ENERGY CONVERSION SYSTEMS
and

EXERGY



Nomenclature

A | Availability
Cp | Constant pressure specific heat
Cv | Constant volume specific heat
E Total thermodynamic energy
EX | Exergy
ex | Specific exergy
___ | Molal specific
ex
G | Gibbs free energy
g | Specific free energy, gravitational acceleration
constant
Molal specific free energy
g
ge | Gravitation constant
Enthalpy
Specific enthalpy
_ | Molal specific enthalpy
h
I Irreversibility
i Specific irreversibility
J | Mechanical equivalent of heat, 778.26 ft-1b per btu
KE | Kinetic energy
LHV | Lower heating value of a fuel
M | Molecular weight
m | Mass




N | Number of moles
P Pressure (lower case designates partial pressure)
PE | potential energy
Q Heat transfer
q Specific heat transfer
R Gas constant, energy grade function
S Entropy
S Specific entropy
S Molal specific entropy
T Temperature
t Time
U Internal energy
u Specific internal energy
u Molal specific internal energy
u' |utilization factor
V |Velocity
Volume
v Specific volume
T |Molal specific volume
W Work
W Specific work

Elevation above datum plane




Greek Symbols:

€ Effectiveness
n Efficiency Chemical
! Potential
Subscripts:
J Relating to the jTH specie in a mixture
o Relating to the dead state
rev Denotes a reversible process
e Exit
i Inlet
1= Initial state
2. Final state
surr | Denotes surroundings
max | Maximum
min | Minimum
ave Average
cv Control volume
HE Heat engine
tot Total
Overscripts:
. (dot) |Over a variable, denotes rate quantity.
Cex: Specific exergetic cost, J/J

cy: monetary cost of work, $/J

e: specific exergy of stream, J/kg
E: total exergy flow, W

ee: specific extended exergy, J/kg
h: specific total enthalpy, J/kg
I: exergy input flow, W
Kecap: monetary equivalent of exergy, $/MJ
Krap: exergetic equivalent of Labour, MJ/(work/hour)
m: mass flow rate, kg/s
n: number of individuals
O: exergy flow output, W
PF: plant factor [(equivalent operating hours
per year) /8760]
R: Capital Recovery Factor (Sect. 7)
R: Gas constant, kJ/ (kg K)
s: specific entropy, J/(kg °K)
T: Temperature, °K
w: specific work, J
f: compression ratio
€: exergetic conversion efficiency
n: energetic conversion efficiency
1u: chemical potential, J/kg
(: environmental penalty factor



EXERGY ANALYSIS OF ENERGY CONVERSION SYSTEMS

The idea of available energy dates back to the last
century, when it was first understood by the French
engineer Sadi Carnot for the specialized case of heat
engines. In the next decades the concept of “available
work” was further developed theoretically, especially by
Herman Helmholtz and J. Willard Gibbs. It has been applied
to many kinds of processes, for different purposes, under
several different names—-availability, available work,
esserqgy, physical information - but only recently has a
standard definition been formulated and the name exergy
definitely adopted (Rant 1956; Gyftopoulos et al. 1974;
Wall 1977; Szargut et al. 1988). However, for the purposes
of this study, it is sufficient to present only the
essential features of the theory. An adequate definition of
exergy 1is the following: “Exergy is the amount of work
obtainable when some matter 1is brought to a state of
thermodynamic equilibrium with the common components of the
natural surroundings by means of reversible processes,
involving interaction only with the above-mentioned
components of nature” (Szargut et al. 1988). 1In short,
exergy 1s an extensive nonconservative variable, which
synthesizes 1in a concise and useful expression both the
first and second law of thermodynamics. It is definable and
computable (in principle) for any substance, or system,
with respect to the real environment in which the system is
located and/or operates. In principle, four different types
of exergy B can be identified. These are denoted,
respectively, as kinetic, potential, physical and chemical
exerqgy, viz. The exergy method of energy systems analysis

uses a combined statement of the first and second laws of



thermodynamics to evaluate the performance of energy
conversion processes. Exergy 1s a thermodynamic property
that represents the maximum useful work theoretically
available from a fuel, fluid or mass as a result of
nonequilibriurn with a specified reference system, usually
the surroundings. As such, it provides a relative measure
of energy resource quality, regardless of form.

Exergy equations for closed systems and steady flow open
systems are derived in this paper using the control volume
approach. A historical background tracing the development
of exergy analysis 1is ©presented. Also included are
discussions regarding the selection of a suitable reference
system for exergy calculations, and on defining efficiency
parameters for performance evaluation. A discussion of no
technical factors that must also Dbe considered in
conjunction with exergy analysis and energy system design

is also provided.

Introduction

Modern industrial society generally uses high quality
energy resources to provide either high quality or low
quality energy output, depending on the end use
requirement. 8igh quality energy resources are those that
have a high potential for conversion to wuseful work.
Petroleum, natural gas and fissionable materials are
examples of high quality energy resources. Conversely, low
quality energy has relatively little potential for
conversion to useful work.

Intuitively, something of wvalue 1is lost when high quality
energy 1s degraded into low quality energy 1in a process.
Traditional methods of energy accounting, which are based

on the first law of thermodynamics, cannot quantify this



loss 1in conversion effectiveness. Analyses incorporating
the second law of thermodynamics, however, provide a
quantitative measure of the effectiveness of a process in
utilizing the thermodynamic potential of a resource or
energy supply.

Using the second law of thermodynamics in conjunction with

the first law offers three basic methods of analysis:

1. Analyses based on entropy production.
2 Analyses based on the method of lost work.
3 Analyses based on exergy and irreversibility.

All three of these have been broadly categorized as esecond
law analysis"™ 1in contemporary literature. Actually, only
the first of these 1is strictly based on the second law
(performance measured by entropy production). The second
two methods rely upon combined statements of the first and
second laws, with the equations solved simultaneously
rather than separately. Although each wvaries in approach,
all three methods will ultimately lead to the same result.
That is, they will provide a quantitative measure of energy
degradation in conversion processes.

Although the benefits are generally understood, practical
use of the second law in industry has been slow to emerge.
One reason cited for its lack of acceptance 1is the
disagreement in defining methodology and terminology (1). A
survey of literature on the subject revealed that there is
indeed considerable debate regarding convention. Other
reasons cited include the lack of specific data regarding
the Dbenefits of wusing the second law in energy systems
analysis, and the complexity of the concept and the

difficulty in defining entropy (2). Until the "energy



crisis" of the early 1970's, there had been 1little
incentive to develop the concepts of exerqgy and
irreversibility into practical analysis tools. Over the
past decade, however, there has been renewed interest in
exergy analysis.

Exergy 1s a composite thermodynamic property that defines
the maximum theoretical useful work that could be produced
by a fuel, fluid or mass as a result of nonequilibrium with
respect to a specified reference condition. Physically it
represents a departure from equilibrium, whether it Dbe
chemical, thermal or mechanical. Thus work and heat can
also be expressed 1in terms of exergy. Exergy Dbalances,
analogous to energy balances, can be written for systems or
processes and used to define efficiency parameters that
include second law constraints.

The benefits of exergy are not limited to energy systems
design. It is also very wuseful for demonstrating the
significance of entropy production in energy conversion
processes. It is an excellent vehicle for providing insight
into the interrelationship between the first and second
laws. For this reason, it should be given more attention in

undergraduate courses in thermodynamics.

Background

The concepts of exergy and irreversibility are certainly
not new to the science of thermodynamics but was not widely
spread at that time. A review of literature reveals that
the wvalue of using combined statements of the first and
second laws in thermodynamic analysis has been discovered
and rediscovered by numerous scientists and engineers over
the past 100 years. Many trace the origin of this concept

to M. Gouy in 1889, and others to J.W. Gibbs in 18S7.



Nineteenth century scientists credited with participating
in the development of exergy analysis include P.G. Tait,
1886, J.C. Maxwell, 1871, and Lord Kelvin in 1879 (3). The
fundamentals of exergy were established by Carnot in 1824,
and Clausius in 1865. Both of these men presented the basic
concepts that led to the mathematical statements for
defining the irreversible production of entropy. Gibbs and
Helmholtz are credited with being the first to introduce
practical applications of combined first and second law
analysis (4). The phenomenon is directly responsible for
the loss in the potential of energy to produce useful work.

Exergy concepts were further developed by J. Keenan in

1941. He devoted a significant portion of his
thermodynamics text to availability analysis, with
application to thermal and mechanical systems (5). Up to

this time most of the documented work was for the purpose
of illustrating concepts rather than to demonstrate the
usefulness of the methodology.

Recent work using exergy has been done primarily in the
Soviet Union and the eastern European nations, with the
greatest application in the design of cryogenic systems.
This particular field has had the most influence in
renewing interest 1n exergy analysis, and in developing
exergy analysis 1into a practical design tool. There 1is
Considerable confusion appears to exist with respect to the
definition of the efficiency (€) of an energy system or
energy process versus the definition of its coefficient of
performance (COP). Thus, the purpose of this paper is to
show the distinction and the relationship between these two
important concepts. The 1low coefficient of performance

(COP) and relatively large amounts of work required to



produce ultra-low temperatures provides an excellent means
to demonstrate the Dbenefits of second law analysis in
process design (6) . The definition of thermodynamic
efficiency for cryogenic systems be based on the second law

as opposed to the standard COP.

There are papers on cryogenic and power system design and
performance based on exergy calculations. Brodyanskii used
exergy methods to evaluate the performance of a Linde air
liquefaction ©process, and compared the results with
analyses based solely on the first law. The study showed
consistently lower component efficiencies than obtained by
using simple energy balances. The exergy analysis also
revealed where improvements could be made to improve the
overall efficiency of the system. These improvements would
not have been discovered by first law analysis without

considering entropy production (8).

Interest 1in exergy analysis diminished in the late 1960's
and early 1970's in the United States. The o0il embargo of
1974, however, Dbrought a renewed 1interest in energy
resource conservation and efficient wutilization. During
this time C.A. Berg published several papers advocating
availability analysis for evaluating the efficiency of
energy conversion processes, and for matching processes to
specific tasks. His papers provide several examples of
processes that consume large quantities of exergy, Dbut
appear to be very efficient when only the first law 1is
considered. He also provides examples of processes that
were improved after being redesigned using exergy methods

of analysis (10).



M. Ross and R. Williams analyzed the residential,
commercial, industrial and transportation sectors of the
U.S. Energy economy using exergy or availability analysis.
Their work produced some interesting results when first law
and exergy efficiencies for various processes 1in each
sector were compared. Their studies showed that many
processes appear to be efficient on the basis of simple
energy balances, but have very low exergy efficiencies.
This discrepancy demonstrates a poor match between process
and task. Their analyses also showed that zero energy
growth is technically feasible through 1990 by implementing

conservation measures based on entropy considerations (11).

G.M. Reistad published a similar article in 1975 that also
identified large differences between first law and exergy
efficiencies for various processes 1in each sector of the
energy economy. Using exergy concepts, his results showed
that for every unit of exergy consumed at end use, greater
than three units are wasted in conversion processes.
However, for every unit of energy utilized, only one unit
is lost. Here again is another example of the discrepancy
between first law energy balances and exergy analysis. His
paper also advocated using exergy analysis to match
processes with  tasks in order to improve resource

utilization (12).

Since the early 1970's, tremendous progress has been made
to reduce resource consumption by improving the efficiency
of enerqgy conversion processes. Not all of these
improvements required using exergy analysis; often economic
constraints or advancements in materials technology forced

better engineering design. The automobile is an excellent



example of this. Presently resources appear to be abundant,
and aside from economics, there 1s 1little incentive for
resource conservation efforts being stepped up. Even still,
exergy analysis 1is becoming a frequent topic at many of the
major engineering society meetings (ASME, AIChE, etc.). The
papers delivered indicate that there 1is interest in using
exergy methods in energy system design, and that the second

law is being considered more frequently in design.

Introduction to Exergy

As stated previously, exergy is the maximum theoretical useful
work that could be obtained from a fuel, a fluid or a mass as
a result of nonequilibrium with respect to a specified
reference condition. The term exergy was originally introduced
by Z. Rant in 1956 (13). Since then, it has been generally
accepted throughout Europe. Other terms found in literature
for this property include availability, available work, work
capacity, essergy, and available energy. M. Tribus suggests
that Rant's term is more appropriate than available energy,
since exergy 1is more a measure of equilibrium departure than a
measure of energy quantity (14). Exergy 1s a composite
thermodynamic property. That is, its wvalue is dependent upon
the state of the surroundings as well as the state of the
substance for which the exergy is Dbeing determined. An
important characteristic is that it is only dependent upon the
end states of a process and the reference environment, making
it a path independent function. Its wvalue is dependent on the
mass within the system, and thus is an extensive thermodynamic
property.

The general equations for the exergy of a pure substance can
be derived by considering a control volume that exchanges

heat, work, and mass with its surroundings. The following



assumptions will be made:

1. The control volume remains constant with respect to the
coordinate frame: 1i.e., 1t does not move relative to the
coordinate frame.

2. The state of mass within the control volume can vary with
time; however, at any instant the state is uniform.

3. The state of mass crossing each of the areas of flow on the
control wvolume is constant with time, although the flowrate
can be time varying.

Since the control volume 1is Dbeing established for the
convenience of defining a property of the working fluid, one
additional assumption is made:

4., The control volume boundaries are rigid so that no work 1is
lost to unrestrained expansion against the surroundings.

In other words, the control volume will <convert the
thermodynamic potential of the fluid into useful work. Such a

system is illustrated in Figure 1.
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In order for the heat transfer between the environment
and the control volume to occur reversibly, the process
must be accomplished through a reversible heat engine.
The sum of the reversible work crossing the control
surface and the work produced by the heat engine will be

the total theoretical work obtainable from the system:

3-1 W
( ) rev = (wrev) cv * (wrev) HE

The first law of thermodynamics for the control volume

can be written:

(3-2)
Q Im.(h V'z z. 9 W
rev) .+ Til7i + 73— + 44 ___) ( rev)
9e 9e cv
2 2
Im (h Ve g ) Vz g
+" e e + -—t 2 — + |m (u + =+ Z,—
2gc e g. 2 2 2gc 2 9

Where all quantities are taken with respect to the
control volume, with the wusual sign convention on the

quantities:

Q in is positive W in is negative

Q out is negative W out is positive



The first law for the heat engine can be written:

(3-3) (Qrev )cv + Q4 = (wrev )HE

Where all quantities are taken with respect to the heat
engine. The second law for the reversible control volume

is

And is taken with respect to the control volume. However,

since the heat engine is also reversible,

/Qrev cv i éa e _Q_o
. T e
And equation (3-4) becomes:
ol = - = Q
(3-5) m,s, mys, + Zme Se Emisi = o

Using equations (3-1) and (3-2), the reversible work

becomes:



Where the ... represents the kinetic and potential energy

terms defined in equation (3-2).

Adding equatiQ@ey)ewd3—3) to equation (Qray)ey(remembering that
in (3-3) 1is of opposite sign to in (3-6) Dbecause
of the selected references) results in

(3-7)

b = 503 (3 ) o ) oo ) - m(mge )

- 'I'c‘[mzs2 - ms, + Zme Sg~ Zmisi]

Equation (3-7) can be rearranged to give:

(3-8)
wrev = Emi (hi - Tosi +...)- Eme (he - Tose+...)

- [mz (uz - ‘I‘osz+...) - m:l (ul - Tosl+...)]

Equation (3-8) can be used to develop expressions for the

exergy of a pure substance in open or closed systems.

Exergy in Steady Flow

For the steady flow process,

(3-9) my <ul - 'l‘as1 +...)- my (“2 - '1‘052 +...) =0

And the reversible work becomes:

(3-11) =
Wrev = Emi (hi Tosi +...)- Ime (he- To se+...)



The theoretical maximum useful work that could be
obtained from this process would result if the exit
stream left the control volume in stable equilibrium with
the surrounding environment. This implies that the
working fluid must leave the control volume at the same
temperature and pressure of the surroundings, have
minimum kinetic and potential energies, and Dbe 1in
chemical equilibrium with all constituents of the local
environment. Thus the end state implies that the working
fluid has lost all of its potential to produce wuseful

work.

Consider the steady flow control volume in Figure 2.

The reversible work per unit mass flow is:

(3-12)

2
W =|h,- T S, + Vi 9% Vg g
rev iT To®i 29, T2 g ""yhe T Tose+-—2§ * 3 7

This work will approach its theoretical maximum when the
mass leaving the control volume is in stable equilibrium
with the surroundings. Although the continuity equation
constrains the exit wvelocity from being =zero, it 1is
assumed to be so small that it is negligible in relation
to the other terms. The remaining end-state properties
must be evaluated at the state of the local environment.

Hence,
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This theoretical maximum work is defined as the exergy of
the inlet flow stream.
Thus the exergy (Ex) at any point in a flow stream can be

calculated by:

(3-13)

Ex = |H-Tgsg+ 2 459 ]
-|H -T5s5 + a.
{ ° ch gc (o) (sl e] zo gCJ

= Ex(T) - Ex
o

The expression Ex (T) is called the exergy function of

the stream at temperature T. EXo represents the exergy

function of the system in the dead state.

Exergy in a Closed System

The energy balance is the basic method of process
investigation. It makes the energy analysis possible,
points at the needs to improve the process, is the key to
optimization and is also the basis to developing the
exergy balance. Analysis of the energy balance results
would disclose the efficiency of energy utilization in
particular parts of the process and allow comparing the
efficiency and the process parameters with the currently
achievable values in the most modern installations. They
will establish also the ©priority of the processes
requiring consideration, either because of their
excessive enerqgy consumption or because of their
particularly low efficiency.

Energy analysis 1s a basic and traditional approach to
estimating wvarious energy conversion processes. The
analysis 1s using the —concept of energy and its

conservation. The forms of energy can be expressed as



enthalpy, internal energy, chemical energy, work, heat,
electricity, etc.

However, the energy approach has some deficiencies. The
energy analysis 1s not able to recognize different
quality of energy, (e.g., 1 MW of heat equals 1 MW of
electricity). Accordingly, the energy analysis does not
recognize the heat quality, which however depends on the
heat source temperature, e.g., a 100 kJ of heat at 1000 C
is dramatically more valuable than the 100 kJ of heat at
the 50 C level.

The energy analysis 1is blind for the process direction,
and, e.g., will not indicate any error considering a 100
kJ of heat at 5 C conducted through a partition to an
environment at 100 C.

For these reasons the modern approach to the process
analysis uses the exergy analysis, which provides a more
realistic view of the process. The exergy analysis is the
modern thermodynamic method used as an advanced tool for
engineering process evaluation [1], [2], [3]. Whereas the
energy analysis is based on the First Law of
Thermodynamics, the exergy analysis is based on both the
First and the Second Laws of Thermodynamics. Both
analyses utilize also the material Dbalance for the
considered system. Analysis and optimization of any
physical or chemical process, using the energy and exergy
concepts, can provide the two different views of the
considered process.

The exergy concept was introduced to overcome limitations
of the energy analysis. The exergy expresses the
practical wvalue of any substance (or any field matter,
e.g., a heat radiation), and is defined as a maximum

ability of this substance to perform work relative to



human environment.

In the background of the exergy concept it is assumed
that all the common human environment components,
available Tor free in the unlimited amounts, are
practically worthless and their exergy 1is zero. However,
any matter at parameters (e.g., pressure, temperature,
composition) being not in equilibrium with the
environment, has a certain practical value, which can be
measured as its potential to work and is expressed as the
exergy.

This nature of the exergy concept relating to the
environment suggests a potential of successful involving
exergy 1into some quantitative consideration of economy
and ecology problems.

The exergy of a substance 1s the function of its
temperature, pressure and composition, as well as of the
temperature, pressure and chemical form of this substance
when 1in physical and chemical equilibrium with human
environment. Exergy can be also the function of the
substance location and velocity. Therefore, the exergy
can consist of the following components:

physical exergy resulting from the temperature and
pressure of the substance measured with respect to the
temperature and pressure of the environment. The physical
exergy 1is used for analysis of physical processes, in
which the kind of the considered substance is unchanged;
chemical exergy resulting from the difference in the
substance composition with respect to the common
components of this substance in the environment. The
chemical exergy 1s used for analysis of chemical
processes, in which unchanged are the chemical elements.

The chemical exergy corresponds to the substance



calorific value; kinetic exergy of the substance, which
results from its velocity relative to the environment;

potential exergy of the substance resulting from the
substance location above the ground level. Most often, in
the practical engineering considerations, only the
thermal exergy, which is the sum of the physical and
chemical exergy, 1s taken 1into account. The chemical
exergy 1is important particularly for fuels. The physical
exergy 1s possessed by any substance, whose temperature
and/or pressure deviate from the environmental
conditions. Exergy was introduced as the function of any
matter which could be either a substance, which has a
rest mass larger than zero, or a field matter, for which
the rest mass is zero; e.g. the matter of radiation field
(photon gas), a field of surface tension, magnetic field,
acoustic field or gravitational field. Exergy analysis
was already applied to many different processes, however,
still some processes were not analyzed based on the
exergy. Concluding, an energy analysis of the conversion
process of energy, which conserves itself totally
regardless of its quality, serves rather well for design
calculations, whereas the exergy analysis, which takes
into consideration the quality of energy and does not
conserve itself, serves mostly for practical estimation

and analysis of the process.

The exergy associated with a state in a closed system is
derived similarly; however, unlike the steady flow
process, the Dboundaries of the <closed system are
unrestrained and are capable of performing work against
the surroundings. Consider the system shown in Figure 3,

which undergoes a reversible change from state 1 to state



2. If the volume is allowed to expand reversibly and the

work done on the surroundings cannot Dbe considered as

(3-14)
W = (W )
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= (wrev) — - po (av )

The maximum useful work between two states in a closed
system with unrestrained expansion is found by dropping
the flow terms from equation 3-8 and subtracting the work

against the surroundings. Thus

( re")useful = U =TSy 4+ L 42 2
29, 9
2
v g
-[UZ-TOSZ+—‘;— +ZZ-—-]
9e 9¢c
rev | surr
where (Wrev) surr = Pol¥; - vl) = —PO(VI - v2) .

Equation 3-15 can then be written:

{3=16) (wrev) useful = Y17U; - Ty (51_52) + By (¥,-¥,)

1 2 2
+ 5= (Vv,* =v,%) + (z, -z )&
29, 1 2 1 2gc

If the process were to occur such that the state 2 was in
temperature and pressure equilibrium with the
surroundings, then the maximum useful work obtained from

state 1 would be:

(wrev)useful max -~ Y179 T Tp (81-Sg) + By (V-Vy)
2

(3=17) 1 g
+ WC + (2 - zo)g_

<

c



This also represents the exergy of the system at state 1.
The maximum useful work between state 1 and state 2 is
given by:

(3-18) (wr v = Ex; - Ex,
&V Juseful

A general expression for the exergy of a closed system at
any state can be written in terms of the total energy, E,

of the system. Let

Where E is the sum of all energy forms characteristic of
the system. Then the exergy of a closed system can be

written:

{3-19) Ex

([
o]
1
%]
|

T(S - SJ)+ P (¥ - ¥,)

Processes with Mass Transfer

The only requirement for the reference state thus far has
been temperature and pressure equilibrium with the
surroundings. For processes that involve the diffusion of
chemical species to the surroundings, an additional
constraint must be placed on the reference state. That
is, the reference state for the diffused species must
also be in chemical equilibrium with the surroundings.
When mass transfer to the surroundings occurs, additional

work could be obtained 1if the mass transfer occurred



through a reversible process that brought the diffused
species to the chemical potential of the surroundings.
This concept is illustrated in Figure 4.

The exergy of the diffused species could be calculated by
assuming that the chemical equilibrium of the mixture
with the surroundings 1is achieved by two reversible
processes. The first process takes the species to
temperature and pressure equilibrium with the local
environment. The maximum reversible work produced for

steady state, steady flow will be denoted (EEVL and 1is

given by:

(3-20) (Weev) 1 - H=E ~ TQ(S - so)

= H—TOS -Go

Where the Gibbs free energy 1is used to denote the
reference state.

The maximum useful work obtainable from the second
process <results from the diffused species reaching

chemical equilibrium with the surroundings. This will be
(W ) : 5
denoted rev'2 and is given by:

(3-21) Weaylz = Vo™ Ty g



T, P

Reversible
Process ;
(wrev)l
Tor Po
Reversible
Mass
Transfer &
(wrev)z
To ¢ Po 1 Mg
(wrev)tot = (wrev)l (wrev)2
Figure 4
Exergy Available Through Mass Transfer
(wrev)z and is given by:
where B = chemical potential of the ith

10

specie in the reference environ-

ment.

= g(pio ’ To)



And Pio denotes the partial pressure of the e specie in
the reference environment.
The maximum useful work available from these processes is

the exergy of the diffused species. Thus:

(3=-22) (W ) = (W

rev’ tot oo (Wey) = Bx

rev)l rev’2

Summing equations 3-20 and 3-21 produces:

(3-23) Ex = H - T_ S8 - J:.Ni”io

For the diffusion of chemical species from a closed

system to the surroundings, equation 3-23 is written as:

(3-24) Ex = U - Tos + P ¥ - IN

o Lo R

io

Equation 3-24 could be used to calculate the exergy of
combustion products leaving a furnace or engine and
diffusing into the 1local environment. It 1s required,
however, to establish the chemical potentials of the
diffused species in the reference state. This will be the

subject of the following section.

Exergy Components

The total exergy of a substance can be expressed in

terms of exergy components as follows:



(3=-25) Ex = Exphy + Exkin + Expot + Exchem +
where Ex = hysical exer
phy phy qY
EXpin = kinetic exergy (kinetic energy)
Expot = potential exergy
Exchem chemical exergy

Physical exergy is the work obtainable Dby taking the

substance through a reversible process from its initial
state to a state determined by the temperature and
pressure of the local environment. It is generally given

by the following equations:

(3-26) Exphy - BE=T8=8, (flow system)

(3=-27) Ex U - TOS + POV - Go (closed system)

phy

Kinetic exergy is equal to the kinetic energy when the

velocity is calculated relative to the earth.

Potential exergy is equal to the potential energy when it

is evaluated with respect to the local elevation of the
process under consideration.

Chemical exergy is the work that can be obtained by

taking a substance that has intensive properties To and



s to chemical equilibrium with components in the

surroundings or reference state. Note that equation 3-25
permits other forms of energy to be considered in
defining the total exergy. A summary of exergy components
is provided in Table 1.

A summary of the equations for calculating exergies 1is
provided in Table 2. Also given 1in this table are the
various terms encountered in the technical literature for

exergy and exergy components.

Table 1

Exergy Contribution of Various Energy Forms

Exergy Contribution Expression
(1) Physical Exergy (a) Ex = (H-TS) -G
(a) Open system (flow) phy o <
(b) Closed system
(b) Exphy = (U0 - TS + POV)
-G
o
(2) Kinetic Exergy V2
Ex =
kin 2gc
(3) Potential Exer E .
gy xpot = (2 - ZO' 'gT
(4) Chemical Exergy Exch = G° - zNiuio




Table 2

Summary of Exergy Equations and Terminology

T Equation Conditions Terminology
(1) E + Pov -TS General expression Exergy function
°© (Closed system) Availability
(2) (E-E°)+Po (V—Vo) Pure Substance Exergy
+(s-s_) T, ICla3ed apstan) Availability
o Available energy
Esserqgy
E+POV—TOS—GO Pure substance
E+P°V—Tos— Ni"io Mixtures
[T—To)s+ Ny (u—uio) Systems with negligible
KE and PE
(3) (U-Uo)+Po(V-V°) Closed systems Physical exergy
-TO(S—SO) Availability

Available energy

(H—Ho)-To(S-SO) Open systems, negligible
kinetic and potential
energy



Table 2 (Continued)

Equation Conditions Terminology
(4) V2/2gc Kinetic exergy
(Component of egn 3-2)
(5) (z-2_) E_ Potential exergy
9c (Component of egn 3-2)
(6) Ni (ui— uio) Diffusion processes Chemical exergy
where species inter-
act with the surround-
ings.
(7) 1 = (&S + AS ) To Irreversibility
2ye surx Lost work
. Dissipation
= To(aS ) Exergy subsidy
Anergy
(8) (1 gol Q(T) Heat transfer from Thermal exergy
source at T
(9) wrev = Exl - Ex, Maximum reversible work Available work

produced (or required)
between two states.

Available energy
Maximum reversible
work.



Chapter 4

Reference States

The reference datum selected for exergy calculations must
be given careful consideration, usually on a case by-case
basis when analyzing different systems or processes. Exergy
must be related to a reference condition at which the
system working matter has no further capacity to produce
useful work. As such, the reference datum for absolute
values of exergy cannot be arbitrary, and has more
stringent requirements than the reference conditions
selected for enthalpy or internal energy. This state at
which the working matter has no further capacity to produce
work is called the dead state (15).

In the models used for exergy calculations, the dead state
is usually regarded as a reservoir that is in mechanical,
chemical and thermal equilibrium. The reservoir 1is not
capable of producing work~ however, its intensive

) (e P T |
properties 0r "o" "0

determine the potentially useful work
that can be obtained from a substance. Thus the dead state
will be characterized by the intensive properties of the

reference reservoir.

Thermodynamic theory does not explicitly dictate a
generalized reference state for all situations. In many
cases, particularly for open systems that exchange mass
with the surroundings, the reference state must be selected
based on the chemical species involved in the process. In
other cases, it is often selected on the basis of intuition
and convenience. Fortunately, certain conventions have been

widely accepted for defining the appropriate reference



datum, and these will be summarized in the paragraphs that
follow.

When analyzing closed cyclic processes (power or
refrigeration cycles), 1t is wusually sufficient to apply
physical exergy only, and neglect kinetic, potential and
chemical exergy in the analysis. Since it 1is only changes
in exergy between points in a cycle that is of interest,
only the reference temperature must be specified. The
pressure, composition and chemical potentials of the dead
state are not necessary.

There are some situations, however, that require complete

(T Py )
0’ "o’ Yo’ | Absolute

definition of the reference system
values of exergy with respect to a dead state are required
when analyzing open processes; 1i.e., those that interact
with their surroundings by mass transfer. In such cases,
there is an external exergy loss when a substance that 1is
not in complete equilibrium with the receiving environment
is released from a system. Fortunately, the contribution of

external exergy losses is usually small, and can often be

neglected.

For cases where a thermodynamic system is surrounded by a
stable ambient environment of infinite extent, then the
reference temperature, pressure and chemical potentials

(T, P,, ) .
0’ "0’ "o’ are taken as those of the local surroundings. If

the local environment is undisturbed by other processes or
systems, then the reference wvalues can be assumed constant.
A reference datum based on the above assumption is called

an environmental reference (16).



The wuse of this kind of reference datum offers several
advantages. It is the most practical since the 1local
environment 1s the wultimate heat sink for most energy
conversion processes, thus making it a logical choice. Any
system (having no restraint) will undergo changes until its

potentials % Pe W

are in balance with the surroundings. In
most cases, use of the temperature and pressure of the
surroundings for the reference condition will produce

positive values of exergy, as the case should be.

The rejection of mass into the 1local environment does
result in some loss of exergy as a result of mixing with
the surroundings. In most cases this is negligible compared
with the total exergy consumed in the process, and recovery
of mixing losses is generally not practical anyway. In many
cases, the exergy loss involving the chemical potential of
the mass rejected to the surroundings 1is also negligible.
For these processes, the environmental reference state is
well suited for open systems involving chemical reactions.
Clearly it 1is the choice for noncreative closed systems or
steady flow systems that do not exchange mass with the

surroundings.

For those systems involving significant losses of chemical
exergy, 1t must be remembered that the reference system
must be capable of assimilating all substances of interest
by production and/or consumption of the reference

components (17}.

The assimilation process (i.e., allowing the rejected mass

to reach equilibrium with the surroundings) should produce



positive wvalues of exergy to be consistent with the

definition of the dead state.

Differences 1in temperature and concentration in the natural
environment require modifying this reference system with
each process considered according to its geographical
location. Exergies calculated for a system in Siberia will
differ significantly when calculated for the same system in
the Sahara desert. The problem of a general condition of
equilibrium has not been established for the environmental
reference state. Until resolved, it will remain a serious

deficiency for this reference datum.

Because of the disturbances of chemical equilibrium in the
natural environment, J. Szargut recommends that the use of
an environmental references state Dbe discontinued when
evaluating chemical exergy (IS). He proposes that an
artificial reference system containing a reference
substance of fixed concentration for each element be used
instead. The reference substances are selected as the most
devaluated compounds of the elements found in nature. The
reference potentials are thus fixed, and all other
substances have their chemical potentials in the reference
state derived from the equilibrium condition applying to

the reaction of formation for these reference substances.

M. Sussman recommends a reference state identical to that
on which the tables of Standard Enthalpies of Combustion
are based (19). The reference substances include selected
products of combustion in their normal state of

H,0(1), COz(q), 502(9')

aggregation: , etc., plus Ny () and g e



each pure and at standard temperature and pressure
(298.15°C and 1 atm), Sussman's reference system 1is similar to
that of Szarqut; however, the latter is in not related to
reference substances occurring in the natural environment.

J. Ahrendts recommends a reference system defined by the
equilibrium of the atmosphere, the oceans, and a layer of
the earth's surface 1 meter thick (20). The principles of
chemical equilibrium are applied to establish exergies for
any substance that 1is composed of elements found in the
reference system. The procedure for calculating the
reference exergies 1s complicated, and requires careful

interpretation and judgment.

In summary, selection of the reference system will depend

on the following:

1s The system under consideration.
2. The substances within the system.
3 Whether or not mass exchange between the system and

surroundings occurs.

4. The properties of the local environment.

There are, however, some general criteria for establishing

a suitable reference system, including:

1s The reference system must be in stable thermodynamic
equilibrium.
2 s The reference system should produce positive values of

exergy for chemically active substances.

Further, the reference system should not be so complex that

it deteriorates the intuitive appeal of exergy analysis.



Chapter 5
Steady Flow Exergy Equation

Unlike energy, exergy 1s not conserved in a real process.
This destruction of exergy 1s the result of entropy
production caused by irreversible processes within the

system, including but not restricted to:

Friction
Mixing

Unrestrained expansion

s w NN

Heat transfer through a finite temperature difference.

The destruction of exergy 1in a system (open or closed)

results in the loss of potentially useful work, and 1is

, L N (To as_ ) .
measured by idrreversibility. Irreversibility tot” is

also a composite property, having the same units as exergy.
Other terms for irreversibility encountered in literature

include dissipation, exergy subsidy, and energy.

Since irreversibility is also a composite property it is
possible to write a general equation to account for the
destruction of exergy as a result of work transfer, heat
transfer and fluid flow. It will be seen that the steady
flow exergy equation is analogous to the familiar first law

energy balance, and has the following general form:

Exergy into system + Exergy into system
by heat transfer by fluid flow
= Exergy out of system + Exergy out of

system



by work transfer by fluid flow

+ Exergy loss

(Irreversibility)

The steady flow exergy equation can be derived Dby
considering a reversible process as illustrated in Figure
5. Carnot heat engines are used to provide reversible heat
transfer from a high temperature reservoir and to a low
temperature sink. A control surface (dashed line) is taken

around the reversible process and the heat engines.

e 2 I 5
It should also be noted that L, making the

derivation applicable to a heat engine, or by reversing the
arrows, to a heat pump. The following sign convention will
be used whenever numerical quantities are entered into the

equation:

1- Heat into the system, +
2. Heat out of the system,
3. Work out of the system, +

4. Work into the system, -
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Reversible and Irreversible Control Volumes



Neglecting the potential and kinetic energies of the inlet
and exit flow streams, the first law for the control volume

(with respect to the control volume) is:
(5=1) QH + QL + Emihi = Imehe + wrev

The second law for the control volume, again with respect

to the control volume, is:

(5-2)

Where the equality holds for a reversible ©process.

Multiplying equation 5-2 through by the dead state

T .
temperature, ©°' gives:

(5-3) Q

Adding equations (5-1) and (5-3) produces:

(5-4) QH + QL + Im T s, - Im;T s; + ).‘.mihi =
Q Q
H L
Imbhy + Weay * T; T * T To

Equation (5-4) can be arranged to give:



(5=5) T, A
Qzll - T; + q (1- TE + I mi(hi- Tosi)

e ) * wrev

= Im, (he- TS
The irreversibility of the real process can be calculated

by:

(3=0} Iev = Prev ~ Veu

Where ey is the actual work produced by the corresponding
irreversible process (Figure 5). Note that the sign
convention selected makes this equation valid for either a
heat engine or a heat pump: that 1is, the calculated
irreversibility will always be a positive quantity.

Equation 5-5 can now be written:

(5=7) Ty T,
QH 1 - ﬁ + QL 1 - q + Smi(hl— Tosi)

= Zme(he— Tose)+ ch + Icv

The first two terms in equation 5-7 represent the exergy

into the system as a result of heat transfer. In general,

(5-8) TO
EXQ = Q]. (l - T—)



Ex
where Q@ is the exergy of heat transfer.
If the dead state exergy of the flow streams is subtracted
from each side of equation 5-7, then the flow terms in 5-7

Im,ex, Im
1%% eexe

become and , Where

Zmiexi = zmi(hi - Tosi) - (Zmi ho- Toso)

Zmeexe = Zme (he- Tose) - Eme (ho - Toso)

The exergy of work transfer can be calculated by:

(5-9) Bx, = W, ~ P %,

P_A¥W .
Where "o represents the unrecoverable work of unrestrained

expansion (recall that exergy is defined in terms of useful

work). As a result of the derivation, wcvrepresents the
total work of the control volume; i.e., useful work plus
work against the surroundings.

Using equations 5-8 and 5-9, equation 5-7 can be written

+ , = - +
Ex Ex + Zmiexl Emeexe + Exw Icv POAV

Equation 5-10 can be generalized and written as a rate

equation as follows:

.

- . . = . : +PA’;’
(5-11) ZExQ + zmiexi zExw + Zmeexe + Icv =



Where

-1 ga - g4, (1-7
AL

(5-13) EExw = }'zi {Wk - Po AVk)

Equation (S-11) is the general exergy equation for a steady
flow control volume. Note that if there is no work against

, P A¥ =0
the surroundings, the term © .

It is of interest to note that equation 5-7 reveals that if

T, =T
L ©' then the exergy of heat transfer, B s zero. Thus

heat transfer at the dead state temperature has =zero

potential to produce useful work.



Chapter 6

Efficiency Parameters

The most commonly used measure for energy conversion
efficiency is the ratio of the energy transformed for a
useful purpose to the energy input. This is based on the
first law of thermodynamics, which states that energy 1is
neither created nor destroyed, but can only be transformed
from one form to another. First law efficiency simply
accounts for the fraction of energy transformed that is

used for a specific task.

The second law of thermodynamics goes one step further, and
reveals the amount of energy that is theoretically usable
if we are willing to invest enough time, money and other
resources to make it useful. This theoretical usable energy
was previously defined as the exergy input of a system or

process.

Intuitively, something of wvalue is lost when high quality
energy 1is converted into low quality energy with no other
end product. Even when energy 1s conserved according to the
first law, there is always a loss of energy quality in any
real process. For example, when electricity 1is passed
through resistance coils to increase the temperature of a
room only a few degrees, the first law indicates that this
process has an efficiency of nearly 100% (neglecting heat
losses from the walls). Electricity, however, 1is a high
quality form of energy that can Dbe converted almost
entirely to wuseful work. In this case, it 1is wused to
provide low quality heat transfer and all of the exergy is

lost. Thus the conversion potential of the electricity has



been poorly utilized. A similar reasoning can be applied to

the use of chemical energy in gas or oil fired furnaces.

Exerqgy efficiencies are evaluated on the basis of exergy
losses in a system or device. A survey of literature
reveals that there are two basic forms of this parameter.
One form accounts for the actual degradation of exergy in
relation to the exergy input of a process. The other uses
the theoretical minimum exergy for a given process as the
datum. In addition to these efficiencies, several other
parameters have been proposed. One author wuses a grade
function to express the exergy content of an energy source.
Another uses a utility function which relates the useful
output of a process to the exergy consumed. These
parameters will each be addressed, using the terminology

selected by the various authors.

Hamel and Brown (21) use three but essentially different
parameters for their analysis of energy systems. The first
is a nondimensional thermodynamic variable that
characterizes the fraction of energy within a system that
is theoretically available to provide useful work. The

energy grade function is defined as:

(6=1) R=2
E
Where A e+ availability (exergy) input to the system

E + energy input to the system.



Because it 1is determined by well defined thermodynamic
properties, and because it 1s insensitive to mass, R gives
an instant view to the match between a particular task and
energy source in terms of exergy. Values of R calculated by
Hamel and Brown for various energy sources are given in

Table 3.

The second parameter from Hamel and Brown 1is called the

utility factor. It applies to the demand element of the

system at the point of consumption, and is defined by:

(6=2) v o s 4d

Where As

availability (exergy) of the energy supply

Ad

availability of the energy discharge.

This parameter is analogous to the first law efficiency,

but is based on exergy instead.



Table 3

Energy Grade Functions for Various Energy Sources

Primary Source R
(1) Electricity 1.0
(2) Natural Gas 0.913
(3) Steam (212°F) 0.1385
(4) Hot Water (150°F) : 0.00921
(5) Hot Air (150°F) 0.00596
(6) Air (65°F) 0.00072

Note: Ambient environment assumed to be at 85°F.

For individual components within a system, Hamel and Brown
use a formulation similar to the utility factor, but which
accounts for the intermediate status of a particular

element with the system. They call this the availability
efficiency, given by:

(6-3) o Pou
Ain
where Aout = availability output of component
Ain = availability input to component.

Neither u’ nor € explicitly show how much availability or
exergy has been wasted in relation to the theoretical
Maximum work that could have been produced. This can,
however, be easily calculated from the data wused to

determine u' and E.



Reistad (22) defined a parameter similar to those given by
Hamel and Brown. He calls this the second law

effectiveness, calculated Dby:

(6-4) - Aincrease in availability of output
decrease in availability required

In this case, £ 1s the thermodynamic quality of the output
in relation to the thermodynamic quality of the input. Like
u', it does not distinguish wasted availability that the
second law exacts, even in an ideal system where all losses

from mechanical imperfections have been eliminated.

These parameters can be useful design aids. They express
how much exergy is given up in any conversion or any energy
end use, irrespective o0of the theoretical minimum or
maximum. Selected values of first law efficiency and second
law effectiveness from Reistad's calculations for typical
processes are summarized in Table 4, and show the disparity
between parameters for space heating and cooling systems

relative to other types of energy conversion.

Kreith and Kreider (23) use "2 which they call second law

efficiencx. Unlike Hamel and Brown and



Table 4

Selected Values of First Law Efficiency
and Second Law Effectiveness

System Efficiency Effectiveness

.Electric Generator 96-99 98
Electric Motor 85-95 90
Storage Battery 75=90 80
Steam Boiler 88=-92 49
Diesel Engine 30-44 36
Home Furnace (Gas)a 60-85 13
Home Furnace (0il)?2 45-70 11
Coal Fired Steam Electric

Generating Plant 33-42 36
Home Electric Heat Pump 2.0-4.5 60(23)°
Home Electric Resistance teae)

Heater® 100(38) 17(6.5)
Home Gas Water Heater® 30-70 17
Electric Air Conditioner 2.0-4.5 171(68,5)

(cop)

aRequired heating temperature = 590°R.
bNumbers in parentheses account for generation and
transmission losses.

cRequired heating temperature = 590°R.



Reistad, Kreith uses the theoretical minimum for his datum.

Thus:

(6=5) _ 2nin
2 TR

where Btn ™ minimum availability required to

perform task
A = actual consumption of availability by

the process

Kreith's formulation is consistent with that given by the

American Institute of Physics:

(6-6) ¢ = _min

where Boin ™ minimum availability required to

perform task

B = actual availability consumed.

Ross and Williams (24) use this formulation for second law
efficiency calculations. Their analyses give slightly lower
values of <effectiveness +than Reistad's for the same
processes. Results from Ross and Williams are given in

Table 5.



Table 5

Second Law Efficiencies for Typical Processes

Activity Efficiency
Furnace (space heating) 5.0%
Resistance space heating 2.5
Air conditioning 4.5
Water heating (gas) 3.0
Water heating (electric) 1.5
Electric power generation 33.0
Process steam production 34.0

An alternative formulation to equations 6-2 and 6-3

is the following:

(6=7) (exergy into system) - (irreversibility)

n =

i (exergy into system)

Equation 6-7 is useful for determining the overall
efficiency of a system 1f each component 1is analyzed
individually. This form is sometimes referred to as the
exergy efficiency. The advantage of equations 6-5 and 6-6
is that they base efficiency on a theoretical minimum,
which is a more restrictive datum than those used by the
other formulations.

It will be noted from Reistad's calculations that for
several processes, values of the first law efficiency and
the second law effectiveness are nearly equal. The
hydraulic turbine are two examples. The reason for this is

that when the output of a process is electricity or shaft



work, energy 1is almost entirely available for point of
consumption usage. This high quality conversion is
manifested by first and second law efficiencies Dbeing
nearly equal. There are many proecesses where the
effectiveness 1s significantly less than the thermal
efficiency. Some of these are the fuel fired boiler, the
gas furnace, the electric water Theater, and electric
cooking and clothes drying. Large 1losses 1in exergy ocCcur
because o0of the irreversibilities resulting from the
combustion of fuels and the point of consumption losses.
These processes typically use high quality forms of energy
to produce low grade heat. The second law efficiency or
effectiveness 1indicates a mismatch between resource and
task.

A summary comparing the relative merits of first law

efficiency and exergy efficiency is provided in Table 6.

Table 6

Comparison of Efficiency Parameters

Attribute First Law Second Law
1. Accounting for quantity 1. Specific 1. Specific
of energy
2. Accounting for quality of 2. Silent 2. Specific
energy conversion
3. Identification of true 3. Silent 3. Specific
thermodynamic limit
4, Applicability to different 4. Misleading when 4. No limit;
types of systems useful energy out always less
exceeds energy input than 1.0
(refrigeration)
5. Sensitivity to state of 5. Second order 5. First order
surroundings
6. Comparative indicator 6. Similar eguipment 6. Less restric-
designs tive
7. Utility to decision makers 7. Easy to understand 7. Unfamiliar
8. Accounting for cost trade- 8. Silent 8. Silent

offs, environmental impacts,
consumer preferences, etc.




Chapter 7

Illustrative Example

Exergy analysis provides a quantitative methodology for
determining the true thermodynamics effectiveness of energy
conversion processes. By expressing energy quantities in
terms of exergy, a scale for comparing the relative quality
of enerqgy quantities can be established. This
characteristic of exergy permits matching energy conversion
processes to specific tasks on the basis of energy quality.
If, for example, low grade thermal energy is the desired
output of a process (e.g. space heating), then the energy
input to the process should ideally be some form of low
grade energy, such as waste heat. A simple example will

serve to illustrate this concept.

Consider the following task: heating 30 gallons of water
from 60°F to 140°F. Three methods for heating the water

will be compared using exergy analysis:

1. Electrical resistance heating
2 Natural gas combustion
Kf Solar heating.

It will be assumed that the local environment is at 77°F
and 1 atm pressure, and this will be used for the reference
state for the exergy —calculations. To simplify the
calculations, it will be assumed that the water heaters are
adiabatic with respect to the local environment (except the
solar water heater which receives the local solar flux).

This constraint implies a 100% first law efficiency for the



process regardless of heating method. Figure 6 illustrates

the processes considered.

The energy requires to increase the water temperature can

be calculated by:

(7-1) Q = MCP(Tf - T
where Q = heat input, Btu
M = mass of water stored, 1bm
Cp = specific heat of water, Btu/lbm—°F

Tf,Ti = final and initial water temperatures, °F.

A constant specific heat 1is assumed over the temperature

range considered. Thus the heat input required is:

1P 0.133 ££2 & 0.98g BtU

53 ==y 1=2F x(140-60°F)

Q = 30 gal x 62.4

= 19,878 Btu

The increase 1in exergy of the water can also be calculated
from the data provided. The exergy difference between two

states in a closed system is given by:
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, PV = Py, ,
Since The properties of the water can be taken

from the steam tables (25):

Temperature (°F) State u(Btu/lb) S{Btu/1b°R)
60°F Sat. lig. 28.08 0.05555
140°F Sat. liqg. 107.95 0.,19851

The increase in specific exergy is:

dex = (107.95 = 28.08) = (77 + 459.67)(0.19851 = 0.05555)
= 3.148 Btu/lb

The total exergy increase of the water is

AEX = M, (Aex)

= 30 gal % 62.4 1b ” 0.133 ft3 (3.148)
£t? gal

784 Btu

(]

Exergy efficiencies will be calculated for each case by

determining the exergy value of the input energy supplies.

Electric Water Heater

Electricity is high quality energy that 1is entirely
available for conversion to useful work, and as such, 1is
considered a form of work. Since this work can be converted
entirely into heat, the exergy and energy of the
electricity supplied are equal. The assumption of 100%
energy efficiency implies that the electrical energy input

is equal to the internal change of the water.

Hence the exergy input is also equal to the change in

sensible heat:

Exin = 19,878 Btu



The energy efficiency for the electric water heater is:

AEX  _ 784 ~
Nex = AExin_ 19,878 100 = 3.93%

Gas Water Heater

It will be assumed that the gas water heater operates using
methane (CH4). The exergy of the energy supply can be

calculated by the following equation (26):

€% . 1.0334 + 0.0183 £ - 0.0694 1
(7-4) LHV c c
where ex = specific chemical exergy of the gas,
Btu/lbm

LHV = lower heating value (21,502 Btu/lbm)

C = no. of carbon atoms per molecule

Equation (7-4) can be used to determine the chemical exergy
of gaseous hydrocarbon fuels for a reference condition of

T, = 77°F, P, = 1 atm

0 0 it is an analytical correlation based on
the known composition and the lower heating value of the
gas. The correlation is based on the predicted chemical
exergy determined analytically, not empirically. The
difference between the exergy calculated by equation (7-4)
and the exergy determined by

Rigorous analytical procedure is, on the average, =0.15%

(27) .



Using equation (7-4), the specific chemical exergy of the

methane is:

ex.. = |1.0334 + (0.0183) 2 - (0.0694) X | (21,502 Btu/1b)
cH ; T 1

= 22,302 Btu/ll::m

The mass of methane required to heat the water can be
calculated from the higher heating wvalue (23,861 Btu/lb)

and the energy requirement of the water heater:

_ 19,878 Btu _
Meg, = i?fﬁ@f‘b%u/1b4 = 0.83 1lb, CH,

The total exergy input to the water heater is:

Exin = (0.83 1b) (22,302 Btu/lb) = 18,597 Btu

The exergy efficiency of the gas water heater is:

784
Nex 18,597 x 100 = 4.2%

Solar Water Heater

It will be assumed that a flat plate solar collector with a
receiving area of 50 sqg. ft. is used to heat the water. The
total energy and exergy fluxes of solar radiation as a
function of air mass and turbidity are ©provided Dby
Edgerton. These data will be used to calculate the exergy

efficiency of the solar heating process.



Assuming an air mass of 1.0 and turbidity factors a = 0.66
and B = 0.17, the incident radiant flux on a surface normal
to the sun is 0.79 kW/m2. (28). Thus the energy received

and collected by the hypothetical collector is:

kw Btu/hr-ft3

E = 0.79 n3 X 317.06 W/ m3 x 50ft2

= 12,524 Btu/hr

The time required to heat the water from 60 to 140°F is:

MCp (Te = T3)  _ 19,878 Btu

i = 12,524 Btu/ht

E
= 1.59 hr.

The exergy flux for the same atmospheric condition is 0.46
kW/m2. (29). Thus the total exergy input to the solar
coellector is:

- kW Btu/hr-ft2
Ex, 0.46 &7 X 317.06 =gz

x 1.59 hrs x 50ft?
in

= 11,595 Btu

This gives exergy efficiency:

784

Mgz = 11,595 x 100% = 6.8%

A summary of the results is given below:

Process Exergy Efficiency

oe

Electric water heater

Gas water heater

(@) NN OV
(00] N e
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o\

Solar water heater



The results show that although the energy efficiency 1is
100% (based on the assumptions), the exergy efficiencies
are very low. Less than 10\ of the potentially useful work
available from each energy source has been utilized. The
example indicates that the conversion of electrical,
chemical, and electromagnetic energy into heat energy is a
highly irreversible process that destroys most of the

potentially useful work.

The small differences in exergy efficiency among the three
processes reveal that the quality of the three energy
sources is similar. Some authors argue that solar energy is
a low quality form of energy as compared to fossil fuels or
electricity. The argument is Dbased on the equilibrium
temperature of the solar collector, and not on the exergy

content of the incident solar flux.

This neglects the large irreversibility associated with
converting electromagnetic energy into heat, and thus 1is
not really correct. For example, assume that the flat plate
solar collector considered previously operates with a mean
plate temperature of 2S0°F. The energy of the heat
delivered to the water from a source at 250°F can be

calculated by equation (5-12):

L, _ (77 + 460)
Exg 1 - 1380+ 460y X (19,878)

= 4,844 Btu.

Basing the exergy efficiency of the solar water heater on

this gives:



n 874
ex 4,844

x 100 = 18.0%

The exergy efficiency of the solar water heater appears to
be several times that of the other two; however, the
conversion of the electromagnetic energy supply to heat has
been neglected. Whenever comparative efficiencies are being
calculated, consistency should be maintained. If the solar
collector efficiency 1is based on plate temperature, then
the gas water heater efficiency should be based on the

combustion flame temperature.



Chapter 8

Conclusions

The discrepancies that can result between energy and exergy
efficiencies provide a Dbasis for the concept of task
matching. That is, when low grade energy is the output of a
process, then low grade energy should be input to produce
the desired effect.

Perhaps the most significant example of misused energy is
in residential heating where electricity is used to provide
low grade space heat with resistance coils. The first low
efficiency for this process 1is on the order of 90-99%
(neglecting generation and transmission losses). The exergy
efficiency, however, is only about 2.5% (see Table 5). 1In
reality, over 99% of the electrical potential energy 1is
destroyed by irreversibility. A far more efficient scheme
would be to use a heat pump powered by electricity. Such a
device can transfer more Btu's of heat per Btu of
electricity than can be dissipated by the heating coils

operating at 100% energy efficiency.

Thus a purely technological or thermodynamic approach to
energy conservation dictates that ©process optimization
should be directed at minimizing the consumption of exergy,
and not strictly minimizing the raw consumption of energy
resources. In high temperature processes, gains 1in exergy
performance can be achieved by improved heat transfer or
better thermal control. In low temperature processes, low
grade thermal energy should be used, as has been proposed

by using cogeneration for district heating needs. Waste



heat recovery 1is another source of 1low grade thermal
energy.

There are several factors, however, that make the purely
technological approach to energy conservation and resource
allocation impractical. There are sociological factors that

drive the selection of energy conversion processes,

including:

1. Environmental impact
2 Consumer preferences
3 Aesthetics.

Although it might be thermodynamically more efficient to
use low Btu coal in some applications, the impact on the
environment as a result of utilization and mining must
certainly be considered. Consumer preference and aesthetics
are also factors that cannot be determined by thermodynamic
analysis. Conservation by modification of 1lifestyle 1is

generally not an acceptable alternative to the public.

A subtle but important factor that is often neglected in
thermodynamic analysis is that of time. From the entropy

equation

d{) s Tdé

it can be seen that the rate of energy transfer in a
process 1s directly proportional to the rate of entropy
production. In the case of the domestic water heater, the
more rapidly the water is heated, the greater the
irreversibility associated with the process and the lower

the exergy efficiency. Higher heat transfer rates require a



larger thermal potential, which 1is wusually supplied by
resources having higher energy content per pound (i.e.,
higher quality). In any real process, there is a finite
time limit beyond which the process 1s undesirable. A
thermodynamically reversible water heater would require an
infinitesimal AT between the energy supply and the water
which would require an infinite amount of time or area to
heat the water. Consumer preference dictates a heat up rate
on the order of hours for the device to be of practical
use.

Finally, cost must Dbe considered 1in any real energy
conversion process. Entropy production, and hence
irreversibility, are directly proportional to the rate of
heat transfer. If it 1is desired to keep the same quantity
of energy output but reduce the rate of energy supply, then
the surface area for energy transfer must increase. This
requires a greater expenditure 1in process equipment to
accomplish a given task. Low heat transfer rates generally
require large energy storage also. For example, solar
heating, which operates at relatively low heat transfer
rates, requires larger energy transfer surfaces and storage

volumes than an equivalent gas fired system.

Thus it 1s important to understand that the thermodynamic
maximum 1is not necessarily the ideal maximum for energy
conversion processes in general. The energy minimum usually
corresponds to a higher cost than the cost minimum. In many
cases, irreversibility 1is intentionally permitted simply to

reduce cost or to satisfy consumer preferences.

Energy system design requires careful optimization of

several quantitative parameters, including time, cost and



enerqgy requirements. End-use matching must also be
considered for determining resource allocation for
satisfying energy requirements. Process design by exergy
analysis, traded off against the other economic and social
factors, offers the most effective method for system
optimization. It also provides a sound technical basis for

resource allocation and distribution.
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