Chapter 2
Exergy, Exergy Costing, and Renewability
Analysis of Energy Conversion Processes

Symbols
B
B
b

B emissions
B destroyed

Bdeactivation

B disposal
B fossil

Bnat,res

Bpmcessing

Exergy (kJ)

Exergy rate/flow rate (kW)

Specific exergy (kJ/kg)

Exergy rate of wastes that are not treated or deactivated (kW)
Destroyed exergy rate (kW)

Destroyed exergy rate of additional natural resources during waste
de-activation (kW)

Exergy rate or flow rate related to waste disposal of the process (kW)
Non-renewable exergy rate consumed on production

processes chain (kW)

Exergy rate of the natural resources consumed by the processes (kW)
Exergy rate or flow rate required for extraction and preparation of the
natural resources (kW)

Boproduct Exergy rate or flow rate associated to the products and byproducts/
useful effect (kW)
Bieject Exergy rate or flow rate of the rejects (kW)
Biitities Exergy rate or flow rate required by the utilities of the process (kW)
C Cost ($)
C Cost rate ($/s)
c Specific heat, J/(kg K), specific cost (kJ/kJ, $/kJ, $/kg)
Cp Specific heat at constant pressure, J/(kgK)
Ceq> Cr Equipment cost of a given capacity ($); Equipment cost
of a reference capacity ($)
E Energy (kJ)
E Energy rate/flow rate (kW)
foam Annual operational and maintenance factor
fa Capital recovery factor
g Gravitational acceleration (9.8 m/s%); molar Gibbs free energy
of formation (kJ/kmol)
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2 Exergy, Exergy Costing and Renewability Analysis

Gibbs free energy variation in the direction of a given chemical
reaction (kJ/kmol)

Enthalpy flow rate (kW); specific enthalpy (kJ/kg)

Enthalpy of reactants (kJ/kmol)

Enthalpy of products (kJ/kmol)

Energy investment (kJ)

Investment rate of equipment inside control volume ($/h, $/s)
Interest rate (%)

Lower heating value (kJ/kg)

Mass flow rate (kg/s)

Capital recovery period, operating time (year)

Number of moles of species i

Heat rate (kW); heat rate per unit of mass flow rate (kJ/kg)
Pressure (kPa)

Ideal gas constant (kJ/kg K), universal gas constant (kJ/kmol K)
Entropy rate/flow rate (kW/K); specific entropy (kl/kg K)
Component size, component reference size (see Table 2.8)
Entropy generation rate (kW/K); entropy generation rate per unit of
mass flow rate (kJ/kg K)

Temperature (°C, K)

Specific internal energy (kJ/kg), internal energy (kJ)

Specific volume (m’/kg); value scale

Volume (m3)

Power (kW); power per unit of mass flow rate (kJ/kg)

Mole or mass fraction

Elevation (m)

Greek symbols

o Angle in Fig. 2.11, percent excess air, exponent of Eq. 2.84
Vi Activity coefficient of species i
Acomp  Ratio between destroyed exergy and reactants exergy
n Efficiency
0 Carnot factor
A Renewability exergy index
L Chemical potential of species i (J/mol)
v Stoichiometric coefficient
v Velocity (m/s)
® Ratio between chemical exergy and lower heating value
Superscripts
Molar

*  Restricted reference state

s System
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Subscripts
0

00

a

ab

air

B,b

btt

carnot
C,c,cd
ch
coreactants
de

dest

e

ef

env

eq, equipment
eqt

ev

f

flue gases
fuel

i

J k

kin

H

hp

Ip

m

max

mix

mr

net

o

P,p

ph

pot
process
products; prod
Qq

r
reactants, react
sep

Sg

Dead state; reference state
partial pressure

Input

Absorber

Inlet air

Exergy, reboiler

Heat transformer
Related to Carnot cycle
Condenser

Chemical

Coereactants

Desorber

Destroyed

Outlet, exit, electricity, energy
Effective, effluents
Environmental
Equipment
Equipment total
Evaporator

Fossil

Related to flue gases
Fuel

inlet, input, component
Component, species
Kinetic

enthalpy

High pressure

Low pressure
Average, mass basis
Maximum

Mixer

Reversible engine
Net

Operational, outlet

Product, pump, perfection, process

Physical

Potential

Process

Products

Heat

Reference, renewable
Reactants

Separator

Steam generator
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t Thermal, during lifetime, turbine
tt Heat transformer

u Useful

VC Control volume

w Waste

A\ Work

water Water

wp Production waste

wu Utilization waste

2.1 Exergy, Quality, and Efficiency

The concern with efficiency and quality of energy conversion processes is already
present in the beginnings of the development of thermal engines. Biot in his Traité
de Physique Expérimentale et Mathématique, Tome 4 Chap. VI [1, 10], draw
attention to the following aspects:

Le plus important est la détermination de la temperature a laquelle il est le plus convenable
d’employer la vapeur. En effet, plus elle est chaude, plus sa force élastique est considé-
rable, et par conséquent plus elle produit d’effort sur la surface du piston qu’elle presse, le
vide étant toujours de ’autre coté. Mais aussi il faut consommer plus de charbon pour
produire une vapeur plus chaude; en sorte que le profit ou le désavantage de la température
est um element a determiner.

This paragraph highlights the dependence of the performance of a heat engine
with the fuel consumption and with the temperature level at which steam is
generated, in other words, with the thermodynamic quality of steam.

The concept of exergy has its origin in the formulation presented by Gouy [6]
and Stodola [18] which shows that the maximum potential for a system to perform
work is a function of its internal energy and the ambient conditions (pressure,
temperature, and composition). This concept was improved throughout the
twentieth century by several authors, as indicated by Rivero [16] and showed in
Table 2.1, where some exergy and related concepts are presented.

The search for thermodynamic quality standards is one of the most interesting
challenges of the Engineering Thermodynamics. In the last decades, this concern is no
more restricted to the performance quantification of a given process or equipment, but it
extends to all the boundaries of any energy conversion process, including its energy
inputs and wastes. This implies that, for every process and equipment and a given output:

e a larger energy input utilization as smaller is the conversion efficiency, and,
e a larger quantity of wastes, and consequently a higher potential to generate
environmental impacts, as smaller is the conversion efficiency.

Although fundamental in the quantification of the terms of the efficiency
expression, the energy balance, or the First Law of Thermodynamics, as well as, the
concept of energy, are not enough to identify and correctly quantify what is usually
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Table 2.1 Exergy and related concepts [16]

Year Author Designation

1824 Carnot Puissance motrice du feu
1872 Thomson (Kelvin) Motivity

1873 Gibbs Available energy of the body and medium
1881 Gouy Energie utilisable

1898 Stodola Freie technische energie
1925 Debaufre Available energy

1935 Bonsjakovic Technische arbeitsfihigkeit
1944 Thring Virtue of energy

1953 Schmidt Technische maximale arbeit
1955 Gibert Energie non dégradée

1956 Grigull Ekthalpie

1956 Rant EXERGIE

called inefficiencies. What is called inefficiency is a consequence of the occurrence of
an irreversible process, in which there is entropy generation, for instance, the head
loss in an isolated duct, where enthalpy is conserved and entropy increases provoked
by an irreversible process: conversion of the work flow into internal energy.

In this sense, the use of the entropy balance, or the Second Law of Thermo-
dynamics as complementary information to the energy balance, is of fundamental
importance to quantify and to well understand the inefficiencies of energy con-
version processes, the cost formation process of the products and wastes.

As discussed by Moore [11], the efficiencies of some systems and equipment
are limited by restrictions imposed by the Second Law of Thermodynamics. These
limits exist, for example, in conversions of:

heat into work, as it happens in a heat engine;
internal energy/enthalpy variation into work (turbine);
chemical energy into work (fuel cell);

chemical energy into kinetic energy (rocket);

Or, as characterized by Kotas [8], the conversion of ordered energy (work,
kinetic energy, and potential energy) into disordered energy (internal energy, heat,
and chemical energy) can be accomplished completely, but the inversion of these
processes are always limited by the Second Law of Thermodynamics and the
properties of the environment (Py, Ty, fo,) in which the system is placed.

2.2 Exergy and Exergy Balance
2.2.1 Reversible Work

The concept of exergy can be introduced by using the concept of reversible work.
It can also be shown that the so-called exergy balance is merely a linear
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w

Hi,S; He Se

Environment at

Q l Ty, Po,io,i

Fig. 2.1 Control volume with one inlet and one outlet

combination of the entropy and energy balances. These developments will be
presented here for a simple case of processes that take place, in steady state, in a
control volume with one inlet and one outlet, and neglecting the kinetic, potential,
as well as electric, and magnetic effects, as represented in Fig. 2.1.

Equations 2.1 and 2.2 present the energy and entropy balances, per unit of mass
flow rates that cross the boundaries at ‘i’ (inlet) and ‘e’ (outlet).

q=he—h+w (2.1)

oq
Se — 8§ = /7 =+ Sger (22)

For the chosen control volume, one could ask the following question: ‘What is
the maximum work that can be performed giving the same thermodynamic states
at the inlet and outlet sections of the control volume?’ This maximum work is
determined under the following conditions:

e all the processes within the control volume are reversible;

e the maximum work that can be generated using the heat rejected by the control
volume is the one obtained from a Carnot engine, operating between tempera-
tures 7; and T, and the environment temperature where the control volume is
placed (7).

The determination of the maximum work is done, by considering another
control volume which contains the preceding control volume and the Carnot
engine. This new control volume is crossed by the same mass flow rates, and g is
the rejected heat of the Carnot engine. The energy and entropy balances for this
new control volume are given by Eqs. 2.3 and 2.4:

qo = he - hi + Wmax (23)
Se — 8 — C]Q/T() (24)
Substituting gg by (s.—s;)Tp, one obtains:

Wmax = hi - he - TO(Si - Se) (25)
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Or, the term [A; — he — To(s; — se)] characterizes a maximum potential to per-
form work giving the states ‘i’ and ‘e’.

This development could be done for the original condition where there are
irreversible processes inside the control volume as well as the original values of
w and g. In this case, the maximum work could be obtained in a similar way:
including a Carnot engine that operates by using ¢ and rejecting gf, to the
environment.

For the reversible engine, it can be written:

200 [ (%) [ (3) 29

And, by taking this expression into the entropy balance for the original control
volume with the Carnot engine, one gets:

Se — 8i = qo/To + Seer (2.7)

Also, it is possible to write the energy balance for the region that encompasses
the reversible engine and the original control volume:

Q6 = he _hi+W+er (28)

In Eq. 2.8 the specific work of the Carnot engine, taking into account that heat
has different signs for the heat engine control volume, is

War = ¢ — 4 (2.9)
By substituting ¢(, and wy,,, one gets:
To(se — 8i) — To Sger = he — hi +w + qn,,, (2.10)
where
Winr = Gy (2.11)
In this way, Eq. 2.10 can be written giving:
hi — he — To(si — Se) = W+ @iy + To Sger
with:

T

It is evident that, as shown by Eq. 2.5, the term [l — he — To(s; — se)] also
characterizes a potential for doing work that in the occurrence of irreversible
processes is reduced by the product TySee,, Or the so-called irreversibility. Even-
tually, this potential is completed destroyed, or:
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hi — he — To(si — se) = To Sger (2.13)

This scenario happens in dissipative processes, for instance, during the flow
through an expansion valve where: h; = he, w = 0, g = 0 and s4¢r > 0.

2.2.2 Exergy and Exergy Balance

Equation 2.10 can simply be obtained by multiplying the entropy balance by —T}
and adding this equation to the energy balance. The result, a linear combination of
the entropy and energy balances, gives:

)
[ — he — To(si — se)] =w—+q|1 —;/ (7(]) + T Sger (2.14)

In the case where all processes inside the control volume are reversible, the
control volume interacts only with the environment, and the mass flow rate at the
outlet section is in thermodynamic equilibrium with the environment (h = hq and
s = 5o), Eq. 2.14 becomes the expression of the maximum reversible work asso-
ciated to the inlet flow rate state of the control volume:

e = Tals =50 = w g 1= / (‘57") e (215)

This maximum reversible work is called specific exergy of the flow rate at the
inlet section of the control volume:

b= Vll — ]’l() — T()(Si — S())] (216)

It is worth to note that the specific exergy is a function of properties of two
thermodynamic states: the state in which the mass flow rate is and the state where
this mass flow rate would be in thermodynamic equilibrium with the environment
components. In that sense, the specific exergy is a special thermodynamic prop-
erty, function of two thermodynamic states, and its value gives the maximum
potential for doing work.

For a general situation, as shown in Fig. 2.2, where there are several inlet and
outlet sections, heat exchanges at temperatures 7j, unsteady state regime and
deformable control volume, the linear combination of the energy and entropy
balances, gives:

d
3 (E+PoV —ToS) = ——Z( ) mZm,, Tosi)

- Z me e T()se T()Sger

(2.17)
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Wer=W —podV/dt

z Hi,Z Si ZHE’ESC‘

. Environment at
Ta,T l Qy, T 10, Po,tg;

Fig. 2.2 Control volume with several inlets and outlets, heat transfer, and temperatures at T;

- Overall exergy >

Kinetics

Exergy Physical Exergy

Fig. 2.3 Exergy components
This equation, called the exergy balance, is composed of the following terms:

o (E+ PyV —ToS) = % : control volume exergy variation rate
YuH—Y  He—To(D> ; Si— > . Se): exergy flow rate variation between inlet and
outlet control volume sections.

Bg, = Qj(1 — To/T;): exergy rate associated to heat transfer rate (maximum
work that could be performed by a Carnot engine operating between 7; and Ty,
receiving Qj at Tj, and rejecting heat to the environment at Tj).

Wer = pure exergy rate: effective work rate performed or received by the con-
trol volume.

Byest = ToSger: destroyed exergy rate or irreversibility rate (rate of available
work destroyed due to irreversible processes that take place inside the control
volume).

Equation 2.17 can be considered as the law of energy degrading because it
allows quantifying the reduction of the work capacity of a given energy conversion
process (or processes) caused by the occurrence of irreversible processes.

As a consequence it is possible to conclude that the capacity for doing work
(exergy) is not conservative, being always reduced every time that any irreversible
process happens inside the analyzed control volume, such as non resisted expan-
sion, head loss, mixture, heat transfer, and chemical reaction.

Neglecting nuclear, magnetic, electric, and surface tension effects, one can
divide the exergy in four components: kinetic, potential, physical, and chemical, as
shown in Fig. 2.3 and Eq. 2.18.

b = byin + bpot + bph + ben (2.18)
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Kinetic and potential exergy correspond, respectively, to kinetic and potential
energy, because both energy forms can be completly converted into work:

2

1))
bun = 7 (2.19)
bpol =82 (220)

Physical exergy is equivalent to the maximum work that can be performed
when a system or a flow rate moves from a given thermodynamic state to the
restricted reference state (indicated as *) where it is in thermal and mechanical
equilibrium with the environment. For a system, the physical exergy is given by:

bV'=u—u"+Po(v—v*")—To(s —s") (2.21)
And for a mass flow rate:
b=h—h" —Ty(s—s") (2.22)

It is important to notice that the term Py(v — v*) that appears in Eq. 2.21 is a
non available work that the system performs, or receives, due to its interaction
with atmospheric pressure.

For a perfect gas, with constant pressure specific heat, ¢, the expression of the
physical exergy is:

T P
bph =Cp (T — T()) — T() In{— + RTQ In{ — (223)
Ty Py
For solids and liquids, when the behavior of incompressible substance can be
assumed, the physical exergy is done, by Eq. 2.24, where it is supposed constant
specific heat, ¢ and v,, is the average specific volume between P and Py:

bph =C |:(T — T()) — T() IH(T£0>:| + Vm(P — P()) (224)

As indicated by Eqs. 2.22-2.24, the determination of the physical exergy
requires only that the environment be defined by its ambient pressure and tem-
perature, or reference pressure and temperature (P and Tp).

The concept of chemical exergy means the maximum work that it is possible to
be performed when a given system (or mass flow rate) is taken from the restricted
reference state up to the dead state in which there is a complete thermodynamic
equilibrium: mechanical, thermal, and chemical equilibrium. In that evolution, the
system is submitted to reversible processes interacting only with the environment.
The chemical exergy of a system is given by:

By =U"+P V' —ToS — Z#o,i Ni = Z (W — 1o )N (2.25)
P pa
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P T, n

y Pi]’ '[-(I‘ I'lIJ_i
;4 bL‘]l >
Fig. 2.4 Physical, chemical, and total exergy
And the chemical exergy of a mass flow rate is:
n
- —%
b =h —To5 = o, xi (2.26)
i—1

12

With the expressions of the physical and chemical exergies, the total system
exergy is:

B =U+PoV—ToS— Y ioN; (2.27)
i=1

And for a mass flow rate:
b=h—Tos— Y iy, X (2.28)
i=1

Figure 2.4 summarizes the procedure to determine the total exergy, by calcu-
lating the physical and chemical components:

2.2.3 Chemical Exergy Calculation

The chemical exergy determination requires a model of the standard environment,
as proposed by Szargut et al. [19]. This model is composed of the following ref-
erence substances, given an environment at 7o = 298.15 K and P, = 101.325 kPa:

e Gaseous components of the atmosphere (O,, N,, CO,, H,0O, D,O, Ar, He, Ne,
Kr, Xe);
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Atmosphere

Sea

Fig. 2.5 Components of the environment proposed by Szargut et al. [19]

| ENVIRONMENT (B Ty 4y,) |

$0(T) 10(Ty) ~
' I () N—
Substance
#.15) (B,T,)
ISOTHERMAL
Rg;gﬁ?g ACLE CHANGE OF ENVIRONMENT
REACTION CONCENTRATION B (R, Ty, )
2180 ) e
(P.T;)
~AG, | Wisothermal

|

W = b(, =-AG,— Z(X:E‘h,. )cn—nenclnnls + Z(X»Eh.. )pmd\\c(s

Fig. 2.6 Chemical exergy determination of substances that does not exist in the reference
environment

e Solid reference substances of the crust of the Earth;
e Jonic reference substances of the sea;
e Molecular reference substances, nonionizable of the sea.

As stated above, the reference environment is characterized by substances of
the atmosphere, earth crust, and seas, as shown in Fig. 2.5.

The chemical exergy of reference gases that compose the standard atmosphere
is given by the isothermal expansion work that could be performed in a turbine that
exchanges heat with the environment at 7, and takes the gas from P, up to its
partial pressure in the standard atmosphere (pgg), as presented by Eq. 2.29:

Bch = RTO In (ﬁ> (229)
Poo

For a pure substance that does not exist in the reference environment, the
chemical exergy is determined considering two reversible processes. The first one
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is a reference chemical reaction that happens at Py and T, where the substance
reacts with substances brought from the environment (coreactants) and generating
substances that exist in the reference environment (products). The second process
is a change in the concentrations of coreactants (from the state they are in equi-
librium in the reference environment to the state they are pure at Py and T,) and the
concentration of the products (from P, and T, to the state they are in equilibrium in
the reference environment) as shown in Fig. 2.6. The chemical exergy is then
calculated as indicated in Eq. 2.30:

by = —AGy —

in l_)ch_’i] coreactants +
i

ij ben j] products (2.30)
J

with,
AGy :Zvj gj—ka 8k (2.31)
j k

In Eq. 2.31, vy, v}, g« and g; are, respectively, the stoichiometric coefficients and
the free Gibbs energy in molar basis. Index j represents the products and index
k represents the reactants of the reaction (substance under study and coreactants).

For a mixture, the chemical exergy can be calculated as:

Beh mist = in beni + RTo in Iny;x; (2.32)

73D
l

where x; is the molar fraction of component , R is the universal gas constant,
and v; is the activity coefficient. For ideal mixtures, the activity coefficient is equal
to one.

The chemical exergy of fuels can be evaluated as a function of the lower
heating value (LHV), by means of expressions such as:

ben = JLHV (2.33)

where ¢ can be determined by using correlations based on the composition of the
fuel, as presented by Szargut et al. [19] and Kotas [8]. As examples, ¢ is about
1.04 for natural gas [8] and 1.08 for petroleum [17].

Example 2.1 Determine the chemical exergy of methane. The reference reaction
for the determination of the chemical exergy of methane is the combustion reac-
tion of methane with oxigen:

CH4 + 20, — 2H;0 4 CO;,

The determination of the chemical exergy of methane will be done by using two
procedures. The first one determines the chemical exergy by solving Egs. 2.30
and 2.31:

benen, = —AGy — 2beho, + 2beh 1,0 + benco,
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Table 2.2 Properties of some ideal gases of the reference atmosphere
h(To=25°C) s (Ty=25°C, Pp=101325kPa) s(T'=25°C,P=Pyy) ben

(kJ/kmol) (kJ/kmol K) (kJ/kmol K) (kJ/kmol)
CO, —393,486 213.7 280.3° 19,867
H,0 —241.811 188.7 220.6° 9,494
N, 0 191.5 193.9° 720
0, 0 205.0 218.4¢ 3,974

a POO co, = 0.03 kPa
b P()() H,0 = 2.2 kPa

¢ P()() N, = 75.78 kPa
4 Poo o, = 20.39 kPa

And

—AGy = Enthalpy (CHy; T = 25°C) + 2 Enthalpy (0,; T = 25°C) —
Enthalpy (CO,; T = 25 °C) — 2 Enthalpy (H,O; T = 25 °C) — 298.15 [Entropy
(CHy; T=25°C; P=101325kPa)+ 2 Entropy (Oy; T =25°C;
P = 101.325 kPa) — Entropy (CO,; T = 25 °C; P = 101.325 kPa) — 2 Entropy
(H,O; T = 25 °C; P = 101.325 kPa)]

The values of enthalpies, entropies, and chemical exergies of the coreactants
and products presented in the reference reaction and considered as ideal gases are
shown in Table 2.2. This table also presents the entropy of the coreactants and
products at the state they are in the reference environment, or dead state. In this
table, the chemical exergy of these ideal gases is calculated according to Eq. 2.29:

These properties together with the enthalpy and entropy of methane at 7j and P:

hen, = —74,595 kJ/kmol
scn, = 186.3 kJ/kmol K
allows the calculation of by, CH,:

bencn, = 831,862kJ /kmol CH,

The second procedure to determine EchCH4, that requires only the values of
enthalpies and entropies of the substances involved in the reference reaction,
consists in applying energy and entropy balances to the control volume indicated
in Fig. 2.7 in which there are reversible processes and the heat transfer interactions
occur with the environment at 7. Methane (at Py, Tp), and oxygen (at Py o,, To)
enter the control volume, while water (at Pgo m,0, 7o) and carbon dioxide (at
Py co,, Tp) leave it. The reversible work that can be obtained from the control
volume is the chemical exergy of methane, given by:

bencn, = Enthalpy (CHy; T = 25 °C) + 2 Enthalpy (O,; T = 25 °C) — Enthalpy
(CO,; T =25°C) — 2 Enthalpy (H,O; T = 25 °C) — 298.15 [Entropy (CHy;
T =25°C; P=101.325kPa) 4+ 2 Entropy (Oy; T = 25 °C; P = 20.43 kPa)



2.2 Exergy and Exergy Balance 19

02 (Poo 02,To)

H [ CO2 (Poo co2,To)

CH 4(Po.To)
F————»{ H,0 (Poo20.T,)

_
@

Fig. 2.7 Thermodynamic scheme for calculation of the chemical exergy of methane (maximum
work capacity of methane at P, and Tj)

— Entropy (COy; T = 25 °C; P = 0.03347 kPa) — 2 Entropy (H,O; T = 25 °C;
P = 2.2 kPa)]

BChCH4 = 8317 874 kJ/kmol CH4

The small difference between the values of b, ch, 1s due to some approxima-
tions made in the calculation of the thermodynamic properties.

Note that this second procedure for the determination of the chemical exergy of
the methane is similar to calculation of the chemical exergy by using the following
equation:

benen, = hen, — henyo — To(Scr, — Scryo)

where:

hcu,o = Enthalpy (COy; T =25 °C) 4+ 2 Enthalpy (H,O; T =25°C) — 2
Enthalpy (O,; T = 25 °C)

scu,0 = Entropy (COy; T = 25 °C; P = 0.03347 kPa) 4+ 2 Entropy (H,O;
T =25 °C; P =2.2kPa) — 2 Entropy (O,; T = 25 °C; P = 20.43 kPa)

Example 2.2 Methane is burnt with air. The mixture air methane enters the reactor
at T; = Ty = 25 °C and P; = 101.325 kPa. The combustion products leave the
reactor, considered adiabatic, at P, = 101.325 kPa and at the adiabatic flame
temperature (7,). Determine the exergy destruction per kmol of methane, con-
sidering that reactants and products can be modeled as ideal gases and with percent
excess air ranging from O up to 180 % (1 < a < 2.8).

The combustion reaction of methane with air is given by:
CH, + 20((02 + 3762N2) — 2H,0 + CO, + 7.524aN, + 2(0( — 1)02

As the reactor is supposed to be adiabatic, the temperature of the combustion gases,
the adiabatic flame temperature, T, is determined by solving the reactor energy
balance in which the enthalpy of the reactants is equal to the enthalpy of products:

Hieactants = H, products
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With:
H,cactants = Enthalpy (CHy; T = Tp) + 7.524 o Enthalpy (Ny; T=Tp) + 2 o
Enthalpy (Oy; T = Tp)

Hproquets = Enthalpy (COy; T = T,) + 2 Enthalpy (H,O; T =T,) + 7.524 «

Enthalpy (N,; T = T.) + 2(a—1) Enthalpy (Oy; T = T¢)
The exergy of the reactants is done by:

Breactants =PencH, + 2 % beno, + 7.524 00benn, +298.15MR [1 /M In(1/M)
+7.524 /M In(7.5240/M) + 2 /M In(2 a/M)]
With:
M = 1+ 9.524 o (number of mols of reactants)
R = 8.314kJ /kmolK

The exergy of the reactants can also be determined, as shown in Example 2.1, by:

Breactants = Hreactams - Hreactants() —298.15 (Sreactants - SreactamsO)

In this equation, S;eactantss Hreactants0> aNd Sreactantso are, respectively, the entropy
of reactants, enthalpy, and entropy of reference of the reactants at the dead state,
given by:

Sreactants = Entropy (CHy; T = Ty; P = Pcp,) + 7.524 0. Entropy (N2; T = To; P = Px,)
+ 2 o Entropy (O2; T = To; P = Po,)

Hieactantso = 2(0( — 1) Enthalpy (02, T = T()) + Enthalpy (C027 T = TO)
+ 2 Enthalpy (H,0; T = Tp) + 7.524 « Enthalpy (No; T = Tp)

Sreactants0 = 2(05 - 1) Entropy (02; T= TO; P = Py 02) + Entropy <C02§
T = To; P = Py co,) + 2 Entropy(H,0; T = Ty; P = Poo n,0)
+ 7.524 o Entropy (No; T = To; P = Poon, )

With:
Pcu, = Pi/M
PN2 = 75240(P,/M
Po, =2aP;/M

Analogously, the exergy of products is given by:

Bproduct = Hproduct —H, productsO — 298.15 (Sproduct - SproductsO)
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Table 2.3 Characteristic parameters of the combustion of methane with air

Excess air Te Breaclams Bproducls Bdesl Acomb
(%) (°C) (kJ/kmol CHy) (kJ/kmol CHy) (kJ/kmol CHy) (%)
0 2,051 824,903 597,285 227,618 27.6
20 1,795 824,718 574,361 250,357 30.3
40 1,598 824,597 554,466 270,131 32.8
60 1,441 824,524 536,471 288,053 34.9
80 1,314 824,487 519,987 304,500 36.9
100 1,208 824,480 504,766 319,714 38.8
120 1,118 824,496 490,628 333,868 40.5
140 1,042 824,532 477,435 347,097 42.1
160 975 824,584 465,077 359,507 43.6
180 917 824,650 453,463 371,187 45.0
With:

Hproquers = Enthalpy (CO,; T = T.) + 2 Enthalpy (H,O; T = T)

+ 7.524 o Enthalpy (Na; T = T.) + 2(o« — 1) Enthalpy (02; T = Te)

Sproducts = Entropy (COy; T = T¢; P = Pco,) + 2 Entropy (H,O; T = T,; P =
Pu,0) + 7.524 0. Entropy (N,; T = T¢; P = Px,) + 2(o — 1) Entropy

(O3; T = Te; P = Po,)
Where:

Pco, = Po/M

Pu,o0 = 2P /M

Pn, = 7.5240P. /M
Po, =2(0.— 1)Po/M

Taking into account the products of the combustion reaction:
HreactantsO =H, productsO

SreactantsO = SpmduclsO

As the reactor is adiabatic, Hyeactants = Hproducts» then:

Byest = Breactants — Bproducts = 298.15 (Sproducls - Sreactants) = TOSger

The relative exergy destroyed during the combustion reaction can be calculated as:

Acomb = Bdesl/ Bireactants

Table 2.3 presents the values of Tev Breactan157 Bproducts, Bdesl and AComb for

excess air ranging from O up to 180 % (1 < a < 2.8)
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Fig. 2.8 Temperature of combustion gases as a function of percentage of excess air
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Fig. 2.9 Exergy destroyed in the reactor as a function of percentage of excess air

Figures 2.8 and 2.9 present the behavior of T, and Bg.s; With the percent excess
air, showing that the higher the percent excess air, the greater the exergy destroyed
because the excess air mass dilutes the combustion gases, lowering the thermal
exergy of the mixture of gases, and thus, reducing its capacity to perform work.
This conclusion is particularly useful when studying gas turbines combustors,
because the exergy destroyed in the combustor is a direct measure of the reduction
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capacity of the turbine to generate mechanical or electrical power. This result also
evidences that the quality of combustion is proportional to its adiabatic flame
temperature [21].

2.3 Exergy: Graphical Representations and Exergy Diagrams

2.3.1 Introduction

The use of thermodynamic diagrams to represent processes, properties, as well as
to determine work and heat quantities is a common practice in Engineering
Thermodynamics. In the case of the Exergy Analysis of energy conversion pro-
cesses, diagrams such as entropy—enthalpy and exergy—enthalpy are very useful to
help the understanding and the evaluation of these processes.

In the next sections, the most important diagrams are presented for the deter-
mination of physical exergy, the exergy transferred and destroyed, the exergy of
separation, and mixing of a binary mixture.

2.3.2 The Physical Exergy in the Enthalpy—Entropy Diagram

The physical exergy of a pure substance is easily determined in a Mollier diagram, as
shown in Fig. 2.10. Giving the states represented by points m (P, T) and O (P, and
Ty) and drawing the line from point O and with angle «, T;) can be determined by:

(0h/ds)p, = To = tgo (2.34)

This segment is called reference line and it is tangent to the isobaric that passes
by Py. Then it is possible to write Eq. 2.35:

(sm - So)th( = ($m — $0)To (2~35)
And introducing the expression of the physical exergy, one gets:

boh = hin — ho — (sm — 50)tg2t (2.36)

2.3.3 Diagram Carnot Factor-Enthalpy

The first reference to the use of the diagram Carnot factor-enthalpy is attributed to
Thring [21] for the study of combustion processes, where he introduced the
concept of virtue of energy. This diagram is particularly useful for the study of
heat transfer processes. In the abscissae axis it is represented the heat transfer rate
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Fig. 2.10 Physical exergy determination in a Mollier diagram

from one mass flow, determined by the variation of the enthalpy flow rate of this
mass flow. The Carnot factor (6§ = To/T) is represented in the ordenate axis in
order to characterise the temperature level in which the heat trasfer takes place, as
shown in Fig. 2.11 where it is represented the heat transfer process in a sugarcane
juice heater of a sugar and alchool mill. In this heat exchanger steam is used to
heat the juice extracted from sugarcane.

By using the expression of the physical exergy (Eq. 2.22) and calculating the
partial derivative, as indicating in Eq. 2.37, one can show that the Carnot factor
indicates the change of the physical exergy with respect to enthalpy in a isobaric
process.

(0b/3h), = 1 — To/T = 0 (2.37)

It can be seen in this diagram that the area under the upper curve corresponds to
the exergy transferred from the steam (heating agent) and the area under the lower
curve is the exergy received by the sugarcane juice. The difference between these
two values is the destroyed exergy rate in the heat transfer process.

This type of diagram was utilized by Le Goff et al. [9] for the study of the
distillation of a binary mixture, as shown in Fig. 2.12. The corresponding diagram
0 — AH is presented in Fig. 2.13.
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Fig. 2.12 Typical scheme of a binary distillation set [9]

Considering that in the reboiler the heating agent passes from temperature Ty,
to Tyy, in order to vaporize the liquid at Ty, and the condenser is cooled by a fluid
in which temperature increases from 7, to T.,, to condensate the vapor at Tp, it is
possible to represent in the diagram 6 — H the heat rate quantities Qg e Q¢ (see
Fig. 2.13). The area between the line at g and the line at 0p is the net thermal
exergy rate supplied to the separation process (B,) and it is composed of the
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Fig. 2.13 Diagram Carnot factor—enthalpy of a binary mixture distillation process [9]

separation exergy (Bg.,) and the destroyed exergy (Bges) as shown by Eqs. 2.38
and 2.39.

B; = Qg0 — OcOp (2.38)
B; = Bgest + Bsep (2.39)

The main limitation to the use of this diagram is that it is not possible to
represent the exergy destroyed due to the head loss in the heat exchanger.

2.3.4 Diagram Exergy-Enthalpy

The diagram exergy—enthalpy gives all necessary information to analyze a given
energy conversion process of a pure substance, for the application of energy and
exergy balances. Figure 2.14 presents a typical exergy—enthalpy diagram. As
pointed out in Sect. 2.3.3, based on the physical exergy definition, one can obtain
the following expression:

(@b/oh)s = 1 (2.40)

That is, in this diagram, the isentropic lines are inclined at 45° with respect to
the enthalpy axis when both variables are represented with the same scale.
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Fig. 2.14 Diagram specific physical exergy—specific entalphy

2.3.5 Diagrams Exergy-Composition and Exergy—Enthalpy
for Binary Mixtures

The diagram exergy-composition for binary mixtures is analogous to the enthalpy-
concentration diagram, being particularly useful in the study and optimization of
absorption refrigerating and heat pump systems that work with mixtures H,O—
LiBr and NH3;—H,O0. Oliveira [13] proposed a simple procedure to calculate the
exergy of a solution and to build these diagrams based on the definition of equi-
librium solutions at P, Ty, the reference environment pressure and temperature.
This procedure is adequate for systems that operate in closed circuit, such as
absorption heat pumps and refrigerating systems, avoiding the necessity to use the
reference conditions proposed by Szargut et al. [19].

First it is considered the calculation of the exergy of a binary mixture in which
its components exist pure at Py, To. Then it is considered a process where the
studied mixture changes its thermodynamic state from state M (Ty;, pas, Xas) up to a
state where P = Py and T = T,, maintaining the same concentration. Then the
mixture is completely separated in a isothermal process (x = 0 and x = I).
Finally, every component will change its pressure up to Py, as shown in Fig. 2.15.
This sequence of processes can be associated with those that take place in a
separation process presented in Fig. 2.16. The separation exergy of the mixture
M is in fact the exergy of the state M, given by Eq. 2.41:

bm = [hM — (1 — )CM)hA() +XMhB()] — T(] [SM — (1 — )CM)SA() + )CMSB()] (241)

In this case, the reference enthalpy and entropy of the mixture M are given by
Egs. 2.42 and 2.43:
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hvo = (1 = xm)hao + xmhso (2.42)

SMO = (1 — XM)SAO -+ XMSBO (243)
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and in the particular case of the exergy determination of pure substances (xp; = 0
or xpy = 1), one has:

hno = hao or hyvo = hgg

SM0 = SA0 OI SM0 = SBO

When there is a mixture at T; and Py, as is the case for mixtures NH;—H,O, at
the exit of the separator there will be a mixture at xy and one pure substance (x = 0
or x = 1), as indicated in Fig. 2.16. Now there are two possible reference
conditions:

° To, P(), X0 and T(), P(), x=0
° T(), P(), X0 and T()7 P()7 x=1

For the first case, the reference enthalpy and entropy are given by Eqs. 2.44 and

2.45:
hyvo = <Xm> ho + (l — xm) hao (2.44)
X0 Xo

Xm Xm
SM0 — (> S0 —+ (1 - > SA0 (245)
X0 Xo
For the second case, one has:
o = (21 g — (0 (2.46)
MO = 1 —x 0 1—x, A0 .

1—xn X0 — Xm
= - 2.47
SMo (l_x())sO (1_%)&‘0 (2.47)

The described procedure was utilised in the development of diagrams exergy—
enthalpy of binary mixtures H,O—LiBr and NH;—H,O shown in Figs. 2.17 and
2.18. In these diagrams, the partial derivative (0b/Oh)p gives:

(0b/0h), = 1 — Ty(0s/0h), (2.48)

This term can be considered a modified Carnot factor for a mixture/solution,
and the analysis of its behavior is useful in the determination of the optimal
operating conditions of a separator or a mixer [13].

2.3.6 Grassmann Diagram

The Grassmann diagram [7] is a graphical representation similar to the well-known
Sankey diagram employed in the energy analysis of processes, where the width of
the bands is associated to the exergy rate or exergy flow rate of a given energy
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Fig. 2.17 Diagram exergy—enthalpy for NH;—H,O solutions (7, = 20 °C, Py = lbar, xoo = 0
and xo = 34 % [13]

conversion process. Considering a cogeneration plant shown in Fig. 2.19, the
Sankey and Grassmann diagrams are presented, respectively, in Figs. 2.20 and 2.21.
It is interesting to notice that in both diagrams the difference of the values of
energy and exergy bands. The Grassmann diagram evidences that the component
of the plant that is the main responsible for the exergy destruction in the processes
is the boiler, because of the highly irreversible processes that take place inside it:
the combustion reaction and the heat transfer between the combustion products
and the water. It is due to this exergy destruction that the overall efficiency con-
version: fuel chemical exergy into mechanical/electrical work is about 30 % in
conventional thermal power plants that operates based on Rankine cycles.

2.4 Exergy Efficiency
2.4.1 Balance of the Energy Value

Given an energy conversion system, shown in Fig. 2.22, that receives an energy
rate amount E;, supplies a useful energy rate E,,, and rejects E,,, the energy balance
is done by Eq. 2.49:

E =E, +Ey (2.49)
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Fig. 2.18 Diagram exergy—enthalpy for water—lithium-bromide solutions (7, = 25 °C,
Py = 1bar, xoo = 0 and xo = 20 %) [13]
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Fig. 2.19 Simplified cogeneration plant

As emphasized by Le Goff et al. [9], an economist would see this process in a
different way. It consists of a system that converts goods of small value into goods
with added value by means of consuming expensive goods (such as raw materials,
energy, information, capital, etc.) and generating wastes with reduced value that
are rejected into the environment, as represented in Fig. 2.22 in the production and
utilization phases.

The balance of value of this process can be written as:

Ev;+ Co = Epv, + Eyvy, (2.50)

In this expression the terms v are the ‘values’ that are given to every energy rate
or flow rate and C, is the operational energy cost rate (see Eq. 2.51)

Combining Eqgs. 2.49 and 2.50 one obtains the expression of the operational
cost rate:
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Fig. 2.21 Grassmann diagram of the cogeneration plant
Co = Ey(vp —vi) + Ey(vw — vi) (2.51)

Dividing Eq. 2.51 by E,, one obtains the specific operational cost:

value loss of the wastes

C E
Co = - = (Vp — vi) _|_ _W
E, S—— E,

value gain of the products

(vw — W) (2.52)

The first term in the right side of Eq. 2.52 is the value gain of the products and
the second term is the loss of value of the wastes.

2.4.2 General Definition of Efficiency

The performance of a given process or equipment can be defined by the following
expression of efficiency:
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Fig. 2.22 Energy and value balance
n= Z(value of products)/ Z(value of inputs) (2.53)

For an energy system whose objective is to perform a given energy conversion,
its efficiency can be given as:

n= Z (Euvu)
> (Evi)

It is important to note that this definition does not imply, necessarily, that 7 < 1
as will be further discussed.

According to the utilized energy value scale, Eq. 2.54 can provide different
information.

The first scale postulates that every energy form has the same value.

(2.54)

Va =Vu =V =V =V (2.55)

In this case, the value balance is equal to the energy balance, or the First Law of
Thermodynamics, and the efficiency expression is the energy efficiency. The
energy efficiency of thermal engines is the thermal efficiency, which is always
lower than one, and the energy efficiency of heat pumps and refrigerating systems
is the coefficient of performance, that can be higher or lower than one.

A second value scale consists in associating to a given energy quantity its
corresponding value of exergy, for instance:

— For work:

vw = 1 (2.56)

o (1-1) s

— For heat:
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— For an enthalpy change of a pure substance:

S1 — 8
—1-T 2.58
vy o(h] - hz) (2.58)

With this value scale, the efficiency expression becomes the exergy efficiency
and its value will be always lower than one (it will be one for an internally and
externally reversible process).

It is interesting to note that when the energy value scale is used, the specific
operational cost will be zero, as a consequence of the First Law of Thermody-
namics. Also, when the exergy value scale is employed for a heat engine, its
specific operational cost will be zero for a Carnot engine and will be negative, for a
real heat engine, due to the occurrence of irreversible processes (the output exergy
is lower than the input exergy).

2.4.3 Exergy Efficiency

In the exergy literature there are many expressions to quantify the exergy per-
formance of energy conversion processes ([16, 19, 22]). Three definitions will be
presented next. They are commonly applied to analyze the performance of
chemical processes, thermal engines, and dissipative processes.

The first expression (Eq. 2.59), called degree of perfection by Szargut et al. [19]
is useful to evaluate chemical processes:

= Exergy of useful products
p =

2.59
Feeding exergy ( )

The second expression is similar to Eq. 2.59 and is indicated in the analysis of
thermal processes:

Useful exergy effect
o1 =

— (2.60)
Driving exergy

For thermal engines and refrigerating system that interact with the environment,
Eq. 2.60 can be rewritten as:

oy = 1o = e (2:61)
ncamot ;/]C max
The third expression is recommended to be used to quantify the performance of
processes and equipment where the only effect is the exergy destruction, such as
the flow of steam trough an expansion valve, or the heat rejection that takes place
in a condenser of a thermal power plant, or in the condenser of a refrigerating
system. These processes are usually called pure dissipative processes.
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In order to apply the concept of the exergy efficiency, consider the determi-
nation of the exergy efficiency of a two stage heat transformer that has to heat up a
particular mass flow rate from 100 to 120 °C, by using a thermal waste available at
85 °C. This heat transformer operates according to an absorption cycle with water-
lithium bromide as the working pair, as represented in Fig. 2.23.

The mixer (absorber—evaporator set) is composed of two evaporation/absorp-
tion sets in thermal series and in a parallel arrangement for the solution and water
flow rates that enters the mixer (see Fig. 2.23). The aqueous solutions of lithium
bromide enter and leave the absorbers with salt concentrations of, respectively, 60
and 50 %. The water saturation pressures in both effects are 35.3 and 97.6 kPa,



36 2 Exergy, Exergy Costing and Renewability Analysis

steam

2 so0f
2
)
% 600 - F —
2]
=]
Q
2 400 | -—---—1 €
7
200 -
51
=
g
0
p=5.3 kPa p=353kPa  p=97.6 kPa
-200 |
X . . .  ((C
77
0 100 200 300 400 2500

Specific Enthalpy (kJ/kg)

Fig. 2.24 Heat transformer processes representation in the water lithium bromide exergy—
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Fig. 2.25 Exergy balance of energy conversion processes

respectively. The separator (generator—condenser set) operates under a pressure of
5.3 kPa.

The processes that take place in the mixer and in the separator are represented
in a diagram exergy—enthalpy, shown in Fig. 2.24 (T, = 25 °C, P, = lbar,
xoa = 0 and xg = 20 %). Based on the data of states indicated in Fig. 2.25, it is
possible to develop the energy and exergy balances for every component of the
heat transformer, and calculate the parameters presented in Table 2.4. Considering
additionally the inlet and outlet temperatures of the mass flow rates indicated in
Fig. 2.24, a minimum temperature difference of 3 °C in the heat and mass
exchangers and the required power (W,) in the solution and water pumps, one can
determine the exergy efficiencies of the separator (#sep), mixer (mix), and the heat
transformer (#py)-



2.4 Exergy Efficiency 37

Table 2.4 Results of the

Energy balances (kJ/kg water) Exergy balances (kJ/kg water)
energy and exergy balances

ch = 5069 Abcd =112.8
Qe = 5809 Aby, = 627.6
Qevl = 2329 Abevl = 3179
Qev2 = 2471 Abevz = 436.0
Q. = 2628 Abix = 607.9 (for both stages)
Ab%ep
Neep =—————— = 0.504
P Qgelge — Qcalea
Qaboab - Qev()ev
= ZOTRY — 0.353
nmlx Abmlx
Qaboab

= 0.462

ou = Wp + Qde ede + Qev Hev

The obtained results allow determining the exergy performance of the proposed
heat transformer, as well as the performance of its components. With this infor-
mation it is possible to identify which are the most important components in the
overall performance of the system.

2.4.4 Environmental Exergy Efficiency (W, cny)

The environmental impact of the energy conversion processes can be reduced by
the increase of the exergy efficiency of these processes. An increase in the exergy
efficiency would have as a consequence, a decrease in the consumption of resources
and thus a reduction of the wastes and the emissions to the environment. This
implies an improvement in the environmental performance of these processes.

The environmental exergy efficiency is defined as the ratio of the final product
exergy (or useful effect of a process) to the total exergy of natural and human
resources consumed, including all the exergy inputs in a given energy conversion
process. This ratio is also an indication of the theoretical potential of future
improvements for a process. The environmental exergy efficiency is calculated in
agreement with Eq. 2.63:

Bprod
_ product
nb,env - B B B B B (263)
nat,res + processing =+ Buiilities + Bdeactivation 1 disposal
where:
Boproduct exergy rate of the useful effect of a process
Bat, res exergy rate of the natural resources consumed by the processes

Byrocessing ~ €xergy rate or flow rate required for extraction and preparation of the
natural resources
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Fig. 2.26 Exergy balance
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Buiitities exergy rate or flow rate required by the utilities of the process
Bisposal exergy rate or flow rate related to waste disposal of the process
Bgeactivation  destroyed exergy rate of additional natural resources during waste
deactivation

Figure 2.25 illustrates the Grassmann diagram of a given energy conversion
process including the terms of Eq. 2.63 and the exergy flow rate of the reject sent
to the environment Bigject-

The differences found in the literature, between the conventional definitions of
the exergy efficiency and the environmental exergy efficiency, are based on the
choice of different control volumes for each one of them. This fact determines the
inclusion or exclusion of some terms of the total exergy consumed by human and
natural resources, with the consequence that the values of the indexes are influ-
enced by the definition of the boundaries of the considered system.

Mora and Oliveira [12] tried to encompass the exergy and environmental
evaluation of iron making processes by using the environmental exergy efficiency.
This study was based on data presented by Yagi and Akiyama [27]. They applied
the exergy analysis to a conventional blast furnace iron making process without
and with injection of 110 kg of pulverized coal, and examined the effect of high
pulverized coal injection on the total exergy loss and on the emission of green-
house effect gases. They demonstrated that the total exergy loss decreased when an
amount of coke was replaced equally by pulverized coal, improving combustion
with oxygen enrichment. With respect to the emission of the greenhouse effect
gases, it was found that the injection of pulverized coal decreased by 5 % the total
emission of these gases, or 132 kg-C/thm (ton of hot metal). All greenhouse effect
gases emitted (CO, CO,, CHy, etc.) were determined and converted into equivalent
mass of CO,, for the process without injection of pulverized coal, on the basis of
the carbon mass (kg-C). They presented the data of the input, destroyed and lost
exergy in GJ/thm (ton of hot metal) for both cases.

The exergy output for both processes was calculated by applying the exergy
balance for these two processes. These data together with those obtained from the
work of Yagi and Akiyama [27], the destroyed and lost (consumed) exergy and the
emission of CO,, are presented in Fig. 2.26.
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Fig. 2.27 Exergy balance and CO, emission of the conventional blast furnace ironmaking with

injection of 110 kg pulverized coal (thm = ton of hot metal) [12]

Table 2.5 Values of the environmental exergy efficiency, destroyed and lost exergy, and CO,
emissions for two ironmaking processes

Process Nbeny Destroyed and lost CO, (kg-
exergy (GJ/thm) C/thm)
Conventional blast furnace ironmaking without 042 93 500.0
pulverized coal injection
Conventional blast furnace ironmaking with 0.50 8.0 479.2

injection of 110 kg pulverized coal

To calculate the emission of CO, of the conventional blast furnace ironmaking
process with injection of 110 kg of pulverized coal, it was taken as the reference
the data of the decreasing rate of emission of 5 % for 132 kg-C/thm of high
pulverized coal injection presented by Yagi and Akiyama [27]. In this case, with
110 kg-C/thm of injected coal, it was obtained a decreasing emission of 4.16 %,
given a CO, emission value of 479.2 kg-C/thm. These results are shown in
Fig. 2.27.

Observing the results of Figs. 2.26 and 2.27, it can be concluded that the
process that causes the smallest impact in the environment is the conventional
blast furnace ironmaking process with injection of 110 kg pulverized coal, due to
the fact that it has the smallest destroyed and lost exergy (8.0 GJ/thm), and the
smallest emission of CO, (479.2 kg-C/thm). These conclusions are coincident with
that based on the values of the environmental exergy efficiency, as summarized in
Table 2.5.

In this comparison, the values of the environmental exergy efficiency quantifies
properly the quality of environmental solutions (pulverized coal injection) that aim
at the decreasing the emissions of the greenhouse effect gases in the conventional
blast furnace ironmaking process.
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2.5 Exergy Costing
2.5.1 Introduction

The production cost determination in a multi-product energy conversion plant has
several methodological challenges. Different approaches, based on the use of the
concept of exergy have been proposed [4, 5, 8, 22, 24] regarding the cost partition
methods in order to reduce the arbitrariness usually presented in the procedures
that characterize the cost formation process of the products of a given plant.

Exergy-based cost analysis aims at determining the costs of products and
irreversibilities (exergy destroyed) generated in energy conversion processes, by
applying cost partition criteria which are function of the exergy content of every
energy flow that takes place in the studied process. In this approach one studies the cost
formation processes by valuing the products according to its exergy content and the
destroyed exergy during the energy conversion processes. This combination of exergy
analysis with economic concepts is called thermoeconomic analysis when monetary
costs are used and exergoeconomic analysis when exergy costs are employed.

From the point of view of the modeling, simulation and optimization proce-
dures of energy systems, the thermoeconomic or the exergoeconomic analysis
aggregates, basically, two sets of equations: the cost balances (in fact, cost rate
balances) for components/equipment or processes and the exergy-based cost
partition criteria. As already mentioned by Tsatsaronis [22], the steps of thermo-
economic analysis comprise:

e detailed exergy and economic analysis of the components and the overall energy
system;

e exergy costing;

e exergoeconomic evaluation of every component; and of the overall system.

Itis important to emphasize that the more detailed the cost balances are, the better
the results provided by the thermoeconomic or the exergoeconomic analysis will be.

The information generated by the thermoeconomic analysis are quite unlike from
those provided by the traditional methods used for assessing the economic viability
of energy-saving projects, such as those that determine, the net present value (NPV),
the internal rate of return (IRR), and the payback period [3]. The thermoeconomic
analysis allows the determination of production costs based on the quality of the
energy conversion processes by using a rational criterion of costs distribution along
the processes that is the thermodynamic value of each product, or its exergy [5, 22].

2.5.2 Cost Balance

The cost balance for a given component or equipment, operating in steady state, is
done by Eq. 2.64:
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Fig. 2.28 Control volume for cost balance application

Y (Rate of expenses) = X(Cost rate of the products) (2.64)

The expenses are due to capital costs, operational, and maintenance costs.

For the control volume that embodies equipment and processes, shown in
Fig. 2.28, with inputs a, b, and ¢ (such as fuel, electricity, water, air, etc.) and
products e, f, and g (such as steam, chilled water, electricity, mechanical power,
etc.), the cost balance is done by Eq. 2.65.

Ca + Cb + Cc + Cequipmem == Ce + Cf + Cg (265)

Every term of Eq. 2.65 has dimension of cost per unit of time ($/s), in a similar
form used for mass, energy, and exergy balances in steady state conditions.
The average unitary cost, ¢;, is defined by Eq. 2.66 as:

¢i = Cily, (2.66)

In Eq. 2.66, N; can be a quantity such as mass flow rate, volumetric flow rate,
energy rate/energy flow rate, exergy rate/exergy flow rate. Considering the control
volume shown in Fig. 2.28, one can rewrite Eq. 2.65 as:

¢alN; + coNpy + ccNe + Cequipmenl = ceNe + Ny + CgNg (267)

When there are more than one product, as shown in Fig. 2.28, the values of c.,
¢, and ¢, cannot be determined only by the cost balance equation, being necessary
additional equations based on a cost partition criterion such as:

e the products are for exclusive use of the analyzed plant;

e the products will be sold in the market;

e one product is considered a ‘primary product’ of the process;

e one product is considered to be a ‘by-product’ of the process, etc.

In the case there is only one product in the process, the cost balance determines
the value of the average unitary cost:
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Fig. 2.29 Cogeneration system

Overall production cost
¢ = -
' N; product units

(2.68)

2.5.3 Exergy-Based Cost Partition Criteria

When applying a thermoeconomic analysis one intends to use exergy-based cost
partition criteria for the determination of the production costs in a multi-products
equipment, components, or processes. A simple and effective approach to this
problem consists in utilizing the equality method or the extraction method.

These two methods will be described by taking a cogeneration plant operating
with a backpressure steam turbine, as shown in Fig. 2.29. In this plant there are
two products: electricity and low pressure steam for heating purposes.

The cost balances for the steam generator and the steam turbine are given,
respectively, by Egs. 2.69 and 2.70.

Chthp + CefBef + Cqu - Cfueleuel + CairBair + CwaterBwater + ng (269)
ceWe + ClpBlp = Chthp + G (270)

In Egs. 2.69 and 2.70, the exergy rates (B, and W,) and exergy flow rates (B,
Bet, Bryels Bair» Bwater» Bip) have been previously determined by the application of
the energy and exergy balances to the steam generator and turbine.

The terms C, and C, are, respectively, the cost rates of the steam generator and
steam turbine, including capital, operational and maintenance costs of these
components, obtained by an economic analysis. The costs of the inputs, fuel,
water, and air, are considered known in the forthcoming analysis.
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For the sake of simplicity, it will be taken into account that By and By are
wastes, or they are not products of the cogeneration plant. Then:

Cef =¢q =0 (2.71)

The determination of the exergy costs of the high pressure steam (cyp), low
pressure steam (cip,), and electricity (c.) requires three independent equations. As
there are only two cost balances, one for each component, the third equation will
be provided by a cost partition criterion.

Equality method

In this method the analyzed equipment/component must supply all exergy
demands and consequently all products have the same exergy average cost. Then
all the costs are divided among the products as a function of their exergy content.
In the case of the steam turbine of Fig. 2.29, both products, electricity, and low
pressure steam, must supply the exergy needs of the plant. In this way, the steam
turbine capital, operational, and maintenance costs are shared to the two products,
giving the additional equation:

Ce = Clp (272)

And the average cost of the products is:

Bhp > Ct
Ce =Clp = C + 2.73
Ip = “h (Blp +We) " (Bip + We) (2.73)

In this case, one can define an exergy efficiency of the steam turbine as given by
Eq. 2.74:

_ We+ By

e = 2.74
Mo turbine Bhp ( )

Extraction method

In this method, the studied equipment or component has only one function and
the product of this function is charged with its capital, operational, and mainte-
nance costs. In this way, the user of this product will pay the exergy rate spent as
well as the capital, maintenance, and other operational costs. Then, the product of
the steam turbine of the cogeneration plant is electricity, and the exergy cost of the
low pressure steam is not affected by the existence of the turbine. This consid-
eration provides the additional equation:

Chp = C1p (2.75)

It must be emphasized that although having the same exergy costs, the high
pressure, and low pressure steam have different mass-based costs, because:

(Chp)m = Chpbnp (2.76)
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and,
(cip)m = Cipbip (2.77)

Then,

(chp)m > (C1p)

This result characterizes the higher thermodynamic value of the high pressure
steam, and consequently, its higher mass-based cost.

In the case, the studied steam turbine is a condensation-extraction one, this
criterion would give:

Clp = Ced (278)
and, as shown previously:

(Clp)m > (CCd)m

Taking Eq. 2.75 in the cost balance of the steam turbine, it is determined as the

electricity cost:
Bn, — B C
ce = e (%) v (2.79)

It is worthy of note that when applying the extraction method, the only product
of the steam turbine is electricity (or mechanical work) and then its exergy effi-
ciency is now defined as:

We

= ———— 2.80
b turbine Bhp — Blp ( )

2.5.4 Application of the Thermoeconomic Analysis

The presented study describes how an exergy and thermoeconomic analysis can be
applied to a cogeneration plant in order to determine the production cost of steam
and electricity. Figure 2.30 represents this plant that supplies electricity and steam
to an industrial process as described by Pellegrini et al. [15]

The plant operational data are the following:

Steam generation (section 1): 490 °C at 100 bar;
Percent excess air in the boiler: 100 %

Methane flow rate: 1 kg/s;

Methane cost: US$ 10.00/MWh (US$ 144.00/t)
Methane lower heating value: 50,146 kJ/kg;
Stack gases temperature: 240 °C;
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Exhaust gases

Fig. 2.30 Studied cogeneration plant [15]

Air temperature: 25 °C;

Water temperature at the condenser inlet: 25 °C;
Water temperature at the condenser outlet: 45 °C;
Extraction mass ratio: "5/, = 0.5;

Steam state at turbine section 5: 240 °C@2 bar;
Condensation pressure: 0.07 bar;

Quality at turbine section 2: 0.97;

Pumps Isentropic efficiency: 80 %.

Environment conditions: 25 °C and 1 bar

Based on these operational data and Eqgs. 2.81 and 2.82, applied to each
component of the plant and to the overall plant, it is possible to determine the
thermodynamic properties of water (the working fluid) at every section indicated
in Fig. 2.30, as shown in Table 2.6:

Mass balance:

Zmi = Zm"' (2.81)
inlet outlet
Energy balance:

> " mihi + Qve = Wye + Y mehe (2.82)

inlet outlet
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Table 2.6 Cogeneration plant data [15]

Section Mass flow  Pressure Temperature Specific Specific Specific

rate (kg/s)  (bar) (K) enthalpy (kJ/  entropy (kl/kg exergy (kJ/
kg) K) kg)

1 13.94 100.00  763.20 3348.00 6.56 1396.00

2 6.97 0.07 312.20 2499.00 8.04 106.10

3 6.97 0.07 312.20 163.40 0.56 1.24

4 6.97 100.00  313.00 175.90 0.57 11.41

5 6.97 2.00 513.20 2950.00 7.67 668.50

6 6.97 2.00 393.40 504.70 1.53 53.06

7 6.97 100.00  394.80 517.70 1.54 64.06

8 13.94 100.00  354.10 346.80 1.08 29.36

Then Egs. 2.83-2.85 can be solved to determine the energy and exergy per-
formance of the plant.

Exergy balance:

T
Zmi bi + Ovc (1 - ?0) = Wyc + Zme be + Ivc (2.83)

inlet inlet
Energy efficiency:

_ Whet + Qprocess

- 2.84
e = = ncn LAV (2.84)

Exergy efficiency:
Wnet + BPFOCESS

2.85
mcw, bcn, (2.85)

My =

Table 2.7 presents the performance parameters of the cogeneration plant.

The components capital cost can by estimated by using, for every component,
the so-called exponential form as described by Bohem [2] and presented by the
cost curve given in Eq. 2.86, where C: is the cost of reference size component, Ceq
is the cost of a size of interest, o is the exponent on cost size relationship, S is the
component reference size, and S is the component size of interest (see Table 2.8).

Coq = C: <S§) (2.86)

The following hypotheses are considered in the determination of the compo-
nents cost rates:

Capital recovery period (N): 20 years;

— Interest rate (i): 15 % per year;

Annual operating hours: 8000;

Annual operational and maintenance factor (fogn): 1.06
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Table 2.7 Performance
parameters of the
cogeneration plant [15]

Performance Parameter
Turbine power: 8,684 kW
Pumping power: 87 and 90 kW
Net power plant: 8,507 kW
Process heat rate: 17,041 kW
Process exergy rate: 4,288 kW
Plant energy efficiency: 51 %
Plant exergy efficiency: 25 %

Table 2.8 Cost components Component . Cr (U$1000)  Sr S

parameters [15]
Steam generator  0.59 320 105 m (Ib/h)
Steam turbine 0.68 25 103 W (kW)
Condenser 055 3 10 W (kW)
Pumps 0.58 7.5 100 W (kW)

'[Iie;l])le 2.9 Components costs Equipment Ceq (US$) Coqt (USS$/5)
Steam generator 339603 0.001997
Steam turbine 108713 0.000639
Condenser 124001 0.000729
Pump 1 6941 0.000040
Pump 2 7070 0.000041

With these parameters the cost rates are obtained by Eq. 2.87 and 2.88 and the
components values are presented in Table 2.9:

CeqfafO&M
= AT 2.87
3600 8000 ( )
i
L — 2.88
e (288)

With this information the cost balances can now be written for every
component:

D ciBi+C=) ceB (2.89)

inlet outlet

In the cost balance equation of the steam turbine there are three unknowns: c5,
cs, and c., being necessary two additional equations to establish the relationships
among c; and the three unknown variables. In this study both criteria described
before will be used: the equality and the extraction methods, aiming at showing the
differences they cause in the exergy-based cost values distribution.
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The equality method gives the following equations:
Cy = Ce (2.90)
Cy = Cs (291)

The extraction method considers that the product of the turbine is the elec-
tricity, then:

Cl = C (292)
and also:
C] = Cs (293)

The process cost balance also requires a relationship between c¢s and cg, because
it is considered in the analysis as a black box (there is not available information
about the use of the thermal exergy of the condensing steam when it changes its
thermodynamic state from state 5 to state 6). Nevertheless, as the user of this
transferred exergy from the steam is the process, it is charged with this ‘consumed
exergy’, and the extraction method can be applied here. Then the additional
equation is:

C5 = Cq (294)

The cost of the expended exergy in the process, ¢, is determined by the process
cost balance:

Cs BS =Cp Bp + ¢ B6 (295)

Table 2.10 presents the results given by the thermoeconomic analysis with both
cost partition criteria.

As expected, the extraction method causes a higher value of the electricity
generated in the steam turbine because this criterion charges this product with the
turbine costs as well as the cost of the destroyed exergy inside the turbine. On the
other hand, the exergy-based costs given by the equality method for electricity and
exergy transferred to the process are the same, as a consequence of giving the same
importance to both products.

The annual overall cost rate of the cogeneration plant is done by Eq. 2.96.

Cover = . C+ ccn, By, = US$4, 258,013 /year (2.96)

component

This cost rate must be distributed between both products of the plant: electricity
and heat transferred to the process, according to the chosen cost partition criteria:

Crotal = Celectricity + Cheat (297)
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Table 2.10 Results of the

- : Cost Extraction method Equality method

thermoeconomic analysis

[15] 1 (US$/t) 11.38 11.63
2 (US$/t) 0.86 1.23
3 (US$h) 0.97 1.33
4 (USS$/t) 1.14 1.48
5 (US$/) 5.45 7.72
6 (US$/t) 0.43 0.61
7 (US$/t) 0.61 0.77
8 (US$/) 0.88 1.13
Electricity (US$/MWh)  47.77 41.60
Process heat (US$/MWh) 29.35 41.60

By the extraction method:

Ciota = 47.77 - 8.5 - 8,000 + 29.35 - 4.3 - 8,000 = 4,258,000 /year
By the equality method:

Ciotal = 41.60 - 8.5 - 8,000 + 41.60 - 4.3 - 8,000 = 4,259, 840/year

The small difference of overall values is due to some approximations done
during the calculations.

This study of a simple cogeneration plant evidences the importance of the
thermoeconomic analysis in the determination of the utilities (process steam/heat
and electricity) production costs, by means of using the concept of exergy as the
basis to valuate each product of a given energy conversion plant.

Nevertheless, the useful information thermoeconomics can provide to a process
analyst, it must be pointed out that it is simply one method of cost evaluation and
not the panacea of the production cost methods. Even with the use of thermo-
economics, one is subjected to a given sort of arbitrariness due to the particular
cost partition criteria chosen in the analysis.

2.6 Exergy and Renewability Analysis

In the last years, several discussions have been conducted about sustainable
development, greenhouse gas emissions, environmental impact, and renewability
of energy sources. However, until now, the concept of renewability has been
associated to mass and energy balances, not taking into account the reduction of
the quality of the energy (exergy destruction) related to energy conversion pro-
cesses. The traditional definition of sustainability, that calls for policies and
strategies that meet society’s present needs without compromising the ability of
future generations to meet their own needs [23], does not provide a rational way to
quantify this ability.
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As stated by different authors [20, 26], exergy, which originates from the
contrast between sun and space, drives flows of energy and matter on the surface
of the Earth. This exergy input is destroyed in order to keep the natural cycles
responsible for recycling materials in the surface, and a small part is stored as
fossil fuels and mineral ores. Recycling takes time and exergy to be accomplished,
but total recycling is not possible due to the second Law of Thermodynamics.

Currently, human development is based on the use of fossil fuels at a greater
rate than that at which the deposit of fossil fuels have been generated. Also, since
total recycling is not possible, it is imperative to seek for technologies that make
better use of exergy available from all sources, including the so-called “renewable
sources”. Thus, two aspects should be taken into account whenever discussing
renewability of any product:

e Origin of its energy source;
o Efficiency of the energy conversion processes.

The use of the concept of reversible processes, the one that having occurred can
be reversed to the initial system and surroundings states, in the analysis of the
renewability of energy conversion processes can contribute to develop such
analysis in a rational basis by using thermodynamic parameters.

Based on these aspects, one can define a renewability exergy index [25] that
takes into account the exergy associated to the useful products of a given energy
conversion process (or a set of processes), the destroyed exergy, the exergy
associated to the fossil fuels required, the needed exergy to deactivate the wastes,
and the exergy of by-products and not treated wastes, according to Eq. 2.98:

)= Z Bproduct
Bfossil + Bdestroyed + Bdeactivation + Bdisposal + Z Bemissions

(2.98)

where:

® Bpoduct TEpresents the net exergy associated to the products and by-products.

® Biossit 1S the non-renewable exergy consumed on production processes chain.

® Byesiroyed 18 the exergy destroyed inside the system, punishing the process for its
inefficiencies.

® Bieactivation 1S the deactivation exergy for treating wastes, when they are carried
to equilibrium conditions with the environment. It accounts for exergy required
for passing the streams leaving the system, considered as wastes, to no harmful
environmental conditions.

® Byisposal 18 exergy rate or flow rate related to waste disposal of the process.

® Be.missions 1 the exergy of wastes that are not treated or deactivated.

Depending on the value of the renewability exergy index, it indicates that:

— Processes with 0 < 1 < 1 are environmentally unfavorable.
— For internal and externally reversible processes with non-renewable inputs,
A= 1
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— If 2 > 1, the process is environmentally favorable, and additionally, increasing A
implies that the process is more environmentally friendly.

— When 4 — oo, it means that the process is reversible with renewable inputs and
no wastes are generated.

When 1 is higher than 1, the exergy of the products could be used to restore the
environment to its conditions before the process and yet have a net output of
exergy. In this sense, the natural cycles would only be responsible for the recycling
of the renewable sources, considered as those able to be recycled by natural cycles
without causing immediate harm to the environment in human lifetime basis.

A first application of the renewability exergy index is its determination for
thermal power plants. For these systems, A is obtained as a function of the exergy
efficiency of the power plant, taking into account that Bycaciivation and Bgisposal ar€
zero, as shown by Eqs. 2.99, 2.100 (when a fossil fuel is utilized), 2.101 (when a
renewable fuel is utilized) and Fig. 2.31, where it is shown the behavior of A with
n,, for both fuels.

Whet
= 2.99
o Bfuel ( )
Jyp = Woet = (2.100)
Bfuel + Bdest + Bﬂuegases (2 - 7713)
A Woa (2.101)

B Bdesl + Bﬂuegases (1 - 7713)
Note that, one can verify that, as stated before:

e 4 =1 when 5, = 1, for a reversible power plant using fossil fuel, and
e 4 — oo when i, = 1, for a reversible power plant using renewable fuel

Considering that a conventional power plant using coal as fuel has thermal
efficiency of about 35 % for a Rankine subcritical plant and up to 50 % for a
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supercritical one, and that a combined cycle plant using natural gas can have
thermal efficiency up to 60 %, the 4 values for these types of power plants range
from 0.18 to 0.43.

In case the supercritical power plant could operate with sugarcane bagasse as
fuel (steam generate @ 600 °C and 294 bar, as it will be discussed in Chap. 6), the
new value of A would be 0.38, for an exergy efficiency of 0.28 [14].

This result highlights that the renewability exergy index penalizes the use of
fossil fuels as well as the inefficient energy conversion processes. Or, since 4
considers the exergy destruction in the energy conversion process, even if the
exergy input comes from a so-called renewable source, an inefficient process
jeopardizes the environmental performance of the energy conversion process.
Also, an efficient energy conversion process with fossil exergy input may have an
environmental performance even better than those with renewable sources,
depending on the comparative values of exergy destroyed of the processes.

Finally, it is important to note that this index evaluates the renewability of a
given energy conversion process and not a product. In this sense it is questionable
the concept of renewable product usually employed to characterize energy sources
and fuels.
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