed, should be as
similar as possible to the real physical environment. As this is
not found in a state of perfect thermodynamic equilibrium,
Szargut proposes the necessity of associating a single
reference substance to each chemical element. The selection
of the set of components (reference substances) becomes
progressively more complicated as the number of chemical
elements increases. The criteria of abundance and chemical
stability in the real physical environment are the most
commonly used in this selection (10-14). Szargut et al. (11,
12) have proposed reference substances for 50 elements,
while Kameyama et al. (13) have done so for 79. The criteria
used in selecting the reference substances are discussed in
detail in their articles.

In processes which involve only the use or transformation of
fossil fuels and their derivatives, there are only five major
chemical elements: C, H, O, N and S. The RE model
proposed by Gaggioli and Petit (15) and by Rodriguez (16)
was used in the present work. In contrast with these authors,
the pressure and temperature of the real physical
environment are included as variables in the definition of the
RE (see Table 1). The importance of this modification will be
analyzed later in this paper.

Chemical potential of the reference substances (i o, ).

For the condensed phases, the following is approximately
true:

T
0 o 0 0 0
Hi.00~ Bk~ Tosk * Cp] To T - Tolo ( T°) (10a)



SUBSTANCE STATE Ah? @] Cg ef (hv) "'?1 (hhv) e?u b

{cal/mol) |(cal/mol-K)| (cal/moi-K)| (cal/mol) | (calimol) | (cal/mol) | (cal/mol)

1 Carbon (graphite) (o3 s 0 1.372 2.040 94052 94052 94052 98137

2 Hydrogen H, 9 o 311985 6.891 57796 68316 68316] 56231

3 H g 52098 27.391 4.968 80996 86256 86256 76697,

4 Oxygen O2 g 0 49.005 7.015 0 0 0 943

5 (@] [¢] 59559 38.470 5.237 59559 59559 59559 55866

6 Nitrogen N2 g 0 45.769 6.961 0 0 0 159

7 N g 112981 36.613 4.968 112981 112981 112981 108967

8 Suifur {rhombic) S s ] 7.630 5.420 70960 70960 152032 143691

9 Calcium Ca s 0 9.970 6300 ...} @ -oo--- 194398 170216

10 Carbon Dioxide 002 g -94052 51.070 8.870 0 0 0 4822
11 Water HZO | -68315 16.750 17.997 -10520 0 0 0
12 H,0 9 -57796]  45.106 8.025 0 10520 10520, 2066
13 Sulfur Dioxide SO, g -70960|  59.290 9.530 0 0 81072 72884
14 Carbon Monoxide Cco g -26416 47.214 6.958 67636 67636 67636 65831
15 Calcite CaCO3 s -288450 22.200 19570 -----|  ----- 0 0
16 Gypsum CaSO4-2H20 s -483060 46.360 a44500f -----| ----- 0 0
17 Hydroxy! OH g 9310 43.890 7.143 38208 43468 43468 36768
18 Nitric Oxide NO g 21570 50.330 7.140 21570 21570 21570 21244
19 Carbonyl Sulfide COs g -33900 65.320 9.920 131112 131112 212184] 201896
20 Hydrogen Sulfide HzS g -5000 498.160 8.180 123756 134276 215348 191842
21 Ammonia NH3 g -11040 46.040 8.500 75654 91434 91434 80435
22 Methanol CH30H g -48270 57.290 10.490 161374 182414 182414 172038
23 Methane CH4 g -17880 44.530 8.510 191764 212804 212804 198455
24 Ethane CZHG g -20250 54.850 12.590 341242 372802 372802] 357087
25 Ethene CZH 4 g 12540 52.410 10.260 316236 337276 337276f 325073
26 Ethyne CZHZ g 54020 48.000 10.530 299920 310440 310440f 302335
27 Propane C3H8 g -24820 64.510 17.570 488520 530600 530600 513717
28 Propene C3H6 g 4880 63.800 15.270 460424 491984 491984| 478096
29 n—-Butane C 4H 10 g -30150 74.120 23.290 635038 687638 687638] 669601
30 n-Pentane C5H12 g -35000 83.400 28.730 782036 845156 845156] 826064

l——-b Reference [23] H

Table 2. Energy and exergy of chemical elements and substantes (REst)
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* Pressure: Atmospheric pressure P

0

* Temperature: Atmospheric temperature T,

* Reference substances:

Air (Relative humidity = 100%):

(=) N & k=4) N; (g) YN200 = 0.7%98 (1 - YHzo.oo)

(= 06630 @ ¥, = =020 (1-YHZOOO)

(=) C & &=1) CO; (g) Ycozoo = 0.0003 (1 -Yﬂzo_m)
H20 @ Y000 = Pypo T)/P

Condensed phases:
(=2) H & «k=2)H,0 ()
G=5) S © k=5) CaSO, 2H,0 (s)
(G=6) Cae> (k=6) CaCO; (s)
Ash (s)

Table 1. Characteristics of the reference environment (exergy)

For the species present as gases in the RE, and assuming
ideal gas behavior, we have:

T Y, oo P
0 0o 0 (¢} 0 k00 "0
Me00™ Ay TSk *+ G| To T -Toln (_) ]+ RT,n (_PO_)

Chemical potential of the elements (i; o).

Let there be a generic system with atomic composition: C; Hj,
O, N, S; Ca,. Logically this corresponds to a multitude of
systems with different chemical composition, all of which are
characterized by the vector dT= (c, h, 0, n, s, a). The vector
v, which expresses the stoichiometric relation (Eq. 9) bet-
ween this system and the reference substances selected for
the RE, is determined by solving the system of equations

rv=d.

(k=1) CO, D wy=Cc+s—a

(k=2) H,0 : vo=h/2 - 2s

(k=3) O, I Va= —C+0/2 — h/4 - 3s/2 —a/2
(k=4) N, © V=172 (11)
(k=5) CaS0O,2H,0 : vz=s

(k=6) CaCOq4 ! vg=a-s

The chemical potential of any system in its dead state can be
calculated as a function of its v, coefficients (Eq. 11) and

from the chemical potential of the reference substances (Eq.
10) using the following equation:

Hoo = z Vi " Hy 00

(12)
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By applying this to each of the chemical elements present in
the RE, we get the expression of their chemical potential as a
function of the variables Po and To, which are shown in Table
3. The thermodynamic data used are from Table 2.

Calculating the exergy.

The conventional methods for calculating the exergy of a flow
use expressions like:

b=h-T,s= D X Ho (13a)

b=h—h,=T,(s—55) + 2 X; (W0 = Hi 00) (13b)
or other alternatives derived from these (15-20), which re-
quire the calculation of the terms p; oo @and (1 o - 1 o0) for each
and every one of the chemical species present in the process
being analyzed. This is unnecessarily tedious and
complicated, especially with variable reference environments.

The equation proposed here for evaluating the exergy:

b=h~-Tys= D, d o

allows the calculations corresponding to the RE selected
(Kj,00) to be separated from those associated with the
thermodynamic state of the mass flows (d;, h and s). In this
way it is sufficient to compute the values of y; o5 Once at the
beginning of the calculation process in order to definitively
solve the problem of determining the dead state of all the
mass flows present in the installation. Another advantage of
the proposed procedure is that it permits one to work easily
and simply with different reference environments or with
variable reference environments. This is due to the fact that
the algorithms for calculating the thermodynamic properties,
particularly the exergy of the mass flows, can be run
independently of the RE selected.

(14)

IV. ENERGY

In calculating the energy of the mass flows, it is interesting to
work with a reference environment which represents the
physical environment, especially if the processes analyzed
occur at temperatures above the atmospheric ones. Table 4
presents three possible reference environments for calcula-
ting the energy in this type of process. Note that the first is
coherent with the definition of the lower heating value (LHV)
of the fuels; the second is coherent with the higher heating
value (HHV); and the last coincides with that used for
calculating the exergy.

The energy of a mass flow is given by:

e()=h-hy (1) (15)

Using an analysis parallel to that done above for the exergy, it
can be shown that if e(r) must be a state function, then, once
the RE has been defined, the value of hqg (r) for all systems of
equal atomic composition must be identical. That is:
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n ! m
hoo () = Z Xi00 (1) = 21" di Moo (1) = kz; Vi P00 (1)
< -

i=1

* Pressure: Atmospheric pressure P,

+ Temperature: Atmospheric temperature T,

« Reference substances:

r=1 r=1 r=11
G=1) Co k=1) CO, (& CO, (&) CO, ®
(=0 Heo k=2) H,0(® HO O HO 0)
(=) 06 k=3 O, (® O, ® O ®
=HNo k=4 N, & N, (& N, (®
(§=5) S & k=5) SO, (g SO, (g CaSO, 2H,0 (s)
=6)Ca¢> k=6) ------ ------ CaCO, (s)

Table 4. Characteristics of the reference environment (energy)

For this reason, the procedure for calculating the energy must
be parallei to that used for calculating the exergy,and the
expression for calculating hy g0 (r) is given by:

By oo () = AR, (1) + Chy () - (T =T°) (17)

The coefficients v, of the generic system d7= (¢, h, 0, n, s, a)
will be those expressed in Equation 11 when r = Ill. Solving

the system of equations r - v= d corresponding to the other
reference environments, we get their associated coefficients:

(k=1) CO, I vy=¢C

(k=2) HO : vo=h/2

(k=3) O, I va=—C+0/2-h/4d-5s (18)
(k=4) N, I vg=n/2

(k=5) SO, Vg=$§

(K=6) =mmommmmm-mm L e

Table 3 gives the expressions for calculating the hjqq (1)
corresponding to the elements as a function of the variables
defining the RE. Logically, the equation to use for calculating
the energy, according to the methodology proposed here, will
be:

e(r= h—E:dj . hj.oo (1] (19)

V. THE EFFECT OF ENVIRONMENT CONDITIONS

The question arising now is the following:

If to calculate the exergy, the fixed values of P%= 1 atm.
and T9= 298.15 K which correspond to the standard
reference environment (REst) are used, how big is the
error involved?

In the case of destroyed exergy, the relative error will be
(TO=T,)/To, while for a heat flow at temperature T, it will be
given by (To—T9)/(T-T,). Tables 5 and 6 give their numerical
values for different environment conditions.

ty=35°C
=325 %

ty=5°C | ty=15°C| t,=25°C

720% | 347 % —

Exergy Destruction

Table 5. Relative error for the calculated exergy destruction
when REst is assumed.

1=5°C [t,=15°C| t;=25°C t,=35°C
T= 100K 1123 %| 5.31% —_ -4.80 %
T= 200K 25.59 %| 11.34 % — -9.25%
T= 600K -6.21 %|-321% — 343 %
T=1200K -217 %{-1.10% —_ 112 %

Table 6. Relative error for the calculated exergy of heat flows
when REst is assumed.

For fuels, the contribution of the physical component to the

exergy is negligible except for very high pressures and

temperatures, which are not very frequent in practice. Thus,

\éve will analyze only their chemical component. This is given
y:

by =hy=To S~ 2 d; H00 (20)

In the case where the reference environment is the standard
one, the exergy:

o ,0_.,00 00 0 0 0 [¢]]
b=h—TS-2djui =Ahf—T S —Zd]ul

is named standard chemical exergy. Drawing parallels with
the standard chemical energy:

(n=h"-Y d h () = ARy 5 an’ M (@2

When the RE's used to calculate energy and exergy coincide,
that is when r=lil in our case, Kotas (18) gives the name
enthalpy of devaluation to €9(r), and therefore e%(lll) is the
standard enthalpy of devaluation. Furthermore, it is clear that
e%(l)=LHV and e%(Il)=HHV.

®

00
Table 7 gives the values of M, and hjoo (r) obtained for the
REst using the equations proposed in Table 3.
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B (M B’ hj.’° a) w

(cal/mol) | (cal/mol) | (cal/mol) (cal/mol)
G=1) C |-94052 | 94052 | -94052 -98548
(G=2) H |-28898 | -34158 | -34158 -32766
(G=3) O 0 0 0 7777
(G=4) N 0 0 0 -6902
(G=5) S |-70960 | -70960 | -152032 | -145966
(j=6) Cal ---- -e-- | -194398 | -173189

Table 7. Enthalpy and chemical potential of the elements
in the dead state (REst)

Table 2 gives the standard chemical energy and exergy for
the different substances, while Table 8 contains these
variables for different fossil fuels.

« Natural gas analysis » Atomic composition
- LR
i=1 CH,  0.9225 j=1 10730  1.0000
i=2 CH, 0.0653 j=2 41340  3.8527
i=3 CH, 0.0055 j=3 00002  0.0002
i=d4 CH,, 0.0007 j=4 00116 00108
i=5 C;H,, 0.0001
i=6 N, 0.0058 « Conversion factor
i=7 CO,  0.0001 f = 47.872 mol C/Nm’
* Energy and Exergy
HHV = 10050 - 10° cal/Nn? hhv = 209935 cal/mol C
Ahg= -15715 "
9080-10° " e 189670 "
10050 10° " e 209935 "
10050 - 10° & 209935
9400-10° * 0 196375

Table 8a. Energy and exergy of natural gas (REst).

The variation in the chemical exergy of fuels, (b%-bg)/bg,with
the physical environment's pressure and temperature is
shown in Table 9.

Finally, Table 10 gives the values of the exergy for a flow of
combustion gas, one of air, and two of water, together with the
errors introduced by calculating their exergy with respect to
the REst.
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P0 (atm) ty °C) Natural Gas Fuel-Qil No. 1 Lignite
1 5 -048 % -004 % 0.14 %
1 15 -024 % -002 % 007 %
1 25 1196373 cal/mol [153137 cal/mol|127796 cal/mol
1 35 0.24 % 002 % -0.07 %
0.9 25 0.06 % 0.02 % 0.01 %
0.8 25 013 % 0.04 % 0.02 %

Tabla 9. Relative error for the calculated exergy of fuels
when REst is assumed.

Gas Air Water Steam
Pressure (atm) 0.95 0.95 121.9 121.9
Temperature x) 600 600 600 600
Composition: N2 (%) 70.00 77.90
O2 (%) 5.00 20.70
co, %) | 10.00
H,0 (%) | 1200 140 | Seturaied | Sawurated
liquid vapor
CO (%) 1.00 .-
S0, (%) 1.00 ---
P, (atm) t, (°C) b (cal/mol) | b(cal/mol) | b (kcal/kg)| b (kcalkg)
1 5 -67 % | -138 % | -125 %| -9.1 %
1 15 -34%| -70% | -65%| -47 %
1 25 2373.4 642.0 110.2 251.6
1 35 3.2 9% 6.5 % 7.2 % 5.0 %
0.9 25 -23%]| -90 % 0.0 % 0.0 %
0.8 25 -47%|-174 % 0.0 % 0.0 %

Table 10. Relative error for the calculated exergy of mass flows
when REst is assumed.

As can be seen in Tables 5, 6, 9 and 10, except for the case
of fuels, the error introduced by calculating the exergy using
the standard reference environment is considerable, espe-
cially when the real environment temperature differs from T,

Let us take the case of a thermal generating station. Its exergy
efficiency is given by the ratio between the electric power
produced and the exergy of the fuel used in the process.
Since the former does not at all depend on environment
conditions, and the latter's variation with Tgand P is not
significant, then the error introduced by working with REst is
practically zero. Nevertheless, although the size of the total
irreversibility (destroyed exergy+lost exergy) is hardly
modified, its distribution can be greatly altered. For example,
if Po < P9 and T, < T9, the exergy losses in the flue gases and
in heat given up by the condenser will be underestimated,
while the exergy destroyed by internal irreversibilities will be
overestimated. Therefore, the exergy efficiency of the
individual subsystems which make up the thermal generating



station, the exergies of the flows (and their exergetic costs)
and any concepts of efficiency loss which may be defined will
not display their true numerical values if the RE does not
strictly satisfy the real environment conditions.

V. CONCLUSIONS

This paper has presented a precise methodology for
calculating the exergy of substances which are of industrial
importance. Although all the bases had been laid previously,
in our opinion clear systematics needed to be developed in
order to eliminate the difficulties arising from transferring to
the calculation procedure concepts such as that of compo-
nent, which, though useful in making the physical meaning of
the exergy clear, increases the complexity and adds
ambiguities to the calculation procedure. The advantages of
the proposed methodology come from exploiting the fact that
the exergy is a state function, once the RE has been defined,
with the result that it does not need to be calculated
throughout a preset trajectory or process, as occurs when
determining the total exergy from its components (physical,
mechanical, thermal, chemical,...). Furthermore, it must be
remembered that although in calculating the exergy, a given
combination of reversible processes between the system's
dead state and its real state can be followed, and
mathematically one can therefore speak of components, this
does not imply that the separation of the total exergy into the
partial contributions of these components will always have a
strict physical meaning.

As stated by Wepfer and Gaggioli (14), the choice of RE must
be made after a careful study of the plant to be analyzed and
of the environment with which it interacts. There is no unique
reference environment which is at the same time universal
and also the most suitable for all processes. This conclusion
should direct our efforts to facilitating the calculation of
exergy. The methodology presented here separates the
calculations corresponding to the RE (u; o0) from those asso-
ciated with the thermodynamic state of the mass flows (h and
s), which is a clear advantage if one accepts the possibility of
changing the RE or of introducing variables into its definition.
From this conclusion we also learn that, in the case of fossil
fuels, it is more useful to develop equations for

Ah? ands’ which can be used for any RE, rather than

directly drawing the correlations which give us b0 with respect
to a specific reference environment.

We agree with Rosen and Scott (21) in that in designing a
plant, it is sufficient to use an RE defined by the average
values of Py and T, in the site where it is to be installed, or if
the design is generic (its location has not been decided, or it
is not yet going to be considered) it will be sufficient to use the
REst. On the other hand, when the plant is already installed
and we wish to know the state of its real functioning at any
time by using performance tests (4, 22) to compare with the
design conditions, it is essential that the RE be defined with
respect to the specific environment in which the process
oceurs.
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