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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

OVER THE YEARS, PROMINENT THERMODYNAMICISTS have advocated sec
ond law analyses for properly evaluating energy conversion processes on the 
basis of available energy. The concept of available energy, now also called 
exergy and essergy, originated with Maxwell and Gibbs. Unfortunately, it has 
not taken hold in engineering practice or in managerial decision making
Many practitioners still vie
"potential to cause change,  and therefore produce confusing and erroneous 
analyses. For example, we know from the first law of thermodynamics that 
energy is not consumed in a process; therefore, whatever energy is supplied 
with fuel must end up somewhere—if not in the desired product, then in 
some waste. Consequently, effluent wastes are grossly overestimated in value 
while consumptions within processes—the major inefficiencies—are over
looked completely. 

The second law of thermodynamics makes a distinction between the 
total energy, which remains constant, and the exergy or available energy, 
which is consumed as it drives a process. The key to resolving inaccurate or 
inconsistent process efficiency analyses is simply to recognize that exergy is 
the proper measure. With exergy analysis, which involves the same calcula-
tional procedures as energy analysis, engineers can determine the true ineffi
ciencies and losses, and only then make valid decisions concerning design and 
operation parameters. 

The concept of exergy is crucial not only to efficiency studies but also to 
cost accounting and economic analyses. Costs should reflect value; because 
the value is not in energy but in exergy, assignment of cost to energy often 
leads to large misappropriations. Management should also use exergy con
tent as a basis for pricing products and evaluating their profits. 

An earlier book, ACS Symposium Series No. 122, "Thermodynamics: 
Second Law Analysis," is an introduction to the direct application of the 
second law of thermodynamics to (1) process efficiency analysis and (2) cost 
accounting in energy conversion systems and chemical/metallurgic processes. 
Since the publication of that volume, there has been a steady growth in the 
interest in applying these methods, and hence, more applications that encom
pass a greater realm of processes have surfaced. The purpose of this sequel is 
to present these new applications—in particular those that shed additional 
light on the theory and practice of the subject. The reader may wish to refer 

ix 
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to the first volume for further elaboration of the fundamentals and the details 
of application procedures. The table of contents of the earlier book is pres
ented on page 461. 

Exergy analyses not only avoid many misconceptions resulting from 
energy analyses but also point out the way to economic energy conservation. 

RICHARD A. GAGGIOLI 
The Catholic University of America 
School of Engineering and Architecture 
Washington, D.C. 

August 1983 
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Second Law Analysis for Process 

and Energy Engineering 

RICHARD A. GAGGIOLI 

School of Engineering and Architecture, Catholic University of America, 
Washington, DC 20064 

The case for practica
Analysis to Proces
veloped by (i) elucidating the 1st and 2nd Laws, 
and the concepts of energy and exergy, (ii) show
ing typical results of 2nd Law analysis, pinpoint
ing the inefficiencies in various processes, de
vices, systems, industries, and sectors--including 
comparisons with 1st-Law analyses; ( i i i ) present
ing the conclusions of economic analyses-- of 
single projects; while (iv) showing that the 
Second Law cost accounting method is a valuable 
tool for optimizing the development, design and 
uti l ization of plants and fac i l i t i es . 

Josiah Willard Gibbs {1) and James Clerk Maxwell (2̂ ) gave form 
to the concept of "available energy" more than one hundred years 
ago; however, efforts in this century to popularize its practical 
use (see, for examples, the classical engineering thermodynamics 
texts of Goodenough (_3) , Kennan (4) , and Dodge (J5) ) have met with 
limited acceptance. 

Available energy, now called exergy, is a property which 
measures an object's maximum capacity to cause change, a capacity 
which exists because the substance is not in complete, stable 
equilibrium. Consequently, i t is a perfectly rational basis for 
assigning value to a "fuel"—any commodity having the potential 
to drive a process. Exergy is irreversibly annihilated in any 
process where a potential (voltage difference, pressure differ
ence, chemical affinity, temperature difference, etc.) is allowed 
to decrease without causing a fully equivalent rise in some po
tential elsewhere. It is a simple and understandable concept, 
completely consistent with our intuition and everyday percep
tions. Exergy is what the layman calls "energy". 

Unfortunately, another property, called energy by scientists 
and engineers, has become the traditional basis for assigning 
fuel value to materials. And because of this, process efficien-
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4 SECOND LAW ANALYSIS OF PROCESSES 
cies have come to be defined as energy r a t i o s . Energy e f f i c i e n 
cy i s only an approximation of the true e f f i c i e n c y with which a 
fuel resource i s used, and often a poor one. 

A barrier to the u t i l i z a t i o n of exergy has been the slow 
h i s t o r i c a l refinement of the theory. It has been a common view
point u n t i l quite recently that the development of Thermodynamics 
as a subject was v i r t u a l l y complete, and that l i t t l e further i n 
vestment of s c i e n t i f i c research was warranted. It i s quite clear 
now that this i s not the case. Thermodynamic theory i s receiving 
renewed interest, and deservedly so for many reasons. 

The Roles of Second Law Analysis 

Exergy analysis i s intended to complement, not to replace, energy 
analysis. Energy balances  whe d i  conjunctio  with
balances and other theoretica
a workable process or system
ysis i s to a s s i s t in approaching optimal design or optimal opera
tion . 

One of two ways in which exergy analysis a s s i s t s i s by pin
pointing and quantifying both the annihilations ("consumptions") 
of exergy, used to drive processes, and the effluent losses of 
exergy. These are the true i n e f f i c i e n c i e s , and therefore they 
point the way to improvement of a system, and they stimulate cre
a t i v i t y , leading to en t i r e l y new concepts—new technology. 

Another manner in which exergy can be employed for optimiza
tion i s with "Second Law Costing." Exergy, the extent to which 
a material i s out of equilibrium with i t s environment, provides 
a true measure of the material's potential to cause change and/or 
of the degree to which i t has been processed ( i . e . , the degree to 
which i t has been driven away from stable equilibrium with the 
environment). Therefore i t gives a common and rational basis for 
costing a l l the chemical flow streams, u t i l i t y flow streams, heat 
transports and work transfers i n an energy-conversion or chemi
cal-process system. Consequently, the t r a d i t i o n a l tradeoff be
tween the operating and c a p i t a l costs can be optimized unit by 
unit within the system. Exergy costing i s of value not only for 
optimization, but also for cost accounting purposes. 

In the role of optimization i t i s exergy analysis, not energy 
analysis, which i s appropriate, because exergy i s the "common de
nominator." That i s , a l l forms of exergy are equivalent to each 
other as measures of departure from equilibrium, and hence as 
measures of (i) a material's capacity to cause change, or ( i i ) 
the extent to which raw materials have been processed. 

I. Thermodynamic Principles 

Part I gives a simple, comprehensible presentation of (a) the 
F i r s t and Second laws of Thermodynamics; (b) their associated 
basic concepts of Energy and Exergy respectively; and, (c) their 
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1. GAGGIOLI Process and Energy Engineering 
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p r a c t i c a l implications on the performance of processes and equip
ment. It w i l l be seen that i t i s exergy, not energy, which i s 
the commodity of value and, hence, the proper measure for asses
sing i n e f f i c i e n c i e s and wastes. 

Thermodynamics - Its Basic Implications 

The basic concepts of Thermodynamics are two commodities ca l l e d 
Energy and Exergy. The basic principles are the F i r s t Law, deal
ing with energy, and the Second Law, dealing with exergy. 

To i l l u s t r a t e the basic concepts and prin c i p l e s , picture a 
conduit carrying some commodity such as e l e c t r i c charge, or high-
pressure water, or some chemical l i k e hydrogen (H 2). The flow 
rate of any such commodity i s called a current and may be ex
pressed as 

Iq coulombs per second (amperes) 

I V gallons per minute 

moles per second 

The conduit could be a heat conductor carrying a thermal current, 
I Q . Whatever the commodity might be, energy i s transported con
currently with i t . The rate I E , at which energy flows i s propor
t i o n a l to the commodity current. Thus, with charge current, 1^, 
the e l e c t r i c flow rate of energy past a cross-section of the 
conduit i s 

H = * Iq 

where 0 i s the lo c a l value of the e l e c t r i c potential at that 
cross-section. 

Likewise, the hydraulic energy flow rate associated with the 
volumetric current, I y , i s 

where p i s the pressure. When a material flows and carries ener
gy not only because of i t s pressure but also because of i t s com
position, the flow of energy can be cal l e d a hydro-chemical flow, 
and 

where u i s the chemical potential. 

Notice that, in each of the above examples, the proportion
a l i t y factor between the commodity current and the associated 
energy current turns out to be the "potential" which drives the 
commodity through the conduit. 
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6 SECOND LAW ANALYSIS OF PROCESSES 

The driving force which causes a thermal current i s a tem
perature difference, and the flow rate of energy with thermal 
current i s given by 

Traditionally, in science and engineering, i t i s the flow rate of 
energy, I E , that has been called the rate of heat flow (and sym
bolized by Q). It would have been better to use the word "heat" 
(or "heat content") for the commodity flowing with current Ig, 
but t h i s commodity was not recognized u n t i l l a t e r , and has been 
named entropy. Obert {6) introduced entropy as that commodity 
with which heat transfers of energy are associated, with temper
ature T as the proportionality c o e f f i c i e n t — in analogy with p 
as the proportionalit
transfers (or 0 as tha

Commodity Balances. In analysis of energy converters, balances 
are applied for each of the relevant commodities; for examples, 
mass balances, energy balances, chemical compound balances, and 
so on. The amount of any given commodity in some container can 
in general be changed either (1) by transporting the commodity 
into or out of the container, or (2) by production or consumption 
inside. Thus, on a rate basis 

The rate of change in The sum of 
The sum of a l l 

the amount of the = - the outlet 
the i n l e t rates 

commodity contained rates 

The rate of the rate of 
+ 

production inside consumption inside 
for steady operation the rate of change in the amount of commodity 
contained within the device or system i s equal to zero. 

Some commodities, l i k e charge, that cannot be produced or 
consumed, are said to be conserved. 

The F i r s t Law of Thermodynamics can be stated: 
(1) Energy i s conserved 
(2) The transport of any commodity has an associated energy 

transport. 

The Potential to Cause Change for Us: A Commodity. When does a 
commodity have the capacity to cause change for us? The answer 
i s : whenever i t i s not in complete, stable equilibrium with our 
environment (8^9). Then, i t can be used to accomplish any kind 
of change we want, to some degree. Thus, charge has this capaci-
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I. GAGGIOLI Process and Energy Engineering 1 

ty whenever i t i s at a potential different from "ground." A 
charge current carries "capacity to cause charge" to the extent 
that 0 d i f f e r s from the ground value, 0Q: 

[0 - 0 o U q 

[ P - P 0 ] I V 

H2 °'H2

 H2 

[T - T ] I

The charge current i s represente
energy current; P A = 10 - 0Q]I^, the current of the commodity 
called exergy, i s the useful power or available power, represent
ing the "capacity to cause change" transmitted by the charge 
current. 

Potential To Cause Change for Us: A Commodity Different from 
Energy. Potential energy (exergy) does represent the capacity to 
cause change for us. It i s a commodity. It i s d i s t i n c t from 
energy; i t i s not the same commodity. Energy cannot serve as a 
measure of capacity to cause change for us; only exergy can. 

An important point i s that the "capacity to cause change," 
the exergy, that a material has when i t i s not in equilibrium 
with our environment in general i s not simply equal to the d i f 
ference between the energy i t has, E, and the energy, E Q , i t 
would have were i t brought to i t s "ground state" or "dead state," 
in equilibrium with the environment. The difference between the 
exergy and E - E Q stems from the fact that, while bringing the ma
t e r i a l to stable equilibrium with the environment i n order to get 
i t s exergy, i t may be necessary to exchange things l i k e volume, 
"heat" and environmental components (7_) with the environment. 
The exergy content A of a material i s given by (1,8,9) 

A = E + P Q V - T Q S - Z U 0 i N i 

This equation i s an important one, for calculating the exergy con
tent of any material — any material which could be brought to 
complete stable equilibrium with the reference environment by 
processes involving transports of only V, S and the components 

between the material and the environment. 
Exergy Consumption. In contrast with energy and charge, exergy 
i s not a conserved commodity. Exergy i s ca l l e d "energy" i n lay 
terminology, and i s the true measure of the potential of an ob
ject to cause change; some i s i r r e v e r s i b l y destroyed (annihilated, 

Similarly, 

PA " 

PA 
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8 SECOND LAW ANALYSIS OF PROCESSES 

consumed) in any real process. Unreal, ideal operation without 
i r r e v e r s i b l e annihilation i s the theoretical l i m i t which can be 
approached, but never reached in practice. Associated with re a l 
hardware and processes, there w i l l always be dissipations 
of exergy — consumption thereof — used up to make the hardware 
"go." These dissipations manifest themselves in "heat produc
tio n ; " i . e . , with the production of entropy. It can be seen, 
from the preceding expression for A, that the rates of exergy 
consumption and entropy production are proportional: 

*c = Vp 
This i s true insofar as E, V and the N. — components ( 7 ) — are 
conserved quantities. 

The Second Law. In summary
represent the "capacity  chang

Exergy, which anything has when i t i s not i n com
plete equilibrium with our environment, does repre-
sent the capacity to cause change for us; i t can be 
transferred from one thing to any other, completely 
in the ideal l i m i t . In actuality, to accomplish 
changes for us some exergy i s invariably annihi
lated, i r r e v e r s i b l y used up because i t i s needed 
to make the changes occur. 

The Roles of Thermodynamics 

Traditionally, Thermodynamics has served the following purposes: 
1. It provided the concept of an energy balance, which has 

commonly been employed (as one of the "governing equations") 
in the mathematical modelling of phenomena. 

2. "It has provided mathematical formulas for evaluating 
properties (such as enthalpy and entropy). 

3. It has provided the means for establishing the f i n a l 
equilibrium state of a process. 

Now, with more modern formulations of Thermodynamics, i t can 
be used for the following purposes as well: 
4. Pinpointing the i n e f f i c i e n c i e s in and losses from processes, 

devices and systems, using exergy. 

5. Cost accounting with exergy. This i s useful i n engineering 
(design; operation of systems), and in management (pricing; 
calculating p r o f i t s ) . 

6. The governing equations for modelling nonequilibrium phenom
enon can be derived, by selecting the appropriate commodity 
balances (those for a l l commodities transported and/or pro
duced during the phenomenon) and u t i l i z i n g the F i r s t and 
Second Laws. 
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I. GAGGIOLI Process and Energy Engineering 9 

The roles of primary interest in this a r t i c l e are those related 
to the direct p r a c t i c a l application of exergy. 

The material in Part I i s presented in more d e t a i l i n Reference 8. 

II. Efficiency Analysis 

Tools Used i n Second Law Efficiency Analysis 

In this section, the various tools employed i n exergy analyses 
are l i s t e d and described; in the next section, their use w i l l be 
i l l u s t r a t e d by an example. 

Exergy analyses and energy analyses use the same family of 
tools to evaluate and compare processes: 
1) Balances for exergy

i s transported int
2) Transport relations between companion commodities. 

a b 
3) Kinetic r e l a t ions (like Q — UAAT^, or ~~ ̂ AB^A ^' which 

relate transports or productions (reaction rates) to driving 
forces. 

4) Thermostatic properties s p e c i f i c to the materials involved. 
Of these four tools, only the f i r s t two, balances and trans

port relations, need further discussion here, inasmuch as they 
are diff e r e n t for exergy analyses than for energy analyses. 

Exergy Balances. Writing a steady-state balance for exergy i s 
just l i k e writing a steady-state energy balance except for one 
major difference. While energy i s conserved, exergy can be anni
hilated (not l o s t , but actually consumed), and so the balance 
must contain a destruction term: 

Total Exergy Total Exergy Exergy Destroyed 
Transported into = Transported out + within the 

the System of the System System 

A f i n A, out c 

When the transport rates of independent commodities are known 
(given or determined from kinetic r e l a t i o n s ) , then the exergy 
transport terms can be evaluated using transport relationships 
l i k e those presented in the next section. Then, the balance can 
be used to evaluate the one remaining quantity, the consumption, 
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10 SECOND LAW ANALYSIS OF PROCESSES 

Transport Relationships. The following expressions are used to 
evaluate the transports of exergy, P . 

a) Shaft Work: When energy and exergy are transported v i a 
a turning s h a f t — w i t h torque, x , which i s simply a current, I a , 
of angular momentum—the energy flow i s P E = W«I a where #u> i s the 
angular velocity. This r e l a t i o n i s usually written as W =U)-T 
since the energy flow rate i s the so-called work rate, W, and the 
flow rate of angular momentum, I a , i s the torgue, t. 

The exergy current i s given by 

P A = «A-Ub].I 0 = [0)-0)0].T 

Since the angular velocity of the environment can generally be 
taken to be zero, P A s ^ f t = ^ This i s i d e n t i c a l to the work 
rate, W: 

P = P = W A, shaft E, shaft 
As a consequence, the conclusion can be drawn, from the sec

ond law, that "the exergy i s the maximum shaft work obtainable." 
This statement i s usually used to define exergy. Unfortunately 
such a d e f i n i t i o n gives the impressions (i) that exergy i s r e l e 
vant only to "work processes," and ( i i ) that work i s the ultimate 
commodity of value. Actually, exergy i s the commodity of value, 
regardless of the form (thermal, mechanical, chemical, e l e c t r i c a l , 
... ); and i t i s relevant to processes involving any of these 
forms. 

b) Thermal Transports of Exergy: The energy and exergy 
currents associated with a thermal current at a temperature T are 
I E = T I S and P A = [T - T Q ] I S . By combining these two expressions., 
the exergy current can be written i n terms of energy current as 
P A = [l-Tg/TJIg. Since the energy flow rate by heat transfer i s 
usually represented by Q, 

*A, t h e r m a l = " " W e 
If Q represents the energy supplied at a temperature T q to a 

steady-state or c y c l i c "heat engine", i t follows from an exergy 
balance that the net rate of exergy flowing from the engine i n 
the form of shaft work can at most be equal to the thermal exergy 
supplied to the cycle; i . e . , P^ g h a f t < P A f thermal. Using the 
transport relationship P = W , i t follows that W m a x = 

* A f shaft shaft 
[1 - T q / T q ] Q . This i s the c l a s s i c result usually derived i n a 
complex manner from t r a d i t i o n a l (obtuse) statements of the second 
law. 

c) Simultaneous Thermal and Chemical Exergy Flow with Mat
ter: The energy and exergy flows associated with bulk transports 
of material j are: 

In Efficiency and Costing; Gaggioli, R.; 
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THERMAL: 1^ = T I S and P A = [ T - T 0 ] I S 

CHEMICAL: l f i = P.I. and P A = ^ j - ^ o l 1 j 
where i s the chemical potential of material j in the dead 
state- The energy current for simultaneous thermal and chemical 
transfers associated with the flow of material j i s therefore 

Evaluation of Exergy Transport Expressions. Exergy transport re
lations are seen to be products of thermo-static properties with 
commodity currents. Give
process flow diagram)
ated by determining the thermostatic properties, using t r a d i t i o n 
a l thermochemical property evaluation techniques. References 
(10-15) present convenient relationships for p r a c t i c a l evaluation 
of exergy flows for several important cases. 

A prerequisite for the evaluation of the exergy transports 
i s the selection of a proper dead state (9-17). 

Second Law E f f i c i e n c y — T h e True Efficiency 

In the theoretical l i m i t , any amount of exergy contained in one 
or more given feed streams ( c a l l them fuels and feedstocks) could 
be completely transferred or transformed to any other commodities 
( c a l l them products). For example, the exergy transported i n 
with Feeds 1 and 2, P^ + P^ in Figure 1, in theory could be com
pletely delivered—by transformation of Feeds 1 and/or 2 into 
Product A, yielding P , and by transfer of exergy to stream B 
yielding AP„. That i s , i d e a l l y the output would be 

In actuality, however, there w i l l always be a consumption of 
some exergy to drive the various transformation and/or transfer 
processes. Furthermore, there may be effluent losses of exergy. 
Then, for re a l operation, an exergy balance says 

P, + P 2 - P lost - P consumed. 
The Second Law ef f i c i e n c y , measuring the r a t i o of actual to 

ideal output, i s therefore given by 
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12 SECOND LAW ANALYSIS OF PROCESSES 

The denominator exceeds the numerator by the amount of exergy 
consumed (annihilated) by the transformation plus the amount lost 
in effluents. 

More generally, 
X) = E[net product exergies] 

1 1 £[feed exergies] 
For any conversion, the theoretical upper l i m i t of n n i s 100%, 
which corresponds to the ideal case with no dissipations. To 
approach th i s l i m i t in practice requires the investment of great
er and greater c a p i t a l and/or time. The tradeoff, then, i s the 
c l a s s i c a l one: operating costs (for fuel) versus c a p i t a l (for 
equipment and time). The important point here i s that attainment 
of the optimal, economic design can be greatly f a c i l i t a t e d by the 
application of Second-Law analysis ( i . e .  exergy analyses) to 
processes, devices, an

Traditional e f f i c i e n c i e
n.j) based on the r a t i o of "product" energy to " f u e l " energy are 
generally faulty, to a degree that depends on the kind of device 
or system to which they are applied. Because energy i s conserved, 
the difference between the energy output in the products from a 
system and the energy input with f u e l s — t h e difference which, i t 
i s perceived, represents the inefficiency—must be the energy 
lost with effluents. Exergy consumptions, which drive the v a r i 
ous operations in the system, are neglected. Examples which i l 
lustrate these errors w i l l follow. 

(Those t r a d i t i o n a l e f f i c i e n c i e s such as isentropic or poly-
tropic e f f i c i e n c i e s of turbines and compressors are 2nd law ef
f i c i e n c i e s of a sort. They do approximate njj f a i r l y well, de
pending on the situation.) 

The Methodology of Exergy Analyses 

How the tools are organized into a methodology for process evalu
ation v ia exergy i s i l l u s t r a t e d in Reference 13 with a c o a l - f i r e d 
b o i l e r . It w i l l be used to demonstrate the calculation of exergy 
flows, losses and consumptions. 

Application to Coal-Fired Boiler (13). Consider th i s problem: A 
given c o a l - f i r e d b o i l e r i s burning I l l i n o i s No. 6 coal while con
verting 298°K (77°F) water to 755°K (900°F) steam, at 5.86 MPa 
(850) psia. The bo i l e r has a f i r s t law e f f i c i e n c y (nj) of 85%. 
How much of the coal's exergy i s destroyed? What i s the second 
law of e f f i c i e n c y (nn) of the boiler? Where are the d i s t i n c t 
exergy consumptions within the boiler and what are their magni
tudes? Where are the losses, and what are their quantities? 
Figure 2 i l l u s t r a t e s one type of flow diagram which can be drawn 
for t h i s b o i l e r ; as in energy analyses, i t serves to define the 
boundaries of the process being studied as well as to establish a 
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\ i / 
• CONSUMPTIONS ^ 

/ t \ / 

Output = Input - Inefficiencies

Return B 

P A + A P B = P , + P 2 Lost Consumed 

P A ' f l P B 

Figure 1. Schematic diagram of a ty p i c a l energy-conversion or 
chemical-processing device or system. 
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Figure 2 . Flow diagram of f i r e d b o iler (with stream labels and key 
property data). 
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14 SECOND LAW ANALYSIS OF PROCESSES 

scheme for stream i d e n t i f i c a t i o n . Key stream properties have 
been included i n Figure 2. 

Evaluation of Transports. Using the information given on Figure 
2, the composition of the coal, the composition of the stack 
gases, and the characteristics of the reference environment, typ
i c a l thermodynamic property calculations serve to evaluate the 
transport terms (10,12). Thus the exergy transported with the 
coal i s : 

kJ 
P c o a l = 2 6 3 9 1 kg raw coal = 1 1 3 4 8 B t u / l b r a w c o a l -

The combustion a i r , free from the environment, has zero 
exergy: 

p a i r = exergy
The transport of exergy with the feedwater i s due only to 

i t s pressure since i t i s at T Q and water i s "free" from the en
vironment (except for purification) 

kJ 
P =50.2 = 21.6 Btu/lb coal 
H20, in kg coal 

The exergy i n the steam can be easi l y evaluated using the proper
ty relations represented by the steam tables: 

P kJ Btu 
H20, out = 8963.3 k g C Q a l = 3854.2 i b c o a l 

At the location (G) the gases are at the same pressure as 
the environment but are not in thermal or chemical equilibrium 
with i t . Even i f cooled to T , the stack gases at a t o t a l pres
sure P Q would s t i l l not be in complete equilibrium with the en
vironment, because the composition i s dif f e r e n t . Using thermo
s t a t i c property relations (10), the t o t a l exergy i n the stack 
gases may be calculated: 

kJ 
Pstack = 1 4 5 4 ' 9 k i T S a T = 6 2 5 • 6 B t U / l b C O a l -

For convenience, the "system boundary" has been located far 
enough outside the surface of the bo i l e r so that the exergy car
ried past by heat transfer i s p r a c t i c a l l y zero: 

Pwall " ll-T(AX - [1-VT<A = 0 

Now that a l l the transports of exergy across the system 
boundary have been evaluated, the exergy consumption term can be 
determined: 

A = p. - p c in out 
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= 26391 + 0 + 50.2 - 8963.3 - 1454.9 - 0 
kT 

= 16023 , . = 6889 Btu/lb coal 
kg coal 

In answer to the second question raised e a r l i e r , the second 
law e f f i c i e n c y of this system i s 

P - P HO,out HO,in 
r\lx = — = = 0.338 P coal 

compared to the f i r s t law ef f i c i e n c y of 0.85. 

Analysis of Sub-processes. To determine the locations and magni
tudes of the various different consumptions which comprise AC# 
one need only subdivide the system appropriately into sub-sys
tems, and then repeat
problem, the consumption
into 1) combustion, and 2) heat transfer. Each can be analyzed 
for i t s second law eff i c i e n c y and the amount of exergy i t con
sumes. 

To calculate the consumptions of exergy in the combustion 
process and the heat transfer process, i t i s supposed that the 
boil e r may be separated into two d i s t i n c t hypothetical e n t i t i e s : 
an "adiabatic combustor" and a "heat exchanger." After determin
ing the state of the combustion products, using an energy b a l 
ance, the transport of exergy from the combustion process with 
product gases can be determined with the same procedures as 
above: 

Pp = exergy transport with products of combustion 

kJ 
= 19489.3 k g C Q a i = 8380.4 Btu/lb coal 

Now, having evaluated the relevant transport terms, two important 
consumptions of exergy within the boiler may be evaluated, by 
applying an exergy balance to the hypothetical "combustor" and 
one to the "heat exchanger" 

RXN destruction of exergy due to uncontrolled 
combustion of coal 

= P + p . - p = 6901.7 • , coal a i r p Kg coai 
= 2967.7 Btu/lb coal 

A„ u v = destruction of exergy due to the heat c, HA 
transfer process 

= P — P + P — P p stack H2°'in H2°'Out kJ 
= 9121 3 : ~ 3922.2 Btu/lb coal 

kg coal 
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16 SECOND LAW ANALYSIS OF PROCESSES 

Correspondingly, the second law eff i c i e n c y for each of these 
internal processes may be evaluated. If the view i s taken that 
the purpose of the combustor i s to convert the (chemical) exergy 
of the coal into exergy of combustion products, 

19489 
RXN " 26391 " ° - 7 3 8 

In turn, the heat exchanger serves to transfer the product exergy 
to the H20 

8963-50 n n T T u m = = 0.457 •II, HT 19489 

Here, the difference between the denominator and the numerator i s 
the destruction by the
ergy with the stack gases

Figure 3 shows one method of presenting the results of an 
exergy analysis. It i s similar to an energy flow diagram, with 
the added feature of showing consumptions of exergy as negative 
values within the various process blocks. Such a diagram aids 
in gauging the re l a t i v e importance of each transport and consump
tion . (The so-called Sankey diagram has been used e f f e c t i v e l y in 
the European l i t e r a t u r e , representing each exergy flow by a band 
so drawn that i t s width i s proportional to the flow.) 

Discussion. The "thermal e f f i c i e n c y " of this b o i l e r — t h a t i s , 
the net energy delivered to H20 divided by t o t a l energy input in 
c o a l — i s 85%. To c i t e such e f f i c i e n c i e s — e n e r g y r a t i o s — i s mis
leading. As shown by the foregoing overall analysis of the 
bo i l e r , the exergy of the steam—its "useful energy"—is much less 
than i t s energy content; hence, the energy ef f i c i e n c y , cited 
for the boiler i s 2± times i t s true ef f i c i e n c y , H J J , of 33.8%. 

T* i e detailed analysis of the different sub-processes of the 
boi l e r , as summarized in Figure 3, shows that the two largest d i s 
sipations are due to the uncontrolled kinetics of combustion 
(26.2% of the t o t a l exergy input), and heat transfer (34.5%) as 
heat passes from hot products at a high average (1 - T Q/T) to 
l i q u i d and gaseous H20 with a re l a t i v e low average (1 - T Q/T). 
The stack losses, while not i n s i g n i f i c a n t , represent only 5.5% of 
the exergy in the coal; in contrast, they represent nearly 15% of 
the coal's energy content. 

Of course, no cost effective opportunities to reduce any con
sumption or loss should be overlooked. Often, the best opportun
i t i e s are where the larger consumptions (and losses) occur. For 
example, i f the steam pressure were raised, the average tempera
ture and, therefore, the average value of (1 - T Q / T ) for heat ad
d i t i o n to steam would be raised and a s i g n i f i c a n t decrease in 
Ac,HT c o u l d be effected. (Design modifications may have to be 
made in the equipment u t i l i z i n g the steam as " f u e l , " in order to 
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e f f e c t i v e l y take advantage of the steam 1s higher exergy content. 
That i s ; improving T)JJ of the boiler does not necessarily imply 
an improvement in the overall for the overall process of 
which the bo i l e r i s only a part. If the requirements for steam 
are at low-pressure, i t would be of no benefit to produce i t at 
high pressure and then simply thr o t t l e i t to the low pressure. 
On che other hand, i f a turbogenerator were used i n l i e u of a 
t h r o t t l i n g valve, e l e c t r i c power could be obtained while dropping 
the steam to the desired pressure—cogeneration.) In effect, the 
steam's exergy content would be higher, without increasing the 
exergy input (coal) to the b o i l e r . 

A detailed exergy analysis was carried out in Reference (18) 
on a modern 300-MW coal-burning power plant. Although many of 
the interesting d e t a i l s are not shown  some of the results of that 
analysis are shown schematicall
exergy flows and consumptions
rentheses for the sake of comparison. It i s notable that half of 
the potential energy (exergy) of the incoming fuel i s dissipated 
immediately by the bo i l e r (30% i s used up in combustion, 15% i s 
consumed in the heat transfer from high-temperature products to 
the steam and preheated a i r , and 5% i s l o s t — p r i m a r i l y i n chemi
ca l exergy—with the stack gases). 

The corresponding energy balance implies that the b o i l e r i s 
very e f f i c i e n t , losing only 10% of the input e n e r g y — v i r t u a l l y 
a l l of i t associated with stack gas thermal losses. 

"Energy losses" associated with the condenser, carried into 
the environment by the cooling water, are great. We hear much 
about the need to u t i l i z e that energy. Actually, v i r t u a l l y none 
(*\/l%) of the resource which went into the power plant i s lo s t i n 
that water. The re a l loss was (primarily) back in the bo i l e r 
where "heat" (entropy) was produced. Once produced, i t must be 
transmitted to "ground"—the environment—in order for i t s poten
t i a l energy ( i . e . , exergy) to be obtained. It carries much en
ergy with i t to the environment but essentially no potential en
ergy. Attempts to take advantage of " a l l that energy" and there
by improve the u t i l i z a t i o n of the fuel used by the plant are fu
t i l e . On the other hand, the renewed interest in the cogenera
tion of e l e c t r i c i t y and "heat" i s consistent with Second Law re
s u l t s . Cogeneration reduces the bo i l e r i n e f f i c i e n c i e s , associa
ted with the production of steam (or hot water) at low tempera
tures. (Notice that the production of hot water by cogeneration 
i s tantamount to ra i s i n g the turbine back-pressure, so that the 
condensing steam, at a high temperature, can raise the tempera
ture of the cooling water more. Then, the cooling water becomes 
useful, because i t has substantial exergy.) 

Summary. In i l l u s t r a t i n g the role played by exergy analysis in 
design optimization, one of two methods was demonstrated. The 
bo i l e r problem used exergy balances to obtain a l l the pertinent 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



18 SECOND LAW ANALYSIS OF PROCESSES 
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Figure 3. Exergy flow diagram for co a l - f i r e d b o i l e r . 
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consumptions and transports of exergy. This method reveals the 
rel a t i v e importance of consumptions and losses with respect to 
the other transports of exergy into, out of, and within the sys
tem. It also provides a consistent basis for accurate costing of 
flow streams. 

The error i n energy eff i c i e n c y analyses i s that they a t t r i b 
ute a l l the i n e f f i c i e n c i e s to losses, and then miscalculate those, 
as was demonstrated with the co a l - f i r e d b o i l e r . 

A Survey of Typical Results of Second law Effi c i e n c y Analyses 

Exergy balances can be applied at one extreme to complete sectors 
of the "energy economy", such as "power generation" (the c o l l e c 
tion of e l e c t r i c u t i l i t i e s ) or "industry" (the c o l l e c t i o n of pro
cess and manufacturing industries)  Or t th  othe  extreme  t
an individual thermodynami
(such as the combustio  proces
ample) . In between such extremes there are, for example, the 
various diff e r e n t industries (SIC*s) within the i n d u s t r i a l sector, 
and i n turn there are the d i s t i n c t firms or plants within an SIC. 
Within a plant, there are a variety of processes. Each process 
consists of several units. A unit may include several devices, 
and those may have several thermodynamic processes. Second Law 
eff i c i e n c y analysis of the s p e c i f i c devices, units, plants, etc. 
i s valuable for pinpointing inefficiencies—consumptions and los 
ses—and, i n turn, the opportunities for improvement of perform
ance. Such information i s valuable when seeking to improve a 
given operation, say via r e t r o - f i t modifications, or when aiming 
for design improvements for a new operation. 

As yet, r e l a t i v e l y few Second-Law ef f i c i e n c y analyses have 
been carried out. Yet, from among those which have been made 
interesting patterns of information can be developed. This part 
of the a r t i c l e w i l l be devoted to a survey of many of the results 
which have been obtained so f a r — f o r detailed processes, and 
for sectors. Then, important conclusions can be drawn, which are 
relevant (i) to the p o s s i b i l i t i e s of improving "energy" u t i l i z a 
tion, and ( i i ) to decisions regarding the alloc a t i o n of resources 
—economic and manpower—to the improved application of existing 
technologies and to R&D for prospective new technologies. 

The results for sectors have been obtained by "integrating" 
the results for industries (while involving various approxima
tions and assumptions), which in turn were obtained by "integrat
ing" those for processes, . therefore, i t might seem l o g i c a l 
to present the detailed results f i r s t and then proceed to the i n 
tegral. On the other hand, by presenting the integral results 
f i r s t , the significance of the detailed results can be appreciated 
in context. 
Efficiency of Energy Sectors. The following information regarding 
"energy" resource consumption and u t i l i z a t i o n by sector i s based 
almost vebatim on the work of Reistad (19, 20). 
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Figure 5 i l l u s t r a t e s a t y p i c a l energy flow diagram for the 
U.S., in 1970, of the type which was f i r s t introduced by Cook 
( 2 1 ) . In viewing such diagrams, some realized that this i l l u s t r a 
tion did not t e l l the whole story, and i n fact was quite mislead
ing on several points. Such a diagram using exergy rather than 
energy would present the appropriate picture. Figure 6 presents 
an exergy flow diagram for the U.S. for the year 1970, from 
Reistad ( 1 9 ) . 

Consider a comparison of Figures 5 and 6 which are figures 
drawn on the same format to i l l u s t r a t e the difference between en
ergy and exergy analyses. The energy flow diagram indicates that 
for every unit of energy that i s u t i l i z e d approximately one unit 
of energy i s wasted. The exergy flow diagram of Figure 6 shows 
a much different picture of our technology: for each unit of ex
ergy consumed i n end uses
wasted. To put i t anothe
of technology in energy conversion and u t i l i z a t i o n i s roughly one
half of that indicated by the usual energy "picture" as shown in 
Figure 5. From the brighter side, Figure 6 reveals that there i s 
substantially greater room for improvement in our technology than 
Figure 6 would indicate to be possible. 

When considering which segment of our economy i s most in need 
of improvement, magnitude of waste i s a good indication. The en
ergy flow diagram indicates that the e l e c t r i c a l sector and the 
transportation sector were the largest contributors to the wasting 
of energy, and that both were substantially less e f f i c i e n t than 
either the i n d u s t r i a l or household and commercial segments. F i g 
ure 6 on the other hand, shows each of the four segments of our 
economy contributing roughly equal shares to the waste of exergy. 
Here, the transportation, and the household and commercial cate
gories, are indicated as the least e f f i c i e n t with second law 
ef f i c i e n c y values roughly half that for e l e c t r i c a l generation and 
i n d u s t r i a l . 

The methods, approximations and assumptions employed in con
structing Figure 6, similar to those used for Figure 5, are de
scribed in some d e t a i l by Reistad (19, 2 0 ) . i t i s clear (20,22, 
23) that the Second Law e f f i c i e n c i e s shown in Figure 6, especial
ly those for the Residential-Commercial and for the Industrial 
sectors, are conservatively high. The more recent estimates for 
the overall H J J of the Industrial sector (2£, _22) are about 8% 
rather than the 17% given by Figure 6. The revised values are a 
consequence of (i) substantial amounts of additional s t a t i s t i c a l 
information which has become available, and ( i i ) the r e d e f i n i t i o n 
of the task (the "duty" or "load") for several s p e c i f i c processes. 
In any case, 

- The energy conversion technology i n the U.S. i s 
substantially poorer than indicated by a F i r s t 
Law analysis, and consequently there i s sub
s t a n t i a l room for improvement. 

- It i s not the e l e c t r i c i t y generation and auto-

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Fi
gu

re
 
5.
 

Fl
ow

 o
f 

en
er

gy
 i

n 
th

e 
U.
S.
 
(2

1)
. 

A
l
l 
va

lu
es

 
re

po
rt

ed
 
ar

e 
10

1
5 

Bt
u 

[l
.O

SS
dO

1 )
J]

. 
Fo

ot
no

te
 a

: 
th

e 
en

er
gy

 v
al

ue
 
fo

r 
hy

dr
op

ow
er

 
is

 r
ep

or
te

d 
in

 t
he

 u
su

al
 m

an
ne
r 

of
 c

oa
l 

eq
ui

va
le

nt
. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Fi
gu

re
 
6.
 

Fl
ow

 o
f 

ex
er

gy
 
in

 t
he

 U
.S
. 

(A
ll

 v
al

ue
s 

re
po

rt
ed

 a
re

 
10

1
5 

Bt
u 

[l
.0

55
(1

01
8
)J

] 
(2

0)
.)

 
Fo

ot
no

te
 
a:

 
a
l
l 
va

lu
es

 
in

 (
 )

 a
re

 e
ne

rg
y,

 
ot

he
r 

va
lu

es
 r

ep
or

te
d 

ar
e 

ex
er

gy
. 

Fo
ot

no
te

 
b:

 
th

e 
en

er
gy

 
va

lu
e 

fo
r 
hy

dr
op

ow
er

 i
s 

re
po

rt
ed

 i
n 

th
e 

us
ua

l 
ma
nn
er

 o
f 

co
al

 
eq

ui
va

le
nt

; 
ac

tu
al

 e
ne

rg
y 

is
 1

.1
2 

x 
10
 

Bt
u.

 

C/3
 

m n i 0 r 1 > > c/3
 

O •n
 

-o
 

73
 

m ff
l 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. GAGGIOLI Process and Energy Engineering 
23 

motive sectors alone that are the major causes 
of waste as indicated by the F i r s t Law analy
s i s . Rather, a l l sectors have waste of about 
the same order and e l e c t r i c i t y generation i s 
the smallest of these. 
The Household-Commercial and the Industrial 
Sectors are not the most e f f i c i e n t , as we are 
led to believe by Figure 5, but the least 
e f f i c i e n t . 

As Reistad (20) says, in conclusion: 
"The quite often used energy flow diagrams similar 
to Figure 5 are quite misleading in two important 
aspects. F i r s t , they imply substantial waste in 
the wrong sectors, pointing the finger of blame 
regarding our energ  proble  i  th  direc
tion. Secondly
of a substantially highe  presently 
have; that i s , they show " e f f i c i e n c i e s " that are 
much higher than properly evaluated e f f i c i e n c i e s 
would be for a substantial number of processes. 
On the other hand, the exergy flow diagrams show 
the true picture and can be used to gain useful 
insight into our overall energy problems. 

Exergy i l l u s t r a t e s that our overall l e v e l of 
technology i s quite low, with an overall rijj of 
less than 10% with the latest figures (22). This 
point at f i r s t glance seems to be a negative as
pect in our future, but in fact i t i s a very 
positive one. Since the present e f f i c i e n c i e s 
are so low there i s a l o t of room for improve
ment in our conversion systems and consequently 
a l o t of room for reducing our energy consump
tion through improving the performance of energy 
conversion and i n d u s t r i a l processing (especially 
chemical) systems." 

Interesting questions remain to be answered i n the following 
section: "What i s the breakdown of the i n e f f i c i e n c i e s i n each of 
the sectors? What industries, what processes, what devices are 
the sources of i n e f f i c i e n c i e s , and to what r e l a t i v e extent?" 

Performance of Typical Overall Systems and Processes i s pre
sented in Table I. With the nomenclature of this table, (i) A 

s 
i s " f u e l " and/or "feed stock" exergies supplied, ( i i ) AC i s the 
exergy consumed in "driving" the process, ( i i i ) Â  i s the exergy 
lost i n effluents, and (iv) the exergy delivered i n the product 
i s AP. With the same nomenclature, Table II presents the per
formance of numerous devices which are common to energy-conversion 
and process systems. 
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Table I. Performance Of Typical Overall Systems and Processes* 

^II=kp/ks 

kc/ks kt/ks (Ej/Eg) (ni-V^s) 
F o s s i l - f i r e d Power Plant 
(18) 

- Boiler 
- Turbines 
- Condenser & heaters 

Co-generating Plant (24) 
(410 kw elec, 1130 kw 
steam) 0.6

0.55 0.06,(0.59) 0.4,(0.41 

0.45 0.05,(0.09) 
0.05 
0.05 0.01,(0.5) 

Co-generating Plant (24) 
(10,000 kw elec, 17,000 st) 0.62 0.05 0.33,(0.75) 

Equivalent, conventional 0.62 
- 10,000 kw elec.pwr 18/30 
- 17,000 kw 50 psig 

b o i l e r 44/70 

E l e c t r i c Total Energy (18) 0.65 
- Power prod'n & trans. 0.55 
- Heat pump 0.05 

Fo s s i l Total Energy(24, 26) 0.42 
- Engine 0.37 
- Heating & cooling 0.05 

Equiv. conven. (18,20) 0.60 
- E l e c t r i c i t y 30/55 
- Heating & cooling 30/45 

0.10 
2/30 

8/70 

0.06,(0.67) 
0.06,(0.67) 

0.3,(0.4) 
0.3 

0.19 
3/55 
11/45 

0.28 
10/30 

18/70,(55/70) 

0.28,(0.33) 
0.33 

0.28,(0.6) 

0.21,(0.5) 
18/55 
3/45,(30/45) 

Heating and Air-cond'g (23) 
- Air-conditioning 0.85 0.1 0.04(>1.0) 

- Refrigerating unit 0.5 0.06 
- Compressor 0.15 
- Condensor 0.15 0.06 
- Expansion valve 0.06 
- Evaporator 0.15 

- Air-handling unit 0.3 0.04 
- Distribution 0.05 

-Heating 0.8 0.1 0.09,(0.6) 
- Boiler 0.5 0.1 
- Air-handling unit 0.25 
- Distribution 0.05 
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Table I—Continued 

A c / A s V A s ' ( E * / E s ) 

Coal Gasification, 
(Koppers-Totzek) (8) 0.3 0.06 0.65 

- Coal preparation 0.06 0.005 
- Gasifier 0.15 0.02 

- O2 production 
0.04 0.003 

- Heat recovery 0.02 
- Gas cleanup 0.035 0.03 

Coal Gasification 
(Synthane) (27) 0.5 0.05,(0.45) 0.46,(0.55) 

- Coal preparation 0.04 0, (0.01) 
- Gasification 0.15 

- Steam, Pwr,C>2 Prod'n 0.25 0.02,(0.40) 
- conversion, Metha-

nation,Treatment 0.06 0.03,(0.04) 

Ammonia Production(28,29) 0.35 0.03 0.62 
- Methane Reformation 0.28 0.68 
- Ammonia Plant 0.07 0.91 

Steel production, U.S. 
Average (30, 31) 0.21 

- Coking •<- 0. 08 -> 0.9 
- Blast Furnace <- 0. 11 -+ 0.8 
- Steam & Pwr Genera 1n •<- 0. 17 -> 
- Steel-making <- 0. 08 -> 
- Steel-processing <- 0. 27 -> 
- By-product wastes -«- 0. 01 -* 

Paper Produc'n (30, 32) *v 0 
- Cogen, Steam & Power 0.33 
- Pulping 0.08 
- Paper-making 0.25 

Cement Production (30, 33) 0.1 

Petroleum Refining (30, 31) 0.1 

* The entries are by-an-large for systems operating under optimal 
conditions - design loads, careful maintenance. For example, 
the effect of varying loads on the year-round performance of an 
air-conditioning system would reduce the ov e r a l l effectiveness 
to below 1%. For heating, the reduction, not so dras t i c , i s to 
5% or less. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



26 SECOND LAW ANALYSIS OF PROCESSES 

Table I I. Exergy (And Energy) Outputs, Losses And Consumptions 
As A Fraction Of Supply For Several Devices 

njj—Ap/A s 

A c/A s A^/As. (E|/E s) (Tl^Ep/Eg) 

Boiler (high-pressure)(18) 
- Combustion 
- Heat transfer 
- Chemical effluent 
- Thermal effluent 

Furnace (comfort heating) 
(18) 

- Combustion 
- Heat transfer 
- Chemical effluent 
- Thermal effluent 

Water Htr.(Gas-fired)(36) 
- Combustion 
- Heat Transfer 
- Exhaust & Heat Losses 

Water Heater (Elec.) (36) 
- E l e c t r i c Generation 
- Heating 
- Heat Losses 

Domestic Cooking (19) 
Clothes Drying (19) 
Refrigerators (19) 
Engine (lrg, recip.)(18,37) 

- Combustion 
- Heat transfer 
- Exhaust 

Gas Turbine Engine (18) 
Steam Turbine (lrg)(18) 
Compressor (recip.) (18) 
Heat Exchangers (23) 

- Cooling c o i l 
- Steam heating c o i l 

Blast Furnace (30) 
Open Hearth Furnace (30) 
Basic Oxygen Furnace (30) 
Tobacco Dryer (36) 

- Gas Combustion 
- Heat Transfer 
- Exhaust 

Paper Machine (_32, 36) 
- Drying 
- Effluent & Heat Losses 

0.45 
0.3 
0.15 

0.65 

0.6 
0.3 
0.3 

0.9 
0.6 
0.3 

35 
20 
15 

0.3 
0.1 
0.3 

0.75 
0.6 

0.7 
.3 
,4 

.65 

.65 

0.05,(0.1) 

0.04,(0.01) 
0.01,(0.09) 

0.25,(0.4) 

0.05,(0.05) 
0.20,(0.35) 
0.38,(0.6) 

0.38,(0.6) 
0.08,(0.85) 
0.05,(0.70) 

0.03,(0.15) 

0.25,(0.6) 

(0.3) 
0.25,(0.3) 
0.4, (0.7) 

0.25,(0.6) 

0.25,(0.6) 
0.1 

0.1 

0.5,(0.9) 

0.1,(0.6) 

0.24,(0.40) 

0.017,(0.30) 

0.2,(0.7) 
0.1,(0.5) 
0.1 
0.4,(0.4) 

0.3,(0.3) 
0.9 
0.7 

0.25 
0.4 
0.8 
0.78 
0.92 
0.04,(0.4) 

0.25 
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The references referred to in Tables I and II usually con
tain more or less elaborate exergy flow diagrams. 

Conclusions — Specific and General 
This chapter i s not intended to make proposals of s p e c i f i c means 
for improving energy systems. The aim, here,is to show how to 
ascertain how i n e f f i c i e n t l y today's systems perform, and how to 
pinpoint and evaluate the true losses and consumptions. Then, 
needs and opportunities for improvement can be accurately assessed; 
the real prospective savings of "energy" that could accrue from 
proposed improvements — whatever they might be — can be ration
a l l y determined. In turn, decisions and investments (of time and/ 
or money) can be made judiciously. Whereas, analyses made from an 
energy-efficiency viewpoint can be very misleading. 

For example, i s ther
energy by conservation?
s i g n i f i c a n t means for r e l i e v i n g our energy problems — at least 
over the long term. Another group has recognized the importance 
of conservation, but has placed most a l l of the emphasis on better 
"end-use". Thus, in the Heating and Air-conditioning sector the 
stress i s on the prevention of losses (and gains) with better i n 
sulation, fenestration, exhaust a i r heat recovery, etc. Neither 
group i s aware of how great the potential savings r e a l l y are, with 
conservation, because they do not realize how i n e f f i c i e n t the con
version processes are (as shown in Tables I and I I ) . The bigger 
prospective savings are i n the conversion processes, not i n end-
use. The important point i s that energy analyses recognize losses 
only, they do not correctly evaluate the rel a t i v e importance of 
different losses, and they f a i l to recognize consumptions — which 
are generally much more important than the losses. The 10 or so 
per cent effectiveness with which exergy i s u t i l i z e d i n this coun
try, though improved greatly over the 1 or 2 per cent of a cen
tury ago, i s very low; bas i c a l l y , this i s encouraging inasmuch as 
i t shows that there i s real opportunity for improvement remaining. 

Another important point i s that the production of e l e c t r i c i t y 
i s one of our most e f f i c i e n t energy conversions. As elaborated 
upon e a r l i e r , the great losses commonly ascribed to the stack 
gases and cooling water are hardly losses at a l l ; the actual 
"losses" (really consumptions) are elsewhere i n the plant—primar
i l y i n the b o i l e r . 

Furnaces, which are considered to be very e f f i c i e n t , are very 
i n e f f i c i e n t — as shown by Table II, which also shows that the 
primary cause i s the large exergy consumption i n heat transfer 
(which i s a consequence of the large temperature difference be
tween combustion products and the heated medium). 

For example, these comments have considerable negative impact 
on the d e s i r a b i l i t y of high-Btu coal g a s i f i c a t i o n and of the "Hy
drogen Economy" for the purpose of di s t r i b u t i n g these synthetic 
fuels about for combustion in low-temperature furnaces and bo i l e r s . 
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The results shown in Table I for medium-BTU g a s i f i c a t i o n are 
for a state-of-the-art medium-Btu process; conversion of low- or 
medium-Btu to high-Btu gas i s r e l a t i v e l y more i n e f f i c i e n t . The 
medium-Btu process, alone, would be useful for consumers — elec
t r i c a l u t i l i t i e s c l e a r l y are the most l i k e l y prospects — who 
would be w i l l i n g to i n s t a l l their own g a s i f i c a t i o n equipment l o 
c a l l y , i n order to produce a clean fuel which could be burned with 
minimal environmental impact. The 65% effectiveness shows the ad
ded fuel cost which must be borne: 54% greater than without the 
g a s i f i c a t i o n . And then there are the additional c a p i t a l (and 
other) costs. Nevertheless, this technology may be competitive 
with other methods of contending with the emissions problem, es
p e c i a l l y when included as a part of combined cycle power plants. 

It i s evident from the foregoing information that the pro
cesses which are the grea
and heat transfer. Researc
economic need, w i l l develop new technology for overcoming these 
wastes — d i r e c t l y or i n d i r e c t l y . Indirect improvements w i l l come 
from the development of new systems combining processes — old and 
new — i n novel ways. Direct improvements w i l l be achieved with 
more e f f i c i e n t heat production, transport and transformation pro
cesses, and with more e f f i c i e n t chemical processes. 

Detailed Second Law analysis of the combustion process shows 
that the dissipations result from an imbalance between the chemi
ca l potentials (u) of the reactants and of the products, just as 
the heat transfer losses result from the great imbalance between 
the temperature of combustion products and heated medium. Fuel 
c e l l s improve the balance of the chemical potentials, and y i e l d 
an e l e c t r i c potential energy output upon reducing u of the reac
tants. But, thus far, any savings of the losses due to chemical 
reactions have been counteracted with other losses; and the costs 
of c a p i t a l , and of fuel and i t s preparation, are unattractive. 
However, i t i s predicted here that prospective schemes for reduc
ing the chemical potential of oxygen before i t reacts with the 
fuel w i l l be forthcoming, to improve performance of power stations 
and other combustion engines. 

The intent of MHD i s to c a p i t a l i z e on potential energy now 
lost in the b o i l e r heat transfer processes. 

Solar energy, of course, has no combustion consumption asso
ciated with i t . The concept of a solar furnace wherein conven
ti o n a l fuels and oxidants are preheated by solar energy, thereby 
reducing the imbalance of chemical potentials and hence reducing 
the exergy consumption of combustion, i s an interesting one. The 
concept can be carried a step further by oxidizing the fuel using 
so l i d - e l e c t r o l y t e fuel c e l l s , using the solar energy to achieve 
the high temperatures required by such c e l l s . It i s interesting 
to conjecture that concepts — such as solar energy, combustion, 
fuel c e l l s — which alone may not be economical might combine to 
be competitive before any one of them would be, alone. Clearly, 
the complexities of such combinations are "overwhelming," but i n 
the long run the gains could be worthwhile. 
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As mentioned e a r l i e r , energy analyses are misleading. The 
exergy methods for analyzing "energy" systems are the key to pin
pointing the losses and consumptions, for measuring their magni
tudes and resultant per cent i n e f f i c i e n c i e s , in order to determine 
where opportunities for improvement and conservation l i e , for the 
purposes of decision-making for allocation of resources — capi
t a l , R&D e f f o r t , and so on. The exergy methods, which involve 
exactly the same kinds of calculations as energy analyses, are a 
valuable f i r s t step for ascertaining l i k e l y prospects (opportuni
ties) for cost effective c a p i t a l expenditures for "energy" con
servation. Then, once improved systems and/or processes are con
ceived for conservation, benefit-cost studies provide the ultimate 
test of the proposed improvements — of the usefulness of Second-
Law e f f i c i e n c y analyses for finding the opportunities. 

III. Benefit-Cost of Energ

During the nineteenth century the e f f i c i e n c y with which energy re
sources were u t i l i z e d was low and r e l a t i v e l y constant. During the 
late 1800*s through about 1950, the e f f i c i e n c y increased dramati
c a l l y , f i v e - to ten-fold depending upon the use, r i s i n g to a r e l 
a t i v e l y f l a t plateau (38). What are the prospects for further 
large "step" increases in efficiency? If we were to believe that 
the F i r s t Law e f f i c i e n c y i s tr u l y representative, we would not 
hold out hope for large increases inasmuch as the average F i r s t -
Law e f f i c i e n c y i s 50 per cent (21). However, the true (Second-
Law) e f f i c i e n c y of energy resource u t i l i z a t i o n i s about 10 percent 
(19_*20^22) with very low e f f i c i e n c i e s i n a l l of the p r i n c i p a l 
end-use sectors. The prospects for energy conservation are very 
s i g n i f i c a n t by improving the e f f i c i e n c y of the conversions from 
raw-fuel to end-use supplies. 

Economics — the ultimate motivation for e f f i c i e n c y improve
ments — w i l l determine the l e v e l of any e f f i c i e n c y increases and 
the rate at which they are made. Economy was the driving force 
for the developments leading to higher e f f i c i e n c i e s i n the f i r s t 
half of the century. The need for larger quantities of fuel from 
more remote sources made the fuel r e l a t i v e l y expensive; therefore 
i t was more worthwhile to develop better technology and to invest 
more ca p i t a l i n more e f f i c i e n t equipment. It can be safely pre
dicted that fuel costs being experienced i n this era w i l l lead to 
large increases i n e f f i c i e n c y . Presuming that the appropriate 
economic balance between c a p i t a l and fuel costs had been achieved 
when e f f i c i e n c i e s reached their post-1950 plateau, i t should be 
expected, because of the rapid r i s e of the price of f u e l , that now 
there are many opportunities for achieving economies by investment 
in more e f f i c i e n t state-of-the-art hardware. Furthermore, even 
more e f f i c i e n t new technologies w i l l be developed. 

Of immediate interest are improvements in system performance 
that may be accomplished with state-of-the-art technology. In 
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these cases allocation decisions can be based on objective econom
ic cost-benefit calculations. References (32, 36, 39-45) outline 
case studies that begin with an exergy ef f i c i e n c y analysis i n or
der to pinpoint opportunities for economic "energy" conservation, 
followed by the conception — motivated by the results of the ef
ficiency analysis — of prospective technical schemes for conser
vation, and then by benefit-cost studies of various alternatives. 
Following i s a representative i l l u s t r a t i o n of the results of other 
such benefit-cost studies reported in more d e t a i l elsewhere (42-
45). The system improvements were motivated by Second-Law e f f i c i 
ency studies. The results corroborate the contention made above: 
that there are currently many economic opportunities for "energy" 
conservation. 

Current Economics of Energy Conservation  Gyftopoulos and Widmer 
presented thirteen example
conservation measures (42-44
covery in cement production. 

There are large amounts of thermal exergy i n the "waste heat" 
from cement k i l n s . A s p e c i f i c proposal would i n s t a l l a 4700 kW 
power cycle driven by the otherwise wasted exergy at a cost of 
$2.7 m i l l i o n . The resultant power would be used in-plant, re
placing e l e c t r i c i t y that would need to be purchased at 2.6CkWhr. 
A l i f e - c y c l e costing analysis showed that the savings on e l e c t r i c 
i t y would give a 22 per cent after-tax return on the $2.7 m i l l i o n 
investment. This ROI exceeded the 15 per cent that top management 
had established as a c r i t e r i o n for c a p i t a l investments that i n 
creased production, and was far above the company's average re
turn on assets of 10 per cent. Nevertheless the company rejected 
the proposal, indicating that a 30 percent ROI was the policy for 
projects that do not increase production. This decision, not un
t y p i c a l , was unfortunate for both the proposing firm and the 
nation. 

It can be argued the decision i s unfortunate for the cement 
company, too. Evidently the j u s t i f i c a t i o n for the two-tiered -ROI 
c r i t e r i o n i s that "market penetration" has an intangible but r e a l 
value. That i s , the per cent of the market which the company 
holds now and in the near future has a s i g n i f i c a n t impact on the 
future sales. Undoubtedly th i s i s true. However, such a drastic 
difference i n ROI c r i t e r i a hardly seems appropriate. After a l l , 
the company's future production capacity w i l l be dependent upon 
the a v a i l a b i l i t y of c a p i t a l at that time, and the a v a i l a b i l i t y i s 
enhanced i f the p r o f i t i s greater now and in the near future. Also, 
the savings from the proposed investment could be spent, in part, 
on other methods of increasing sales. One wonders i f the strong 
preference (prejudice) on the part of management toward "produc
tio n " i s not motivated by the preoccupation with growth and, in 
turn, with sales as "the" measure of the growth of a firm, sup
posedly gauging the effectiveness of management. 

To put i t d i f f e r e n t l y , the preference may be a matter of 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. GAGGIOLI Process and Energy Engineering 
31 

i n e r t i a . In the era of the immediate past, c a p i t a l investment 
into increased production almost invariably paid o f f . However, 
that was an era of expanding markets. Were the markets expanding 
simply because production was being increased? Hardly. The most 
important reason for expansion was that products were becoming 
less expensive because they were being produced more e f f i c i e n t l y . 
This more e f f i c i e n t production was a result of c a p i t a l being i n 
vested in "automation" in order to make more e f f i c i e n t use of a 
c r i t i c a l resource that was suddenly becoming much more expensive 
(in real terms), namely man-power. With the increased e f f i c i e n c y 
of manpower u t i l i z a t i o n , products became less expensive, and con
currently the consumers could afford more — because, being more 
e f f i c i e n t labor, they could be paid more. Consequently, markets 
expanded. During the era, a good "rule of thumb" for management 
was "increase production.  Th  mentalit  persists  whil
Japan i s showing that investmen
(1) It seems that an " i n e r t i a l preference  for production could 

have dire consequences since (a) the prospect i s small that, 
in the near future, U.S. markets can continue to expand l i k e 
they have in the recent past, and (b) th i s "philosophy" of 
expanded production a f o r t i o r i actually i s counter to the key 
to success in the recent past, namely e f f i c i e n c y . 

(2) In the present era, i t i s our second-most valuable resource, 
energy-power that i s being used very i n e f f i c i e n t l y while be
coming expensive. 

(3) Meanwhile, there are forces at play that would make both of 
these resources not only expensive but scarce — at least in 
some places for a time. 
(Clearly, world markets could continue to expand greatly; the 
needs and hence demand are there. But the prospective con
sumers cannot afford their needs — and won't be able to, un
t i l investments are made to u t i l i z e their prospective work.) 

Conservation vs. New Supply. Gyftopoulos and Widmer pointed out 
the impact on the nation of negative decisions l i k e that of the 
cement firm: "...the proposal was rejected; the plant continues 
to purchase e l e c t r i c i t y from a u t i l i t y . This e l e c t r i c i t y i s gen
erated by consuming the equivalent of about 188 barrels of petro
leum per day." Clearly, this i s a small amount; but when i t i s 
multiplied by the number of instances in which such an opportunity 
i s passed over.... Furthermore, from a national viewpoint i t i s 
noteworthy that the replacement cost — the marginal cost — of 
the e l e c t r i c i t y that could have been saved i s more than the 2.6C/ 
kWhr paid by the company. Because the e l e c t r i c i t y i s not saved, 
the u t i l i t y w i l l need to spend over $5 m i l l i o n of c a p i t a l to add 
new generating capacity with greater c a p i t a l costs (per kW) than 
i t s existing f a c i l i t i e s . Also, additional capacity w i l l consume 
new supplies of fu e l , which are more expensive than the average 
cost, consequently, and i r o n i c a l l y , Gyftopoulos and Widmer can 
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say, " I f , however, the company had been paying for e l e c t r i c i t y the 
4.1 cent replacement cost appropriate to new e l e c t r i c i t y supply, 
the generator would have earned a return well above 30 per cent 
and management would have undoubtedly approved the project." 

Including the cement k i l n case just reviewed, the thirteen 
cases presented in ^43) show the c a p i t a l cost of various "energy" 
conservation projects in comparison with the c a p i t a l required to 
provide an equivalent new supply. 

Barriers to Energy Conservation. The importance of energy con
servation to the future of our economy i s discussed in References 
(42-45); the authors l i s t and explain " i n s t i t u t i o n a l barriers" to 
energy conservation: 
(1) Limited c a p i t a l . 
(2) Two-tier c r i t e r i a

investments. 
(3) Average costs for energy supplies are substantially lower 

than marginal costs. 
(4) Regulatory constraints upon producers of by-product 

e l e c t r i c i t y . 
(5) Different investment c r i t e r i a for energy users versus 

regulated u t i l i t i e s . 

An additional factor persists: 

(6) The uncertainty regarding the impact of impending l e g i s l a 
tion upon current decisions. 

Regulatory constraints sometimes preclude cogeneration and 
often undermine i t s benefits. In one notable case (24, 32) a 
company was cogenerating substantial amounts of e l e c t r i c i t y , 
serving i t s own needs plus those of the surrounding community. 
The company was unsuccessful at getting a rate increase that was 
needed to meet i t s costs. One factor was that the u t i l i t i e s com
mission viewed the value of the plant outputs, steam and e l e c t r i c 
i t y , to be energy not exergy. Consequently, as w i l l be shown in 
Part IV, the allocation of costs to steam was much greater than 
i t should have been, and the price allowed for e l e c t r i c i t y was 
less than i t s true cost. Subsequently, out of f u t i l i t y , the co-
generating firm submitted a pet i t i o n requesting to be relieved of 
the requirement to serve as the loc a l u t i l i t y . Ultimately the 
pe t i t i o n was granted, rather than allow a rate increase — and the 
community was then served by a larger u t i l i t y , at higher rates 
than those requested by the cogenerating industry. 

The matter of different investment c r i t e r i a for energy users 
versus regulated u t i l i t i e s i s exemplified by comparison of the 
feedwater heater project (41) to the cement k i l n heat recovery 
project referred to above. The u t i l i t y chose to replace the de-
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graded feedwater heater because the investment would earn more 
than 8.5 per cent after taxes, whereas the cement company would 
not even make a mainstream investment with an expected return less 
than 15 per cent. Of course the reason u t i l i t i e s can make such 
investments i s that their p r o f i t i s assured, perhaps at a low 
l e v e l , but assured. (It i s also interesting to see u t i l i t i e s 
"forced" into the i n s t a l l a t i o n of i n e f f i c i e n t peaking f a c i l i t i e s 
— burning scarce hydrocarbon fuels with the assurance that the 
fuel costs w i l l be covered by "fuel cost adjustment clauses" in 
their regulated prices.) 

Conclusions 

(1) Energy resources are being used very i n e f f i c i e n t l y , and 
there i s a wide margi

(2) The great amount o
t i e s for improving systems by (a) the use of existing tech
nology, and (b) the development of new technology. 

(3) The motivation for acquiring and developing more e f f i c i e n t 
energy conversion equipment and systems w i l l be economic — 
whether socialized or free enterprise — responding to the 
r i s i n g value of fuels. 

(4) The key to acquiring and developing the better equipment and 
systems w i l l be investment of money — taxes or c a p i t a l — 
in response to the r i s i n g value of fuels. 

If supply prices are held down by regulation, the investments 
w i l l need to be subsidized — tax money. But at what subsidy 
level? In turn, the required use of more e f f i c i e n t systems w i l l 
have to be leg i s l a t e d . But at what eff i c i e n c y levels? 

Sant (45) presents the results of an interesting econometric 
analysis, which indicates that e f f i c i e n c y improvements are a 
key to resolving the current energy shortage — making i t tempor
ary, l i k e previous manpower and energy shortages — provided that 
the a r t i f i c i a l constraints and the "hangups" which cause the a-
forementioned barriers are removed. 

Part IV of this chapter w i l l present the elementary theory of 
Second-Law cost accounting and i t s application to several p r a c t i 
c a l cases, showing i t s usefulness for (i) costing "energy" com
modities, ( i i ) plant operation decisions, and ( i i i ) plant designs 
— new and r e t r o - f i t . These methods can be used to prescribe ef
f i c i e n c i e s and investments, traded-off against each other, but 
they w i l l y i e l d t r u l y optimal results only to the extent that the 
real value (cost) of the "energy" supply i s known. 
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IV. Exergy Economics 

SECOND LAW ANALYSIS OF PROCESSES 

- Cost Accounting Applications 

The objectives of cost accounting (46,47) are: (1) Determination 
of the actual cost of products, (2) Provision of a rational basis 
for p r i c i n g products, (3) To provide a means for controlling ex
penditures, and (4) To form a basis for operating decisions and 
the evaluation thereof. 

Because exergy i s the commodity of value, i t provides the key 
to the cost accounting of "power" in various forms (48-56, 24). 
Costing with energy i s impossible with many systems, leads to er
roneous results with most, and works only when i t can be manipu
lated so that i t i s tantamount to exergy costing. 

Exergy accounting i s useful for several purposes: 
(1) Costing. If a u t i l i t y system and/or chemical process d e l i v 

ers several products
ergy" costs to the
This apportionment i s c r i t i c a l inasmuch as (a) the "energy" 
costs are usually major ones, and (b) the costs are needed 
in order to establish prices and/or evaluate p r o f i t s of each 
product. Or, i f the u t i l i t i e s are used in-plant, the appor
tionment i s needed to establish costs to be charged to the 
diffe r e n t manufactured goods, which consume the u t i l i t i e s i n 
various proportions. 

(2) Optimal Design. When an energy system or a processing plant 
i s being designed, each system component or process unit can 
be selected optimally by proper balance of " f u e l " costs and 
c a p i t a l (plus other) costs. Exergy costing provides the 
means for establishing the unit cost of a " f u e l " at any junc-
t u r e within a system, needed in order to establish the o p t i 
mal expenditure of c a p i t a l for more e f f i c i e n t components. 

(3) F e a s i b i l i t y Studies and Preliminary Design. During the feas
i b i l i t y study and the preliminary design phases of a design 
project (57), i t i s useful to calculate the unit costs of the 
major exergy flows at points within a complex. When alterna
tive technologies are being considered, comparison of the 
unit costs of exergies with the various alternatives can 
serve as a useful c r i t e r i o n for selection. Once the plant 
concept has been selected — once the technologies have been 
chosen — then the costs of major exergy flows can be com
pared to "standards," namely t y p i c a l costs for such exergies 
i n modern, economic plants. 

(4) Operating Economics. For existing plants knowledge of the 
exergy costs allows economic analysis of each unit to be made; 
thus the tradeoffs between "power" costs and other operating/ 
c a p i t a l expenses can be evaluated properly. Thereby, operat
ing decisions can be made ra t i o n a l l y — regarding maintenance, 
replacement, revision, and operation. 
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Basic Principles 

The f i r s t step i n costing "energy" flow streams i s the application 
of money balances to the system of interest. The cost (C) of the 
product of an energy-converter or process equals the t o t a l expen
diture made to obtain i t — the fuel expense, plus the c a p i t a l and 
other expenses: 

c = c = c + c 

product expended fuel c a p i t a l , etc. 

For example, the products shown in Figure 1 cost 
C + C = CnP-, + c?P 0 + C . ̂  1 

A B 1 1 ^ 2 c a p i t a l , etc. 
where c^ and are th
average unit costs c =

A A A D D D c,P + c AP„ = c,P, + c^P„ + C . ̂  , A A B B 1 1 2 2 c a p i t a l . 

When there i s only one product from a plant a money balance 
l i k e the foregoing yields a unique value for the unit cost of pro
duct. (It can be seen that i t i s then irrelevant whether energy or 
exergy or any other commodity i s used to measure "power," P.) 

When there i s more than one product from a plant, a money 
balance cannot be solved for unique unit costs of the several pro
ducts. An additional equation i s needed for each unknown unit 
cost, besides one. The additional equations are determined by 
cost accounting not thermodynamic, considerations (52). Before 
discussing some alternative methods for determining the necessary 
additional equations, i t w i l l be i l l u s t r a t e d by the following ex
ample that when there are multiple products, the use of energy to 
measure power leads to r a d i c a l errors; exergy yields rational re
s u l t s . 

Costing Applications 

Example: Cogeneration. When steam and e l e c t r i c i t y are cogenera-
ted (Figure 7), i t i s often c r i t i c a l to know how much of the costs 
should be attributed to each commodity. The f i r s t step i n deter
mining the unit cost of the turbine shaft work and that of the 
"back-pressure steam" (the exhaust steam from the turbine) i s to 
obtain the unit cost of the high-pressure steam supplied to the 
turbine. The cost can be determined by applying the foregoing ex
pression to the b o i l e r , to get the unit cost of high-pressure 
steam : 

coal c boiler 
°HP steam ~~ P„ 

HP steam 
which can be solved for c 

HP 
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E F F L U E N T S 
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Figure 7. Cogeneration power plant showing exergy and energy flows at 
one operating condition. 
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In turn, the outputs of the turbine, driven by the high-
pressure steam, are shaft-work and low-pressure steam. A money 
balance yields the t o t a l cost of these products as 

°shaftPshaft + °LP PLP = °hpF hp + °turbine 

If the purpose of the steam turbine i s to convert power sup
p l i e d in steam to shaft power, then the shaft power should be deb
ited for the cost of the power extracted from the steam, 
[P u_ - P T T J f as well as for ca p i t a l and other costs: 
HP LP 

C P = c TP — P 1 + C shaft shaft HP HP LPJ turbine 

which corresponds to the money balance, with 

c = c LP HP

The l a s t two equations can be solved for c „ and c , c±_ 
LP shaft. 

For a simplified cogenerating plant, the resultant unit costs 
(51, 52) are presented in Table III for the two alternative cases, 
with power flows P measured (1) by energy, and (2) by exergy. Now, 

Table I I I . Results of Energy Costing and Exergy Costing of 
E l e c t r i c i t y and Steam from a Typical Cogenerating Plant. 

Energy Costing Exergy Costing 
High pressure steam 0.32C/lbm 0.32C/lbm 
Shaft work 0.9C/kWh 2.4C/kWh 
Low pressure 
(50 psig) steam 0.276C/lbm 0.19<yibm 

i f energy-based costing i s v a l i d under the above circumstances, 
with back-pressure steam being delivered at 50 psig, then i t 
should be appropriate when the back-pressure i s 40 psig, or 30, 
20, 10 The upper curve in Figure 8 shows the results of just 
such costing. The curve indicates that steam at pressures l i k e 
0.5 psia (T = 80°F) would be worth about 0.2K/lbm — almost as 
much as 50 psia steam — even though i t has v i r t u a l l y no useful
ness for heating. Certainly this i s wrong; there would be no 
buyers of 0.5 psia steam at 0.2K/lbm. There i s no l o g i c a l 
way to decide at which back-pressures energy costing would be ap
propriate and at which pressures i t would not be. Essentially, 
this shows that the use of energy as the measure for the power 
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flow i s in error. On the other hand, the lower curve on Figure 
8, derived from exergy costing, yields that the cost per pound of 
low-pressure steam does go to zero as i t s usefulness goes to zero. 
This i s precisely the result that any rational costing scheme 
should provide. 

This example has c l e a r l y i l l u s t r a t e d that energy-based cost
ing can lead to errors and that unit costs should be obtained from 
exergy based costing methods. (The "l o s t kilowatts" method com
monly used by u t i l i t i e s to cost co-generated steam i s not an en
ergy method, but an exergy method in disguise.) 

Costing Methods. The cogeneration example i s the simplest type, 
with only two products. In many instances there are several u t i l 
i t i e s (perhaps including c h i l l e d water, compressed a i r , hot water, 
steam at different pressures) bein  delivered  and/o  ther  b
several products (say chemical
ance must then be complemente y  equations,
the number of equations equals the number of unknown unit costs 
to be determined. 

As i s usual in cost accounting practice, there ae a variety 
of methods for establishing the complementary equations—for a l l o 
cating the costs—and which method i s most equitable depends upon 
the circumstances. 

The method used in the previous example, cal l e d the extrac
tion method, assumes that the sole purpose of the turbine i s to 
produce shaft power. Therefore, the shaft work i s charged for the 
c a p i t a l cost of the turbine and for the exergy extracted from the 
steam by the turbine to produce the work. With t h i s rationale, 
the additional equation i s obtained by equating the unit costs of 
high- and low-pressure steam exergy, c L p = c H p . The result i s 
that the shaft work bears the entire burden of the costs associa
ted with the turbine process and the c a p i t a l expense. 

Some other methods are discussed i n (24, 52); e.g., the equal
i t y method would charge the shaft exergy and the low-pressure 
steam exergy equally for the cost of high-pressure steam and tur
bine c a p i t a l : c = c , ^ When the equality method i s used the 

LP shaft. 
numerical results are different from those shown by Figure 8 for 
the extraction method. However, the general features are the 
same; the energy-based cost curve i s r e l a t i v e l y f l a t , with an i n 
tercept (at T = T Q) equal to about 0.15C/lbm. Whereas, the exer
gy cost curve drops to zero unit cost as turbine exhaust tempera
ture i s reduced to T^. 

Design Applications 

Design Optimization. The goal in design optimization of energy 
conversion systems i s to select the equipment which strikes the 
best balance between overall c a p i t a l (and other) costs and the 
cost of the exergy i n p u t — f o r the particular type of system opera-
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Figure 8. Unit steam costs as a function of steam exhaust pressure on 
the basis of energy and exergy. 
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ting under the given constraints. That i s , the aim i s to minimize 
the t o t a l expenditure for c a p i t a l and fuels. The rationale for 
the use of exergy in such optimization i s that i t allows a large 
complex system to be optimized by parts, s p l i t t i n g the overall 
system into much less complex subsystems (perhaps unit operations 
and/or individual components thereof). Then, rather than optimiz
ing the whole system at once, each subsystem can be optimized i n 
dividually, minimizing the t o t a l expenditure for subsystem c a p i t a l 
and for fuel supplied to the subsystem—for exergy supplied to the 
subsystem. This subsystem optimization i s made possible because 
the unit costs of exergy flows at the various junctures between 
subsystems can be calculated ( i t e r a t i v e l y ) . When optimization can 
be done subsystem by subsystem, much insight can be applied be
cause of dealing with the much simpler subsystems, leading to 
easier optimization. Typical parameter  (decisio  variables) f
component that can be adjuste
system are ef f i c i e n c y , operating pressur  temperature  speed
and so on and so forth. 

Benedict applied exergy costing to the design of an a i r sep
aration plant in 1949; see (58). Gaggioli used the methods for 
the optimal selection of steam piping and i t s accompanying insula
tion (50, 59). Evans, Tribus, El-Sayed and co-workers (53, 54) 
have developed the fundamentals of the subject, under the t i t l e of 
Thermoeconomics, and present chapters i n this volume. 

Design Optimization Example: Optimal Piping and Insulation 
Sizing. The problem to be treated here i s the optimal s i z i n g of a 
steam l i n e and i t s insulation as presented by Wepfer, Gaggioli, 
and Obert (60). As a sp e c i f i c i l l u s t r a t i o n , a bleeder l i n e that 
delivers steam from a turbine to a feedwater heater i s designed 
The flow process i s accomplished at the expense of ex
ergy in steam from the turbine, some of that exergy i s consumed 
to drive steam through the pipe. Furthermore, some i s los t by 
heat transfer through the pipe and i t s insulation. The optimal 
combination of pipe size D n (nominal pipe diameter) and insulation 
thickness, 0, would be that which minimized the ov e r a l l costs con
s i s t i n g of: (1) the cost of the exergy consumed and l o s t , plus 
(2) the ca p i t a l (and other) expenses for the piping and insulation. 
The key i s to determine the unit cost of steam exergy — i n a man
ner analogous to that used above to get c . 

LP 
The function to be minimized, the objective function, i s the 

yearly t o t a l cost of the piping system—the sum of the amortized 
ca p i t a l cost of the pipe and insulation plus the operating costs 

W 6 ) = W + * i ( D n ' e ) + VV + V Dn' e ) 

where 0pis the amortized pipe cost, 0^ i s the amortized insulation 
cost, 0 i s the operating cost resulting from viscous dissipation 
of exergy, and 0 i s the operating cost from heat losses of exergy. 
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By evaluating 0p, 0 j , 0 F, and 0q as functions of D n and 0, the 
pipe size and insulation thickness which minimize the annual t o t a l 
cost are found (59). The p r i n c i p a l results for the particular 
steam li n e are embodied i n Figure 9, which shows t o t a l cost as a 
function of nominal pipe diameter and insulation thicknesses. The 
optimal combination for this design problem i s a nominal pipe d i 
ameter of 12 inches, and an insulation thickness of 3.5 inches. 

Application to Preliminary Design: Coal Gasification. An exten
sive e f f i c i e n c y and exergy costing analysis has been carried out 
on a preliminary design (62) of the Synthane coal g a s i f i c a t i o n 
process (63-65). The results provide useful information for de
sign decision^making, to improve the economics. 

Figure 10 shows the flows of exergy between the major groups 
of equipment in the Synthan
tion in each group and
exergy are shown in parentheses. A notable feature of the SYN
THANE process i s that more e l e c t r i c power i s produced from the 
g a s i f i e r by-product char than i s consumed by the process i t s e l f ; 
hence the excess i s available for "export" from the plant. 

It i s evident from Figure 10 that the largest i n e f f i c i e n c i e s 
in the process are associated with the production of " u t i l i t i e s " 
— especially important since the e f f i c i e n c y with which each u t i l 
i t y i s produced i s substantially lower than the state-of-the-art 
eff i c i e n c y whereby the u t i l i t y can now be produced economically. 
The 26% overall e f f i c i e n c y should be compared with an expected 
ef f i c i e n c y of at least 35% and up to 40%. 

Further d e t a i l s regarding the consumptions and losses are 
discussed in (63-65), along with possible means of improvement. 

Consider the unit costs of the exergy flows between major 
component groups shown in parentheses on Figure 10. Notice the 
inordinately high costs of steam, shaft power, e l e c t r i c i t y and 
oxygen — especially considering the inexpensive cost of fuel to 
the group, 0.35C/kWhr = $1.03/106 Btu. These high unit costs 
c l e a r l y point out that the design of the u t i l i t y plant i s far 
from optimal. It can be surmised that the low-efficiency u t i l i t y 
production i s a c r i t i c a l factor leading to an inordinately high 
unit cost of product gas (compared to other coal g a s i f i c a t i o n 
processes (62)) . in order to appraise the importance of the power 
plant i n e f f i c i e n c y , assume that steam and e l e c t r i c power could be 
produced at any t y p i c a l cost, such as steam at $6.30/106 Btu 
of exergy and e l e c t r i c i t y at 2.35C/kWhr. Then (even with several 
conservative approximations) the unit cost of product gas i s re
duced from $6.10/106 Btu of exergy (2.1<:/kWhr) to $4.97/106 Btu 
(1.7C/kWhr)• 

Evidently, the design philosophy that was adopted for the 
conceptual design of the Synthane process was t h i s : Inasmuch as 
"unlimited" amounts of char are available — as an inherent by
product of the Synthane g a s i f i e r and therefore at "no cost" — t h e 
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Figure 9. Total costs as a function of pipe diameter and insulation 
thickness. 
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Figure 10. Exergy flows and unit costs for SYNTHANE process. 
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e f f i c i e n c y of u t i l i t y production i s not important — especially 
with the (unrealistic) design constraint that had been imposed: 
any excess e l e c t r i c i t y can supposedly be sold only at 0.45C/kWhr. 
Therefore, i t seemed, ca p i t a l expenditure for u t i l i t y systems can 
and should be kept to a minimum in order to minimize the cost of 
the product gas. The Second-Law costing analysis, however, shows 
that i t was c r u c i a l to the v i a b i l i t y of the SYNTHANE process (now 
defunct because this point was not recognized) to build a better 
u t i l i t y system, and i t i s somewhat important that a reasonable 
price be acquired for e l e c t r i c i t y . 

Thus, i t should be noted that, with exergy accounting, the 
effect of prospective design changes upon product cost can be es
timated accurately, without a complete system re-design and re-
costing. 

Maintenance and Operatio

The determination of an appropriate cost of exergy at various 
junctures of a system in a manner similar to that described above 
for Design Optimization i s useful not only in design but also a l 
lows decisions regarding the repair or replacement of a s p e c i f i c 
subsystem to be readily made. The amortized cost of such improve
ments can be easi l y compared with the cost of the additional exer
gy that w i l l be dissipated i f a component i s l e f t to operate i n 
the given condition. The proper decision then becomes very ap
parent; for example, see (41) for an application to a feedwater 
heater. Similarly, such costs can be employed for the purpose of 
making decisions regarding the control — either manual or auto
matic — of a system. Consider the following case study. 

Boiler Feedpump Drives. Second-Law techniques are applied to a 
pr a c t i c a l problem: determing when to drive feedpumps with elec
t r i c motors and when to use steam turbines. This analysis was 
performed by Fehring and Gaggioli (40) for the Wisconsin E l e c t r i c 
Power Company. The Second-Law costing procedures are straight
forward, avoiding the extremely laborious calculations associated 
with t r a d i t i o n a l methods, and/or avoiding the erroneous conclusions 
often drawn when those methods are si m p l i f i e d . 

Two of the units at the Oak Creek Power Plant have f u l l - s i z e d 
steam turbine driven b o i l e r feed pumps, along with half-sized mo
tor driven b o i l e r feed pumps for use at low loads and unit s t a r t 
up. The boi l e r feed pump turbines are supplied with steam from a 
particular turbine "bleed-point". 

Turbine bleeder pressure i s roughly proportional to unit load; 
at less than one half unit load, the bleeder pressure becomes too 
low to power the boi l e r feed pump turbines. Therefore, either the 
motor driven b o i l e r feed must be employed, or a "booster" supply 
must be used to provide steam to the bo i l e r feed pump turbine 
using steam which i s throttled from a higher pressure. 

The power plant operating s t a f f , believing that i t was always 
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more e f f i c i e n t to u t i l i z e the steam turbine driven boiler feed 
pumps, have attempted to use an existing booster steam l i n e to 
drive these turbines when the units were below half load. How
ever, a high pressure drop must be taken across the pressure re
ducing valve in the booster l i n e . Although there i s no energy de
crease, this t h r o t t l i n g does destroy exergy—and causes excessive 
wear on the valve trim. 

Because of the problems associated with the operation of 
these o r i g i n a l booster steam supplies, the plant had requested 
that a replacement booster steam source be i n s t a l l e d . As contem
plated, the new source would be supplied from the th r o t t l e steam 
of the main turbine, reduced i n pressure to approximately 50 psia. 
The i n s t a l l e d cost for the new booster steam source was estimated 
at $75,000 per unit (for mid-1976 i n s t a l l a t i o n ) . 

On the basis of a
ly approved. It was realized
ple energy balance may be misleading, and that i f a F i r s t Law an
a l y s i s were to be used, i t should encompass the whole power plant. 
Rather than do such an exhaustive energy analysis, i t was de
cided that a Second-Law, or exergy, analysis should be performed 
on the process of interest, as a check against the i n i t i a l r e s u l t s . 

There are various conceivable sources of booster steam within 
the plant. The amount which would be needed from each source was 
determined from the turbine and pump performance characteristics, 
at several different plant loads. Then, the corresponding exergy 
requirements were calculated. Then, employing money balances, the 
unit cost of exergy from the various sources were calculated, at 
the various loads. In turn, the exergy costs per hour associated 
with the use of the alternative sources were calculated. Accord
ing to the results, presented in Figure 11, Bleeder 5 provides the 
least expensive exergy source for driving the b o i l e r feed pump 
over most of the operating range of the unit. The use of a u x i l i 
ary e l e c t r i c a l power i s the second lowest alternative, followed 
in turn by Bleeders 6, 7 and then main th r o t t l e steam. It i s ob
vious, then, that when the Bleeder 5 pressure i s too low to power 
the b o i l e r feed pump turbine, the e l e c t r i c driven pump should be 
employed. 

The use of the Second Law has properly accounted for the sub
s t a n t i a l loss of exergy associated with the pressure and tempera
ture reduction necessary i n the booster steam station. It has 
correctly predicted the r e l a t i v e operating costs associated with 
the two different modes of operation, eliminating the need for the 
i n s t a l l a t i o n of the proposed new booster steam supplies. This has 
prevented the uneconomical operation of the units and resulted i n 
a $150,000 savings i n f i r s t costs and an annual operating cost 
savings of at least $65,000. 

Closure 
The foregoing results i l l u s t r a t e four simple, p r a c t i c a l applica
tions of Second-Law costing methods: (i) costing, ( i i ) optimal 
design, ( i i i ) preliminary design, and (iv) operation and mainte-
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nance. The key is the assignment of costs to the commodities 
(such as steam, electric charge, etc.) which carry exergy at any 
juncture within a complex system. 

It is exergy that fuels the processes occurring in any device. 
For any subsystem or component in a complex system, knowledge of 
the cost of the exergy supplied to a device allows an economic 
analysis of that device to be made, in isolation from other com
ponents of the system. Thus, for design, maintenance, and opera
tion purposes, decisions can be made more simply, without conten
ding with the whole system. Furthermore, when dealing with one 
unit at a time, more insight into system operation is obtained 
and, for example, creativity is enhanced for improving the system 
via process modification. 

These applications hardly scratch the surface of the poten
t i a l of exergy costing  Thermoeconomics is only in its infancy
It is f irst of a l l ver
methods become well known,
that wi l l otherwise arise. In turn, i t is equally important that 
the validity of exergy methods, and the methodology for applying 
them — no more diff icult than the energy methodology — become 
well known. Indeed, i t is by i l lustrating the exergy methods 
that the errors of energy methods wi l l become apparent. (Also, 
the growth of exergy applications wi l l be hand in hand with bet
ter, more comprehensible presentations of the Second Law.) 

Thermoeconomics needs to flourish in order to avoid miscon
ceptions and erroneous statistics which would lead to bad mis
takes by engineers involved in design and operating decisions, 
and by managers and politicians who are involved with "energy" 
use and development in the private and government sectors. Ther
moeconomics needs to flourish not only to avoid bad decisions, but 
also in order to make good decisions — optimally. 

It is hoped that the i l lustrative examples presented here 
wi l l serve to crystallize the basic principles and wi l l motivate 
the readers to apply exergy efficiency analysis and exergy accoun
ting — taking advantage of these methods for their own practical 
purposes, while also advancing the state of the art. 
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Second Law Analysis to Improve Industrial Processes 

WILLIAM F. KENNEY 

Exxon Chemical Technology Department, Florham Park, NJ 07932 

The methodology for Thermodynamic, , Analysi
industrial processes has been discussed in the previous ACS 
symposium and in a number of literature articles. This chapter 
wi l l attempt to provide some insight on using the data from such 
studies to achieve practical improvements in the process indus
tries. Examples w i l l be drawn from two recent presentations by 
the author (1-2) dealing with related aspects of finding and 
implementing economic improvements to plant energy efficiencies. 
The interaction of energy efficiency and capital cost wi l l be 
explored in some of these examples. 

The terms used in this analysis are relatively conventional. 
A general thrust of the chapter wi l l be SIMPLICITY. Differences 
in terminology have been eliminated wherever possible. In this 
analysis Availabil i ty , Available Energy, Exergy, and Work w i l l be 
used as equivalent. This means that kinetic and potential energy 
effects and the potential work to be derived from the diffusion of 
chemical species into equilibrium with the environment have been 
ignored. This simplification may introduce significant inaccura
cies in some studies, but is not important here. The intent is to 
demonstrate that simplified - perhaps even approximate - analysis 
can have valuable practical applications. 

Table I. Methodology of Thermodynamic Analysis 

• Define Process Boundaries 
• Obtain Consistent Heat and Material Balance 
• Select Ambient Temperature, T Q 

• Identify Consistent Source of Entropy Data 
• Calculate Changes in Available Energy for the Overall Process 
• Breakdown the Process into Subprocesses unti l Major Sources of 

Lost Work are Identified 
• Priorit ize Areas for Improvement 

0097-6156/83/0235-0051 $06.00/0 
© 1983 American Chemical Society 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



52 SECOND LAW ANALYSIS OF PROCESSES 

The methodology used was also r e l a t i v e l y standard, but simp
l i f i e d . The steps i n the analysis were carried out i n the order 
above. On the assumption that the reader i s familiar with the 
general methods of thermodynamic analysis, these are presented 
without explanation. For further background, one can consult 
reference (3). 

The calculation of process or equipment e f f i c i e n c i e s v i a 
second law analysis w i l l not play a large part i n this discussion. 
In the authors' view, the role of e f f i c i e n c y calculations i s to 
help quantify the potential for improving a given segment of the 
process. By combining the magnitude of losses with the e f f i c i e n c y 
of a given segment, a f e e l for the p r i o r i t y of studying that seg
ment can be developed. For example, i n many cases there are large 
losses associated with major compressors i n i n d u s t r i a l situations. 
However, the e f f i c i e n c y f majo  machiner  i  generall  high
Thus the potential for s i g n i f i c a n
section may be quite low

In a l l calculations only as much d e t a i l was developed as was 
needed to generate insight. The process was broken down into sub
sections to i d e n t i f y the sources of loss. Subsequent breakdowns 
continued only u n t i l a clear picture of the sources on i n e f f i 
ciency was developed. A check on accuracy was maintained by 
insuring that the work balance, i . e . , W^ost = W a c t u a^ - Wi<j e ai, 
was reasonably close. As indicated above, the various segments of 
the process were l i s t e d i n p r i o r i t y order based on the potential 
for improvement. Idea generation was then carried out based on 
the thermodynamic data. 

Opportunities i n Process Improvement 

Consider the process shown i n Figure 1 for the separation of 
propylene and propane. Eight hundred moles/hr of a 65% propylene, 
35% propane mixture are to be fractionated at a pressure of about 
240 psig into 495 moles/hr of 99.9% propylene and 92.8% propane. 
The tower i s very large, containing about 275 actual trays with a 
heat input of 72% m i l l i o n BTU's/hr provided by low pressure 
(20 psig) steam. Essentially a l l of this energy i s rejected to 
cooling water i n the condenser of the tower. 

With the data given, l i t t l e can be suggested for improving 
the process. No enthalpy losses are i d e n t i f i e d . One might con
sider preheating the feed p a r t i a l l y using the overhead stream. 
Without other knowledge of the process, nothing more i s apparent. 

A simple thermodynamic analysis provides considerably more 
data to work with. The required task i s to separate propylene 
from propane. On a theoretical basis the ideal work (the minimum 
a v a i l a b i l i t y change) required for this separation i s about 400 k 
BTU's/hr, of which an appreciable fra c t i o n i s needed to raise the 
temperature of the products to the f i n a l values shown. The a v a i l 
able energy ( a v a i l a b i l i t y , exergy) supplied to this process from 
the condensing low pressure (20 psig) steam i s 18.6 M BTU's/hr. 
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The thermodynamic e f f i c i e n c y of the process, defined by the id e a l 
work requirement over the actual i s about 2%. 

The thermodynamic analysis of the process and several a l t e r 
natives i s given i n Table I I , based on T Q - 77°F (537°R). The 
sum of the idea l work and the los t work i s close enough to the 
actual work (-4%) to proceed. 

Can these data be used to suggest process improvements? The 
overall e f f i c i e n c y of the process i s low, indicating good poten
t i a l for improvement. The sources of lo s t work indicate p r i o r i 
t i e s f or brainstorming. Clearly the reboiler i s the f i r s t segment 
on which to focus. 

One idea would be to reduce the tower pressure to the point 
where ambient heat could be used i n the reboiler. This also im
proves separation e f f i c i e n c y , so that less heat (65 M BTU/hr vs. 
72 M) i s required. Th
Figure 2. The price tha
refrigerated condenser so that reflu  ca  be produced at the top 
of the tower. In this case about 3000 hp (7.6 M BTU/hr) are re
quired to drive the refrig e r a t i o n compressor, and waste heat (at 
T Q = 77°F) i s used to drive the reboiler. 

This proposal reduces available energy input (7.6 M BTU/hr 
work vs. 18.6 M BTU/hr steam), but does not reduce the t o t a l 
energy input (7.6 + 65.3 • 72.9 M BTU/hr). Thus the idea does not 
save energy from a f i r s t law viewpoint. From the second law view
point the heat supplied to the reboiler at 77°F (T Q) contains no 
useful energy. 

The breakdown of lo s t work i n the refrigerated process i s 
compared to the high pressure option i n Table I I . Aside from the 
more uniform s p l i t of the losses, two other points are worth 
noting about these data. F i r s t , the ideal work i s lower, p r i 
marily because the available energy of the products i s lower. 
Second, there i s s t i l l l o s t work associated with the reboiler. 
This i s because of the temperature difference between T Q and the 
process, even though there i s no l o s t work between the heat source 
and T Q. This point brings up an additional opportunity to improve 
the high pressure option: use yet lower pressure steam. I f steam 
saturated at 130°F (2.2 psia) were available, only 6.6 M BTU/hr of 
available energy (vs. 18.6 for 20 psig) would be consumed i n the 
reboiler with a resultant reboiler l o s t work of roughly 1.4 M BTU/ 
hr. Either the high pressure or the refrigerated process can be 
designed now for about the same fuel consumption. 

More insight i s yet available from the data i n Table I I . In 
the refrigerated process, the two condensers and the thr o t t l e 
valve involve more than 50% of the lost work remaining. One way 
to eliminate the i n e f f i c i e n c i e s of the condensers i s to recycle 
the latent heat of the overhead vapor i n a heat pump (vapor 
recompression) system, as shown i n Figure 3. The d i s t i l l a t i o n 
tower pressure, and hence i t s overhead temperature are kept the 
same, but the overhead, instead of being condensed, i s compressed 
to a pressure at which i t w i l l condense at 77°F (about 180 psig). 
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Table II• Thermodynamic Analysis of A l l Options 

20 psig stm 2.2 psia stm 

Tower 1.8 1.8 1.1 1.1 

Tower Condenser 2.2 2.2 1.7 

Reboiler 13.2 1.4 1.4 2.1 

Compressor - - 1.1 1-3 

Refrigerant Condenser - - 1.3 

Throttle Valve - - 0.9 0.2 

Small Exchangers 0.3 0.1 - 0*1 

Total Lost Work 17.5 5.5 7.5 4.8 

Ideal Work 0.4 0.4 0.3 0.3 

TOTAL 17.9 5.9 7.8 5.1 

Actual Work 18.6 6.6 7.6 5.0 
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68.4 M BTU/HR 

104° F 
194 PSIG 

REFRIGERANT 
CONDENSER 

y^COMPRESSOR CW=-2980 HP) THROTTLE ($) 

42° F 

120 PSIG 
54.0° F 

9889 M/HR 

TOWER 
CONDENSER 

42° F 

S4.0°F 

99.97. C3 

494.5 M/HR 

QSEPERATORJ A 
DRUM \J 

A 

57° F 
65'/. C§ 

200 
TRAYS 

PROPYLENE-PROPANE 
TOWER 

65.6°F 

65.9°F 

| 77°F 

305.6 M/HR 
92.8% C 3 

65.3 M BTU/HR 

Figure 2 . Refrigerated C 3 Separation Option ( 5 ) . 
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S u f f i c i e n t vapor i s compressed to provide the necessary 65 M BTU/ 
hr. This requires about 2000 hp, or 5.0 M BTU/hr, of work. The 
los t work of the two condensers has been eliminated but two heat 
exchangers are needed to maintain heat balance. Some t h r o t t l i n g 
must s t i l l be done. 

Note i n Table II that the heat pump alternative represents 
about a 30% saving on available energy input compared to the 
refrigerated process, and that both represent a very large reduc
tion i n the available energy requirement of the o r i g i n a l process. 
The heat pump process does indeed save the losses at both con
densers, but has some compensating losses elsewhere. 

The heat pump case also required s i g n i f i c a n t l y less c a p i t a l 
than the refrigerated case. The superheater i s much smaller than 
either of the condensers and requires no cooling water supply. In 
addition, the compressor and pressure let-down valve are s l i g h t l y 
smaller, and no connectio
quired. In fact, on a
cap i t a l investment for steam supply and cooling tower, the heat 
pump case has a lower t o t a l investment than the o r i g i n a l high 
pressure tower case, as well as the refrigerated case. 

In one petrochemical plant a r e t r o f i t heat pump system has 
been i n s t a l l e d on an existing C 3 s p l i t t e r and a grass roots heat 
pump was included on a new C 4 tower. Both are highly economic. 
However heat pumps are not always the choice when very low temp
erature heat i s available to drive a reboiler d i r e c t l y . 

Hardware Improvements Can Also Be Identified 

An early attempt at second law analysis for design improvement was 
to investigate the p u r i f i c a t i o n system i n an ethylene plant. In 
this process the cooled reactor effluent i s compressed to about 
500 psig and enters a c h i l l i n g system leading to a cryogenic 
product d i s t i l l a t i o n t r a i n . In the plant i n question the f i r s t 
tower i n the sequence was a demethanizer i n which methane and 
hydrogen were taken overhead, and ethylene, ethane, and heavier 
products came out the bottom for further p u r i f i c a t i o n . The feed 
gases are c h i l l e d against overhead product and ref r i g e r a t i o n 
streams producing four separate l i q u i d feeds to different points 
i n the tower. 

A simplif i e d flow diagram for this segment of the process i s 
shown i n Figure 4, and thermodynamic analysis i n Table I I I . The 
refrigerated exchangers and cold box represent about 30% of the 
lo s t work of the process. However, the tower i t s e l f has a very 
high percentage of the lo s t work i n the system. Thus the details 
of the tower heat and material balance were examined i n search of 
ways to improve i t s e f f i c i e n c y . 

Inherent i n the feed preparation system for the demethanizer 
tower are a series of p a r t i a l condensers. Several are shown on 
the t h i r d (-30°F) vapor feed stream which condense l i q u i d sepa
rated i n the -144°F drum. Because the hydrogen and methane are 
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CONDENSER 
Q=4.99 

-30° F VAPOR 
FEED 3 

ALL EXCHANGER HEAT 
DUTIES IN MBTU/H 
ER= ETHYLENE REFRIGERATION 
PR= PROPANE REFRIGERATION 

DEETHANIZER FEED 

Figure 4. Ori g i n a l Demethanizer C h i l l Train (5). 
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largely non-condensible at these pressures and temperatures, the 
l i q u i d i s sub-cooled r e l a t i v e to i t s pure-component dew point. 
Therefore, while the -143°F feed to tray No. 49 has the same com
position as the l i q u i d on that tray, i t i s some 50 F colder. Other 
mismatches occur i n the lower sections of the tower, but these 
turn out to be the less important because the absolute temperature 
l e v e l i s higher. 

Table I I I . Demethanizer Section Lost Work Analysis 

Equipment Lost Work, HP Percent 
Refrigerated Exchangers 586 9.6 
Cold Boxes 1274 20.9 
Tower 3244 53.2 
Expander/Recompressor
Other 31

Total 6100 100% 

To evaluate the economic potential of eliminating this seem
ingly theoretical i n e f f i c i e n c y , a system to reheat the third feed 
to the tower after the vapor was separated was explored. This 
scheme i s shown i n Figure 5 where some 6 M BTU/hr of r e f r i g e r a 
tion are recovered by a simple feed-product heat exchange system 
which produces a match between the feed temperature and the temp
erature on Tray No. 49. Detailed tower computer calculations 
showed that to maintain the fractionation required i n the tower 
and the ov e r a l l heat balance of the system, some of the 6 M BTU/ 
hr r e f r i g e r a t i o n savings have to be given back i n the tower con
densers (0.4 M BTU/hr @ -147°F and 1.4 M BTU/hr @ -115°F). In 
addition, the reboiler duty, which i s r e a l l y a refrigerant re
covery system^ i s somewhat reduced. However, because net savings 
occur i n -115 F and -147°F ethylene r e f r i g e r a t i o n loads, the 
actual horsepower needed i s 2200 hp. lower for the reheat scheme 
than for the o r i g i n a l design. The t o t a l lost work i n the o r i g i n a l 
tower design was 3240 hp. While the basis i s not the same, 
cle a r l y a big portion of the tower l o s t work must have been elim
inated to achieve so large a saving i n actual work. At the s i t e 
i n question, a 2200 hp. saving puts $400,000 more into p r o f i t s 
and gives a one year payout at design conditions. In an action 
t y p i c a l of the i n d u s t r i a l environment, a new thermodynamic anal
y s i s of the system with the reheat was never carried out. 

If the o r i g i n a l design had incorporated the reheat scheme, 
a lower ov e r a l l plant investment would have been possible. The 
savings i n r e f r i g e r a t i o n compressors, steam turbine drivers, and 
high pressure steam boilers would have more than compensated for 
the increased investment i n r e f r i g e r a t i o n heat exchangers. This 
says that a second law analysis at the process design stage could 
have made a s i g n i f i c a n t contribution to project economics. Even 
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i n a r e t r o f i t case, i f a use exists (increased capacity for ex
ample) for the liberated u t i l i t y and re f r i g e r a t i o n system capac
i t y , the net investment required for the heat exchanger i n s t a l l a 
tion can quite properly be reduced. 

Consider The Entire Energy System In Analysis 

In evaluating the economics of a process energy e f f i c i e n c y im
provement, the investment impact i n the u t i l i t y system i s often 
ignored. Thus the fractionation tower designer views his o p t i 
mization problem as trading the investment i n more trays against 
the increased operating cost for more reflux. In r e a l i t y there 
i s also a u t i l i t y system investment required to provide the i n 
creased reflux. The trade off must be evaluated against the net 
investment for the plant system  i . e .  the increase i n tower cost 
minus the decrease i n
cooling system costs. 

Steam/power ( u t i l i t y ) systems engineers have long recognized 
this fact and tend to calculate both operating and investment cost 
impacts back through the system to the primary source of available 
energy, usually f u e l . In effe c t , minimizing available energy 
(fuel) consumption i s the object of these studies, even though no 
formal thermodynamic analysis i s done. Consider the following 
example: 

In a major ethylene plant the drivers for the process gas and 
propylene r e f r i g e r a t i o n compressors were designed to be steam 
turbines i n the base case. The ove r a l l steam balance for that 
system i s shown i n Figure 6. The power requirement for the two 
major drivers was 52,640 kw. High pressure steam was to be 
generated from the waste heat boilers on the cracking furnaces and 
from au x i l i a r y o f f s i t e b o i l e r s . When a l l was said and done, f u e l 
consumption was to be 1368 M BTU/hr, and approximately 155 t/hr of 
steam would flow through the turbines d i r e c t l y to condensers. As 
an alternative, a gas turbine driver was proposed for the process 
gas compressor. Since the compressor was so large, an aux i l i a r y 
steam turbine driver was also required. The hot exhaust from the 
gas turbine was used as preheated a i r for waste heat b o i l e r s . 
Note also that the pressure l e v e l of the u t i l i t y b oilers was de
creased from 1500 psig to 600 psig. The capacity and pressure 
changes reduce fan and pump power requirements as well. Only 
about 70 t/hr of steam need to be condensed from the turbines i n 
this scheme. The t o t a l f u e l required was approximately 178 M 
BTU/hr less than for the base case. This gave a savings of 13% 
i n t o t a l f u e l f i r e d and a large net second law eff i c i e n c y improve
ment, even though generating 600 psig steam, as opposed to 1500 
psig, was a step i n the wrong dir e c t i o n . 

Table IV. gives the changes i n investment required to switch 
to the gas turbine driver. The additions and deletions from the 
base case required to achieve the savings above are shown. 
Because of the reduced f u e l f i r i n g onsite, i t was now necessary 
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BASE CASE STEAM POWER SYSTEM 

STM TO CONDENSING = 154.6 t/h ALL FLOWS IN t/h 

TOTAL FUEL 1368 MBTU/hr 

GAS TURBINE STEAM POWER SYSTEM 
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Figure 6. Base Case and Improved Steam/Power Systems (5). 
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to spend appreciable c a p i t a l for exporting l i q u i d f u e l and also 
to compress the gaseous f u e l system up to the pressure l e v e l re
quired f o r the gas turbine. Many interrelated changes were re
quired to reoptimize the steam/power system, but the net result 
was a small saving i n investment. 

Table IV. Investment Summary-Change To GT Driver, $k (1978) (5) 

Add Delete 

Steam Turbine 2300 4900 
Gas Turbine 8350 (a) 

Refrigeration Compressors 
Steam Turbines 6350 3700 

Steam System 
1. Waste Heat Boile (a) 
2. 600 psig Boilers 7050 (a) 
3. 1500 psig Boilers 34960 
4. Fuel System Modifications 6600 

42000 43500 
(a) Includes 5% extra contingency. 

This case lends support to the thermodynamic conviction that 
i f f u e l can be saved, investment should be lower as well. Note, 
however, that the thermodynamicist was disappointed by decreasing 
b o i l e r pressure to 600 psig. Clearly, there must be some l i m i 
tation to the extent to which energy eff i c i e n c y can be improved 
at no increase i n c a p i t a l cost. 

Relation to Process E f f i c i e n c i e s 

In an e f f o r t to explore this aspect further, a paper written by 
Gyftopoulos and Benedict concerning the maximum potential e f f i 
ciency of an a i r separation plant provided some insight (4). 
Compressed a i r i s separated by cryogenic d i s t i l l a t i o n into oxygen 
and nitrogen. In a unique approach, the authors developed an 
idealized process wherein a l l thermodynamic i n e f f i c i e n c i e s which 
could be corrected by c a p i t a l investment were eliminated. The 
losses i n the d i s t i l l a t i o n tower were not much affected by this 
approach. Their thermodynamic analysis for the p r a c t i c a l and 
idealized processes are compared i n Figure 7. 

The point of this analysis was to characterize the source of 
i n e f f i c i e n c i e s i n the process as designed. The main heat ex
changer was the key item. The authors' developed equations which 
related the area of the heat exchanger and i t s i r r e v e r s i b l e 
entropy change to two controllable design variables; namely, the 
pressure drop, and the hot end temperature driving force between 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. KENNEY Industrial Processes 65 

feed a i r and exhaust N2 i n the exchanger. These equations were as 
follows: 

Exchanger Surface = 1.886 x 10 6 A P " ° , 4 A T " 1 , 4 (1) 

Compressor Power - 0.27 |^3165AP + 776AT]| = 0.27 Q A S^ (2) 

This author used these equations to explore the present day 
onsite and power plant investments associated with reducing the 
entropy change of the process, i . e . , with improving i t s e f f i 
ciency. Based on simplified investment curves, the average costs 
of equipment i n 1981 dollars were calculated to be: 

Heat Exchange Surface - 5$/FT 2 

Compressor and Driver - 1300$/kw 
Industrial Condensing Steam Turbo-Generation - 2500$/kw 
Figure 8 gives th

set of curves shows tha
and compressor generally decreases as the power requirement of 
the system increases. The three separate curves represent three 
diffe r e n t heat exchanger A T 1 s. This i s t y p i c a l of the conven
ti o n a l "trade o f f " expectation, but a 4°FA T design has a 10% 
lower power requirement than either of the other choices at the 
same investment l e v e l . 

The upper curves add the investment for onsite power gen
eration to that for compressor and heat exchanger to show energy 
supply effects. For any exchanger A T there i s a minimum invest
ment. This point i s between 1.8 and 2.3 times t h e A s of the 
idealized process. There i s an optimum A T (4°F) for which both 
investment and energy e f f i c i e n c y are better than for the other 
two cases. Note that a plant can be designed to operate with a 
3°F A T and use about 75% of the power required for a 5°F A T at 
the same ca p i t a l cost. 

The above results rest on the assumption that there are no 
s i g n i f i c a n t changes i n the investment of other components of the 
system as the configuration of the heat exchanger and compressor 
are changed within a r e l a t i v e l y narrow range. 

The unique contributions of Gyftopoulos and Benedict were to 
reduce a p r a c t i c a l process to a simple energy model, and to de
fine the energy consumption of the process when not r e s t r i c t e d by 
c a p i t a l . This i s much different than the c l a s s i c "Reversible 
Process" of thermodynamics and provides a basis for assessing how 
much energy e f f i c i e n c y can be improved before c a p i t a l costs sky
rocket. For this simple analysis i t appears that energy consump
tio n about twice that defined by the unrestrained c a p i t a l case 
represents the range where ov e r a l l plant investment must increase 
to improve ef f i c i e n c y further. Because the p r a c t i c a l design 
operates at about seven times the energy consumption of the 
idealized process, i t appears that there i s much potential to be 
explored before reaching the break point. 

Qualitatively these observations should also apply to other 
processes, but except for several unrelated additional examples, 
those studies remain to be done. 
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PROCESS U N R E S T R I C T E D C A P I T A L P R A C T I C A L PROCESS 
Work Input, 
106 Btu/hr 

T 0 A Sirr* 
106 Btu/hr 

Work Input, 
106 Btu/hr 106 Btu/hr 

Air Blower 5.11 0.988 
Air Cooler _ 0.268 
N2 Compressor 7.72 _ 23.88 5.109 
N2 Coolers 2.967 
Main Exchanger 0.927 -0.87 6.409 
Expander 0.671 
Tower 2.222 2.886 
Reboiler 0.089 1.583 
Reflux Cooler 0.161 1.448 
Valve 0.101 0.427 
Heat Leak 0.101 

0.787 

TOTAL 7.7

T 0 A Sirr, 106 Btu/hr 
Theoretical Work =H-T0S 
Predicted Work, 106 Btu/hr 

3.50 
4.21 
7.71 

23.54 
4.61 
28.15 

Figure 7. Thermodynamic Analysis of A i r Separation 
Processes (4). 

3.0" » 1 * w i , | |_ 
2800 3000 3800 4000 4800 8000 8800 6000 

Figure 8. Capital Cost-Efficiency Relations: A i r Separa
tion Process (5). 
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Conclusions 

The author believes that a large number of practical applications 
of thermodynamic analysis are possible before a level of com
plexity which is intolerable to an industrial process engineer is 
reached. Process design and development, equipment design, energy 
system analysis, and research guidance are a few of the areas 
where potential uses exist. 

The analysis can lead to identifying the sources of losses in 
a process, but provides no guarantee that useful ideas w i l l be 
generated. This remains the challenge of the process engineer. 
It is hoped that the examples discussed here w i l l provide some 
encouragement to the doubtful. 

The relations between energy efficiency and capital cost must 
be evaluated from the analysi
some point, improved energ
ment. However, many of the practical processes of today may well 
be operating quite far from this point. Further process analysis 
along these lines may well be fru i t fu l , particularly for grass 
roots design situations. 

Legend of Symbols 

A - Availabil ity (Available Energy, Exergy) of a substance at 

A T ' P ' 
Z^A - Change in Available Energy as state changes (work). 

A = H - T Q A s 

H - Enthalpy. 
HP - Horsepower. 

S - Entropy. 
T Q - Temperature of the environment (dead state). 

W - Work, W i d e a l " ideal work, wlost= lost work, etc. 
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Technical combustio
Theoretical consideration
entropy production of combustion can be decreased i f 
immediate contact of fuel with oxygen is prevented and 
intermediate chemical reactions are supported. There
fore, the potential for mechanical work output can be 
increased. Metal oxides can be used as reactants for 
these intermediate reactions. 

In many of our energy conversion processes, like in conventional 
power plants, we rely on chemical energy being released in a 
combustion process. The combustion of fossi l fuels, usually 
employed as an intermediate step, is in common practice highly 
irreversible. This is the main reason for the overall low ef
ficiency of these energy conversion processes. 

It is known that the less irreversible the chemical reactions, 
the closer they occur to the thermodynamic equilibrium. Un
fortunately, the equilibrium of technical combustion processes is 
usually at such high temperatures that the materials which enclose 
the reaction volume cannot withstand these temperatures. 

Therefore, the development of high temperature materials is a 
way to improve such efficiency. Technical combustion is usually 
performed by crude mixing of fuel and oxygen, thus the reaction 
is allowed to occur in a very disorderly way, inevitably resulting 
in irreversible entropy production. 

The human body, as an example, produces mechanical energy from 
chemical energy by allowing many intermediate chemical reactions 
of the "fuel" and the "oxygen" separately before one molecule of 
"fuel" is united with the stoichiometric number of oxygen 
molecules in the muscle cel ls , where the mechanical energy is 
produced. Not a l l of these intermediate reactions are known, but 
physiological studies by Lehmann (1) indicate that the total 
efficiency of the human body is surprisingly high, for some labor 
i t is in the range of 30 to 35%, thus exceeding the Carnot 
efficiency substantially. Therefore, i t seems advantageous to 
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try to imitate nature and search for p o s s i b i l i t i e s to improve the 
technical combustion by preventing immediate contact of oxygen 
with f u e l and rather support intermediate reactions. 

The intermediate reactions i n the l i v i n g organism are high 
molecular organic reactions. But for technical purposes 
anorganic substances l i k e metal oxides are probably more 
favorable as oxygen c a r r i e r s . This was studied extensively by 
Knoche and Richter (2). 

Technical Background 

The maximum work output of any thermodynamic system or process 
can be obtained, i f the material i n the system or the working 
f l u i d i n the process i s brought into equilibrium with the 
environment reversibly  Th  actual k output f  technical 
process with combustio
i s highly i r r e v e r s i b l e
bustion can be evaluated i f the exergy (or available energy) 
before and after the reaction i s calculated. This exergy i s 
described by the equation: 

In the above equation the exergy i s written as an intensive 
property, e.g. per mol of f u e l . The subscript "1" represents 
the o r i g i n a l thermodynamic state, the subscript "o" describes 
the state when thermodynamic equilibrium with the environment i s 
established. In these considerations i t i s a r b i t r a r i l y assumed 
that any reaction product i s i n equilibrium with the environment 
when i t has a temperature of T = 300K and a pressure of P = lbar. 

As was shown by Baehr (3) the available energy or exergy can 
be represented graphically very easily i n an enthalpy, entropy 
diagram (see Figure 1). 

Knoche (4) plotted the reactants and reaction products i n one 
enthalpy, entropy diagram by superposition, thus he was able to 
evaluate immediately the i r r e v e r s i b l e entropy production, res
pectively the exergy losses of the combustion (see Figure 2). 

For an adiabatic combustion process at constant pressure, the 
enthalpy stays constant. Figure 2 shows the exergy of the 
reactants, e^, and the exergy of the reaction products, e^* after 
this reaction has taken place. The loss i n exergy i s : 

In technical combustion processes, t h i s loss of exergy can be as 
high as 50%. If the combustion process i s adiabatic, but at con
stant volume, then the inter n a l energy stays constant. Usually 
the exergy losses are somewhat smaller than i n the previous case 
(see Figure 3). 

A t h i r d way of combustion would be isothermal, isobaric as 
indicated i n Figure 4. This reaction requires a heat reservoir 

e = (h- - h ) - T (s- - s ) 1 o o 1 o (1) 

FL = e l - e2 = T o ( 8 l " S2> (2) 
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ENTROPY S 

Figure 1. Enthalpy, entropy diagram with graphical pre
sentation of exergy (3)• 

ENTROPY S 

Figure 2* Enthalpy, entropy diagram with exergy for 
reactants e^ and reaction products ^ after an adiabatic, 
isobaric combustion (4). 
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ENTROPY S 

Figure 3. Enthalpy, entropy diagram with exergy for 
reactants e-̂  and reaction products &2 after a n adiabatic 
combustion at constant volume . 

A 

a. 

ENTROPY S 
Figure 4. Enthalpy, entropy diagram with exergy for 
reactants e^ and reaction products e£ after an isothermal, 
isobaric combustion ( 4 ) 0 The change of state from 1 to l a 
i s a release of heat at constant temperature, therefore the 
entropy decreases. 
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at the combustion temperature thus i s not an adiabatic process. 
This case usually shows the smallest i r r e v e r s i b l e entropy 
production. 

From these b r i e f considerations an exergetic e f f i c i e n c y of the 
combustion process can be defined: 

r = l - exergy loss during combustion 
exergy of reactants 

or 
T As W_ 

C - 1 - 2 = x _ h (3a) 
reactants reactants 

where i s the work loss. This exergetic e f f i c i e n c y w i l l be the 
measure of performance

Combustion with Intermediate Reactions 

As was indicated above, the losses i n exergy can eventually be 
diminished i f intermediate reactions are employed rather than 
immediate contact between f u e l and oxygen, A schematic of such a 
reaction scheme i s shown i n Figure 5, 

In "reactor" A the fu e l i s oxidized, an appropriate c a r r i e r 
provides the oxygen. The car r i e r w i l l be circulated between "re
actor" A and reactor f |B M. In reactor B i t w i l l be recharged with 
oxygen. The mass balance performed at the surface of the control 
volume of the process i s i d e n t i c a l to a normal combustion. Only 
f u e l and oxygen or a i r are transferred into the control volume 
and combustion products and nitrogen are exhausted from i t ; the 
l a t t e r one only i f a i r i s used for oxidation instead of pure 
oxygen. 

The chemical energy released i n a normal combustion process 
increases only the internal energy of the combustion products. 
According to the second law of thermodynamics only part of this 
energy can be harnessed. An improvement of the process should 
enable us to obtain a larger f r a c t i o n of the available energy as 
useful work, thus the i r r e v e r s i b l e entropy production should be
come smaller. 

In the following considerations, methane w i l l be used as 
f u e l . For intermediate reactions we could use the following 
p o s s i b i l i t i e s for improvement: 

a) The oxidation of fuels occurs by reduction of s o l i d metal 
("Me") oxides. This takes place such that the number of 
gaseous moles i s increased substantially. As an example, 
the oxidation of methane: 

CH 4 + 4"Me"0 -> C0 2 + 2H20 + 4"Me" (4) 

In this reaction the number of gaseous moles i s t r i p l e d . 
At higher pressures the reaction occurs closer to the 
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equilibrium, thus the i r r e v e r s i b l e entropy production and 
consequently the work losses are smaller. But this i s 
usually only a very small improvement, 

b) Metal oxides are used as oxygen carriers which react with 
the f u e l at r e l a t i v e l y low temperatures endothermally. In 
th i s case heat has to be provided to the "reactor" A i n 
Figure 5 to keep the temperature constant. Therefore, i n 
the reoxidation of the oxygen c a r r i e r i n "reactor" B more 
heat has to be released, since the overall energy balance 
has to be the same as for the usual combustion process. Work 
producing c y c l i c processes (Carnot heat engines) could be 
employed between a heat source, represented by the 
constant temperature reoxidation of the oxygen c a r r i e r , 
the heat sink of the endothermic f u e l oxidation, and the 
heat sink of the environmen  (se  Figur  6)  th  i d e a l 
case, i f the chemica
reversible, the wor  producing  (hea  engines)
theoretically deliver the maximum available energy or exergy 
of the f u e l as mechanical work. 

Both processes described above can be u t i l i z e d at least 
p a r t i a l l y . 

Only the id e a l cases of an isothermal-isobaric combustion 
process w i l l be assumed. This combustion i s superior to the 
usual isobaric-adiabatic process. Such an assumption can be 
v e r i f i e d more ea s i l y than i n a normal combustion process, since 
i n the cases studied here the chemical reactions take place at 
the surface of the oxygen c a r r i e r s . 

I f , for the methane combustion, copper oxide i s used as an 
oxygen c a r r i e r , the chemical reaction i n the "reactor" A (see 
Figure 5) i s : 

CH 4 + 4Cu0 -> C0 2 + 2H20 + 4Cu (5) 

and the reoxidation i n "reactor" B i s : 

Cu + 0.5 0 2 + 0.5 • N 2 •> CuO + 0.5 • N £ (6) 

The oxidation reaction of CH^ with CuO i s shown i n Figure 7 
and the reoxidation of Cu i n Figure 8. In this case, both the 
reduction and reoxidation are i r r e v e r s i b l e ; the only improvement 
i s due to the increase i n the number of gaseous moles, increasing 
the e f f i c i e n c y at higher pressures. 

The evaluation of the i r r e v e r s i b l e entropy production i s very 
eas i l y performed i n these enthalpy, entropy diagrams as was shown 
by Knoche (4). It i s simply for one mole methane: 

W = T (As. + 4As_J (7) L o A a 

As. i s the i r r e v e r s i b l e entropy production during the copper 
reauction i n reactor A and As~ i s the i r r e v e r s i b l e entropy pro-
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Figure 5, Schematic of a combustion process with inter
mediate reaction. 
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Figure 6. Schematic of a combustion process with i n t e r 
mediate reactions and heat engines. 
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duction i n the subsequent reoxidation process i n reactor B, both 
at the desired process temperatures. 

Another possible oxygen carr i e r i s nick e l oxide,the chemical 
reaction i n reactor A i n Figure 6 would be: 

CH 4 + 4Ni0 + C0 2 + 2H20 + 4Ni (8) 

and i n reactor B 

Ni + 0.5 0 2 + 0.5 • N 2 + NiO + 0.5 • N 2 (9) 

The difference to the copper process i s , that the reduction of 
nick e l oxide with methane i s an endothermic process, thus a heat 
engine could be employed  Figures 9 and 10 show the enthalpy
entropy diagrams of th
(9). (A metallurgist w i l
since i t i s very d i f f i c u l t , but equilibrium thernodynamic con
siderations do allow i t . ) 

Another very interesting oxygen ca r r i e r i s cadmium. For the 
methane combustion the following reactions are occurring i n 
reactors A and B (see Figure 6): 

CH^ + 4Cd0 -> C0 2 + 2H20 + 4Cd (10) 

and 
Cd + 0.5 0 2 + 0.5 • ̂ — N 2 -v CdO + 0.5 • N £ (11) 

At a temperature of about 1050K and a pressure of 1 bar, the 
cadmium vaporizes, thus i n the reduction process of CdO, 
(equation 10), the number of gaseous moles increases from one 
mole of CH^ to 7 moles. In the idea l case the cadmium oxide 
reduction i s reversible at a temperature of about 800K at a 
pressure of 300 bar (see Figure 11). The subsequent reoxidation 
of Cd i s reversible at a temperature of about 1600K, i n which 
s o l i d i f i c a t i o n occurs (see Figure 12). Thus the t o t a l process 
with cadmium oxide as an oxygen carr i e r i s reversible i f the 
reoxidation could be handled at this r e l a t i v e l y high temperature. 
(Cadmium i s probably not a potential oxygen ca r r i e r i n a r e a l 
design due to i t s hazardous properties.) 

The i r r e v e r s i b l e entropy production for isothermal, isobaric 
chemical reactions i s plotted i n each diagram for an isothermal 
i r r e v e r s i b l e process at 1200K, but can be evaluated as easi l y for 
any other temperature. 

The exergetic e f f i c i e n c y of the t o t a l process can then be 
evaluated with equations (3a) and (7) as a function of the maxi
mum process temperature. 

Figure 13 shows the exergetic e f f i c i e n c y vs. the maximum 
temperature for different combustion processes with and without 
intermediate reactions. As a comparison, the adiabatic, isobaric 
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Figure 13. Exergetic e f f i c i e n c y of methane combustion for 
different processes as a function of maximum process 
temperature. 
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combustion of methane is plotted for an i n i t i a l temperature of 
= 300K and different excess air ratios. 

The exergetic efficiency of combustion processes with inter
mediate reactions is theoretically higher than combustion in 
usual practice. 

For a maximum process temperature of 1600K a reversible 
combustion can be obtained theoretically with cadmium as the 
oxygen carrier. 

Conclusions 

These basic thermodynamic considerations show that intermediate 
reactions in combustion processes can be very advantageous and 
that in some cases most or a l l of the chemical energy could be 
harnessed as mechanica
questions of reaction kinetics
of such a device of the selected oxygen carriers have not been 
included in these fundamental thermodynamic equilibrium studies. 

Yet there is indication from the production of synthetic 
fuels that the reduction reactions are reasonably fast, see 
Terisawa and Sakikawa (5), and Lewis and Gil l i land (6). 
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4 
Thermodynamic Analysis of Chemical Energy 
Transport 

H . B. V A K I L 

Corporate Research and Development, General Electric Company, Schenectady, N Y 12301 

This paper deals with several aspects of ther
modynamic analyses of chemical energy transport sys
tems using reversible endothermic/exothermic chemi
cal reactions. The first application of thermo
dynamic availability (or exergy) analysis deals with 
the relative merits of properly selected chemical 
reactions as secondary energy carriers for process 
steam applications. Results show that a conversion 
of primary thermal energy to secondary energy forms 
of a high thermodynamic quality is always associated 
with efficiency penalty. The chemical energy sys
tems are able to avoid large changes in exergy 
ratios by providing a secondary source with a qual
ity lower than that of the primary source but suffi
ciently high to deliver the process steam. 

The second application of availability analysis 
is used to evaluate the nature and magnitude of 
thermodynamic irreversibilities in a methane 
reformer plant coupled to a high-temperature nuclear 
reactor. It is shown that a combination of thermal 
histograms and availability concepts are helpful not 
only in evaluating the net impact of irreversibili
ties in various chemical process steps on the steam 
power plant, but, more importantly, in suggesting 
process modifications that could improve the overall 
efficiency by avoiding unnecessary entropy produc
tion. 

The use of reversible endothermic/exothermic chemical reactions to 
t r a n s p o r t and/or s t o r e thermal energy has been the s u b j e c t of many 
recent i n v e s t i g a t i o n s . Such systems have been r e f e r r e d t o as 
Chemical Heat Pipes (CHP) {1)9 F e r n e n e r g i e , ( 2 ) , or Thermochemical 
P i p e l i n e s (TCP). T h e i r a b i l i t y t o t r a n s p o r t high-grade thermal 
energy over d i s t a n c e s exceeding 50 mi (80 km) w i t h o u t e x c e s s i v e 
energy l o s s e s makes these systems p a r t i c u l a r l y a t t r a c t i v e as 

0097-6156/83/0235-0087S06.00/0 
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thermal u t i l i t y g r i d s f o r such end-uses as i n d u s t r i a l process 
steam and low-grade thermal energy. 

The major components of a chemical energy t r a n s p o r t system 
are shown i n F i g u r e 1. At the s i t e of the primary thermal energy 
source, an endothermic chemical r e a c t i o n i s c a r r i e d out i n a chem
i c a l r e a c t o r where thermal energy i s absorbed. The s e n s i b l e heat 
r e q u i r e d t o heat the r e a c t a n t s from the ambient temperature t o the 
e l e v a t e d r e a c t i o n temperature i s p r o v i d e d mostly by a counter-
c u r r e n t heat exchange w i t h the hot product stream l e a v i n g the 
r e a c t o r . In the absence o f the r e a c t i o n c a t a l y s t , the high-
e n t h a l p y r e a c t o r products do not undergo a spontaneous r e v e r s e 
r e a c t i o n upon c o o l i n g and may be t r a n s p o r t e d or s t o r e d at the 
ambient temperature without any measurable degradation. T h i s 
a b i l i t y t o e x p l o i t the l a r g e a c t i v a t i o n energy b a r r i e r f o r a spon
taneous chemical r e a c t i o  i  orde  t  f r e e z e - i  th  high-energ
s t a t e at the ambient temperatur
c a l energy t r a n s p o r t system  d i s t i n g u i s h e
thermal processes (e.g., phase change or s e n s i b l e h e a t ) . 

At the d e l i v e r y l o c a t i o n , the h i g h - e n t h a l p y products are 
heated t o the exothermic r e a c t i o n temperature and passed through a 
c a t a l y t i c r e a c t o r where they undergo the r e v e r s e r e a c t i o n , thereby 
r e l e a s i n g the s t o r e d r e a c t i o n heat. Once again a co u n t e r - c u r r e n t 
heat exchanger i s used t o exchange the s e n s i b l e heats, and the 
low-energy r e a c t a n t s are t r a n s p o r t e d back t o the primary s i t e t o 
repeat the energy a b s o r p t i o n s t e p . The o v e r a l l r e s u l t i s a 
c l o s e d - c y c l e process, without any net chemical p r o d u c t i o n or con
sumption, t h a t absorbs thermal energy at the primary source l o c a 
t i o n and d e l i v e r s i t to the end-use l o c a t i o n . 

While t h e r e have been many i n v e s t i g a t i o n s concerned w i t h 
e x p l o r i n g v a r i o u s chemical r e a c t i o n s f o r chemical energy systems, 
f o r the purpose of t h i s paper we w i l l r e s t r i c t our c o n s i d e r a t i o n 
almost e x c l u s i v e l y t o the methane-based high-temperature system 
(HTCHP), w i t h o n l y a b r i e f mention of the lower-temperature 
hydrogenation/dehydrogenation r e a c t i o n s (LTCHP). 

The methane reforming r e a c t i o n s have been among the f i r s t 
r e a c t i o n s t o be proposed and analyzed f o r chemical energy t r a n 
s p o r t . The main energy c a r r y i n g step i s the steam/methane reac
t i o n 

CH 4(g) + H 2 0 ( g H C 0 ( g ) + 3H 2(g) 
Ar)£g8 = 206.2 kJ/mole 

T h i s r e a c t i o n i s g e n e r a l l y c a r r i e d out i n the f o r w a r d , endothermic 
d i r e c t i o n at temperatures up t o HOOK and pressures of around 40 
bars. The r e v e r s e , exothermic r e a c t i o n ( g e n e r a l l y r e f e r r e d t o as 
the methanation r e a c t i o n ) i s capable o f y i e l d i n g thermal energy at 
peak temperatures i n excess of 800K. The water-gas s h i f t r e a c t i o n 

C0(g) + H 20(g) C0 2(g) + H 2(g) 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. VAKIL Chemical Energy Transport 89 

Thermal 
Energy ^ 
Output • I Counter-Curren

Heat Exchang

-{•WW*} 

Endothermic 
Chemical 
Reactor 

Transmission/Storage 

L o i _ J 

1 

Thermal 
Energy 
Input 

Exothermic 
Chemical 
Reactor 

Figure 1. Chemical heat pipe schematic. 
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A H 2 9 8 = " 4 1* 2 k J / m o l e 

a l s o takes p l a c e s i m u l t a n e o u s l y , but i s not a major c o n t r i b u t o r t o 
the o v e r a l l energy c a r r y i n g c a p a b i l i t y of the system, e s p e c i a l l y 
i f the l a t e n t heat of water i s taken i n t o account. 

In view of the f a c t t h a t the most important goal of the CHP 
systems d e s c r i b e d here i s t o achieve the i n t e r c o n v e r s i o n s of chem
i c a l , t h e r m a l , and mechanical e n e r g i e s w i t h the h i g h e s t e f f i c i e n c y 
and the lowest l o s s e s , these systems are i d e a l s u b j e c t s of thermo
dynamic analyses. S i n c e t h e r e are no chemical raw m a t e r i a l s con
sumed and s i n c e the o n l y d e l i v e r e d products are heat and work, 
thermodynamic e f f i c i e n c y of the o v e r a l l process p l a y s a v i t a l r o l e 
i n the design and economics of such systems. I t i s the purpose of 
t h i s r e p o r t t o present the r e s u l t s of two separate a p p l i c a t i o n s of 
the second law a n a l y s i  thes  chemical

The f i r s t a p p l i c a t i o
r e l a t i v e m e r i t s of p r o p e r l y s e l e c t e d chemical r e a c t i o n s as i n t e r
mediate or secondary energy c a r r i e r s , s p e c i f i c a l l y f o r i n d u s t r i a l 
process steam a p p l i c a t i o n s . Major a l t e r n a t i v e s c o n s i d e r e d i n the 
comparison c o n s i s t of e l e c t r i c a l g e n e r a t i o n and the g e n e r a t i o n of 
secondary f u e l s (e.g., s u b s t i t u t e n a t u r a l gas (SNG) or hydrogen). 

The second a p p l i c a t i o n deals w i t h a t y p i c a l process design 
f o r the endothermic end of the HTCHP coupled t o a ver y - h i g h -
temperature, helium-cooled n u c l e a r r e a c t o r (VHTR). E x e r g e t i c con
s i d e r a t i o n s are used t o i n v e s t i g a t e major sources of i r r e v e r s i b i l 
i t i e s , as w e l l as the p o t e n t i a l e f f e c t s of s i g n i f i c a n t energy 
exchanges between the chemical process and the steam power p l a n t . 
A p o t e n t i a l improvement of the process suggested by the thermo
dynamic a n a l y s i s i s d e s c r i b e d and e v a l u a t e d . 

A COMPARISON OF ENERGY TRANSPORT ALTERNATIVES 

Thermodynamic Framework 
In order to have a meaningful comparison of v a r i o u s forms of 
energy c o n v e r s i o n processes i n a thermodynamic framework, i t i s 
necessary t o d e f i n e a q u a n t i t a t i v e measure not o n l y f o r the energy 
or e n t h a l p y content of an i n t e r m e d i a t e energy c a r r i e r , but a l s o 
f o r i t s thermodynamic q u a l i t y . T h i s i s e s p e c i a l l y important i n 
the present case s i n c e we are comparing such d i v e r s e a l t e r n a t i v e s 
as the generation of e l e c t r i c i t y , the s y n t h e s i s of a secondary 
f u e l (e.g., SNG or Hp) f o r subsequent combustion, and the upgrad
ing of low-enthalpy r e a c t a n t s t o high-enthalpy products i n order 
to t r a n s p o r t the enthalpy of chemical r e a c t i o n s . The concepts and 
d e f i n i t i o n s of thermodynamic a v a i l a b i l i t y i n general and steady-
f l o w exergy of e x t r a c t i o n and d e l i v e r y {3) i n p a r t i c u l a r are very 
u s e f u l i n p r o v i d i n g a q u a n t i t a t i v e measure f o r the q u a l i t y . The 
ba s i c d e f i n i t i o n s used i n t h i s r e p o r t are summarized below: 

The exergy of a process f l o w stream i s d e f i n e d as 

In Efficiency and Costing; Gaggioli, R.; 
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The change i n exergy r e s u l t i n g from a change from S t a t e 1 t o S t a t e 
2 w i t h o u t any exchange of matter w i t h the dead-state environment 
i s given by 

In a d d i t i o n t o these standard d e f i n i t i o n s , i t i s u s e f u l to d e f i n e 
a q u a n t i t a t i v e measure of the q u a l i t y of energy t h a t can be 
d e l i v e r e d as a r e s u l t of a change from S t a t e 1 t o 2; t h i s i s 
represented by the exergy r a t i o (aF) d e f i n e d as 

According to t h i s d e f i n i t i o n , the q u a l i t y of mechanical or e l e c t r 
i c a l energy i s equal to u n i t y and t h a t of thermal energy at a tem
p e r a t u r e , T, i s equal to the Carnot f a c t o r , 1 - T Q/T. For chemi
c a l r e a c t i o n s , the exergy r a t i o (aE) r e p r e s e n t s t h a t f r a c t i o n of 
the d e l i v e r e d energy t h a t c o u l d be converted t o thermodynamic work 
by a r e v e r s i b l e process and has a value most o f t e n (but not 
always) between zero and u n i t y . 
Exergy R a t i o s of Primary and Secondary Energy Sources 
In order to a s s i g n a reasonable value of the exergy r a t i o t o such 
primary sources as nuclear r e a c t o r s , one needs t o make some r e a l 
i s t i c assumptions. Even though the primary n u c l e a r r e a c t i o n has a 
high value of « E , the degradation i n h e r e n t i n the conversion of 
the n u c l e a r r e a c t i o n energy t o the u s e f u l thermal energy i n the 
r e a c t o r c o o l a n t appears t o be unavoidable. The c a l c u l a t i o n s 
presented here have been made based on the thermal energy 
d e l i v e r e d by the co o l a n t stream. For f o s s i l f u e l sources, the 
thermodynamic c a l c u l a t i o n s have been s i m p l i f i e d g r e a t l y by assum
ing t h a t coal i s represented by carbon i n the g r a p h i t e s t a t e , 
n a t u r a l gas and SNG by C H 4 ( g ) , and o i l by l i q u i d t o l u e n e . 

The c a l c u l a t e d values of exergy r a t i o s f o r v a r i o u s primary 
and secondary sources are shown i n Table 1. I t i s t o be noted 
t h a t a l l the f o s s i l f u e l sources are i n h e r e n t l y of ve r y high q u a l 
i t y . The value of a- g r e a t e r than u n i t y f o r coal stems from the 
f a c t t h a t a r e v e r s i b l e o x i d a t i o n of carbon at ambient temperature 
has a negative T Q S and r e s u l t s i n p r o d u c t i o n of more work than 
the e n thalpy of combustion, w i t h an a s s o c i a t e d a b s o r p t i o n of heat 
from the environment. In s p i t e of these high values of «r, when 
f o s s i l f u e l s are combusted, say f o r e l e c t r i c a l g e n e r a t i o n , the 
maximum temperature i s l i m i t e d not by thermodynamic c o n s i d e r a t i o n s 
but by m a t e r i a l s c o n s t r a i n t s . The e f f e c t i v e a£ under t h i s l i m i t a 
t i o n i s r e s t r i c t e d to values below 0.65. 

( A E x ) M = (Hg-Hj) - T ^ S g - S j ) 
• ( A H ) M - T Q ( A S ) M 

a E  m 1-2 
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Table I . Exergy R a t i o s f o r Various Types of Energy Sources 

Primary Sources 
Exergy 

Ratios (a f ) 

V H T R Reformer heat 
Boiler heat 
Averag

(1225 K to 875 K ) 
( 875 K to 625 K ) 
(1225 K t  625 K ) 

0.71 
0.60 
0.67 

H T G R 

L M F B R ( 835 K to 670 K ) 0.60 

L W R (—555 K ) 0.46 

Coal C(S) + 0 2(g) - C 0 2 ( g ) 1.002 

Natural 
Gas C H 4 ( g ) + 20 2(g) - C 0 2 ( g ) + 2 H 2 0 ( / ) 0.92 

O i l C 7 H 8 ( / ) + 902(g> - 7 C 0 2 + 4 H 2 0 ( / ) 0 9 8 

Secondary Sources 

Electricity 1.00 

S N G (same as natural gas) 0.92 

Hydrogen H 2 (g) + l / 2 - 0 2 - H 2 0 ( / ) 0.83 

H T C H P : E V A - A D A M 
H Y C O 

CO(g) + 3H 2(g> - C H 4 ( g ) + H 2 0 ( / ) 
2CO(g) + 2H 2 (g) - C H 4 ( g ) + C 0 2 ( g ) 

0.60 (0.70)* 
0.69 (0.15)* 

L T C H P C 6 H 6 ( / ) + 3 H 2 ( g ) - C 6 H , 2 ( / ) 0 4 8 (0 61)* 

Steam 

Powerplant - Superheat 
- Boiler 

(165 b; 625 K to 813 K ) 
(165 b; 523 K feed) 

0.57 
0.50 

Process steam 
condensation at - (70 b; 559 K ) 

- (35 b; 515 K ) 
- (15 b; 471 K ) 

0.47 
0.42 
0.37 

•Numbers in parentheses are for 40 5 bars and include entropy of mixing 

In Efficiency and Costing; Gaggioli, R.; 
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Another p o i n t t o be noted from Table 1 i s t h a t the secondary 
sources, w i t h the exc e p t i o n of CHP c a n d i d a t e s , a l s o show extremely 
high values of exergy r a t i o s . S i nce the i n d u s t r i a l process steam 
to be made a v a i l a b l e t o the user ( w i t h condensing pressures i n the 
range of 15 b t o 70 b) has values of aE from 0.37 t o 0.47, i t i s 
evid e n t t h a t these secondary energy sources are of a much higher 
q u a l i t y than t h a t r e q u i r e d t o do the j o b . A c o n v e r s i o n t o an 
in t e r m e d i a t e form of energy w i t h an u n n e c e s s a r i l y high aE i s 
de t r i m e n t a l to the o v e r a l l e f f i c i e n c y , as w i l l be shown by 1 the 
f o l l o w i n g comparisons. 
Comparisons of A l t e r n a t i v e s f o r Process Steam D e l i v e r y 
One of the major advantages of CHP systems i s the a b i l i t y t o u t i l 
i z e the thermal energy from l a r g e , remotely l o c a t e d energy sources 
(e.g., VHTR or coal-based  p l a n t s ) d d e l i v e  i t i  th  for
of process steam t o s e v e r a
The o v e r a l l energy e f f i c i e n c y f o r these systems i s p r o j e c t e d to be 
as high as 80 t o 85% (].). 

For the HTCHP case, the primary source i s assumed t o be a 
VHTR capable of s u p p l y i n g the r e q u i r e d high-temperature heat to a 
methane reformer. The o v e r a l l e f f i c i e n c y f o r t h i s combination i s 
compared w i t h t h a t f o r the a l t e r n a t i v e — VHTR e l e c t r i c i t y -> 
process steam. These two o p t i o n s are shown as (a) and ( b ) , 
r e s p e c t i v e l y , i n F i g u r e 2. A l s o shown i n the f i g u r e are two more 
p o s s i b i l i t i e s , u sing c o a l as the primary source. The lower-
temperature CHP, represented by the r e a c t i o n of benzene hydrogena-
t i o n as the energy d e l i v e r i n g s t e p , has a lower value of a- than 
the HTCHP and i s more s u i t e d t o coal and lower-temperature nticlear 
sources because of the reduced temperature n u c l e a r requirements 
f o r i t s endothermic s t e p . T h i s i s shown as case (c) i n the f i g u r e 
and i s compared w i t h the a l t e r n a t i v e of co a l •> SNG + process 
steam, shown as case ( d ) . 

The o v e r a l l energy c o n v e r s i o n e f f i c i e n c i e s show c l e a r l y the 
s i g n i f i c a n t advantages o f f e r e d by the two CHP systems. While 
o p t i o n s (b) and (d) are o n l y two of the many a l t e r n a t i v e s f o r 
energy t r a n s p o r t , s i m i l a r r e s u l t s would be obt a i n e d f o r o p t i o n s 
such as coal + hydrogen ->steam. 

In order t o understand the u n d e r l y i n g reasons f o r the higher 
o v e r a l l e f f i c i e n c i e s a f f o r d e d by the CHP systems, i t i s necessary 
t o re-examine the f o u r o p t i o n s i n the framework of the thermo
dynamic q u a l i t y . F i g u r e 3 shows s e m i - q u a n t i t a t i v e p l o t s of i n d i 
v i d u a l steps f o r each of these o p t i o n s , using exergy r a t i o s as the 
o r d i n a t e . 

Several important p o i n t s can be noted from the f i g u r e : 
• Both non-CHP o p t i o n s i n c l u d e a step d u r i n g the primary 

c o n v e r s i o n i n which a l a r g e i n c r e a s e i n E takes p l a c e . The 
e x i s t e n c e of t h i s s t e p , w i t h an u p h i l l thermodynamic c l i m b , 
i s due mai n l y t o the high q u a l i t y of the secondary energy 
form. As a consequence of the second law of thermodynamics, 
a s i g n i f i c a n t f r a c t i o n of the primary energy has t o be 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



94 SECOND LAW ANALYSIS OF PROCESSES 
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r e j e c t e d t o a lower (ambient) temperature d u r i n g such an 
upgrading process. T h i s leads i n e v i t a b l y t o a low energy 
e f f i c i e n c y f o r such s t e p s . 

• The two CHP o p t i o n s t o t a l l y avoid such an u p h i l l c l i m b 
thereby a l l o w i n g a l a r g e f r a c t i o n of the o r i g i n a l thermal 
energy t o be d e l i v e r e d . T h i s r e s u l t s from the f a c t t h a t the 
t r a n s p o r t e d energy has a lower a E than t h a t of the primary 
source; the drop i n a E i s s u f f i c i e n t to pro v i d e the thermo
dynamic d r i v i n g f o r c e necessary t o accomplish the co n v e r s i o n . 

• I f the energy expended i n c r e a t i n g a h i g h - q u a l i t y secondary 
energy i n o p t i o n s (b) and (d) were f u l l y recovered during the 
f i n a l c o n v e r s i o n t o the process steam w i t h a s i g n i f i c a n t l y 
lower a E , the o v e r a l l syste  e f f i c i e n c  would b  comparabl
t o t h a t f o r CHP o p t i o n s
s i o n from a very high a E t o a low one i s thermodynamically 
v e r y i n e f f i c i e n t ; i t i s simply not p o s s i b l e t o make process 
steam from e l e c t r i c i t y ( or SNG) w i t h an e f f i c i e n c y comparable 
t o t h a t of a r e v e r s i b l e process. 

There are s e v e r a l general c o n c l u s i o n s t o be drawn from these com
p a r i s o n s : 
1. I f primary thermal energy has t o be converted, t r a n s p o r t e d , 

and re-converted t o d e l i v e r low- or medium-quality steam, i t 
i s i n a d v i s a b l e and i n e f f i c i e n t t o generate i n t e r m e d i a t e 
energy forms w i t h a very high value of a £ . 

2. The o v e r a l l f i r s t - l a w e f f i c i e n c i e s of CHP systems are high 
because they provide a path w i t h o n l y moderate drops i n 
and avoid e x c e s s i v e upgrading or downgrading of thermodynamic 
q u a l i t y . 

3. While we have been f o r t u n a t e t o be able t o e x t r a c t c l e a n 
f o s s i l f u e l s w i t h a high a E from the ground, i t i s not always 
d e s i r a b l e t o s n y t h e s i z e such h i g h - q u a l i t y i n t e r m e d i a t e energy 
c a r r i e r s , e s p e c i a l l y from thermal sources. T h i s i s espe
c i a l l y t r u e f o r those a p p l i c a t i o n s where the s y n t h e t i c f u e l s 
are t o be used f o r generating thermal energy. 

THERMODYNAMIC ANALYSIS OF HTCHP METHANE-REFORMER PLANT 

In the design of a VHTR-based HTCHP, the thermal energy from the 
r e a c t o r helium i n the high-temperature range (1225K to 875K) i s 
used f o r c a r r y i n g out the methane reforming r e a c t i o n . The remain
i n g lower temperature heat (875K t o 625K) i s used t o generate 
steam f o r e l e c t r i c a l g e n e r a t i o n . T y p i c a l process designs f o r the 
chemical p l a n t and the power p l a n t have been presented elsewhere 
(i»4,5). The purpose of the second h a l f of t h i s r e p o r t i s t o 
demonstrate the us e f u l n e s s of thermodynamic a n a l y s e s , using one 
example of the reformer process design. The major f e a t u r e s of 

In Efficiency and Costing; Gaggioli, R.; 
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t h i s design are shown i n F i g u r e 4. The f l o w r a t e s f o r t h i s design 
are s c a l e d t o g i v e a t o t a l net e n t h a l p y t r a n s p o r t r a t e of 1000 
MJ/s at the p i p e l i n e c o n d i t i o n s . 

The water f l o w from the r e t u r n p i p e l i n e (20 tonne-moles/hr) 
and the condensate from the condenser (48 tonne-moles/hr) are 
mixed and evaporated i n the feedwater r e h e a t e r and the b o i l e r 
( U n i t s 3 and 4*). The steam thus produced i s then mixed w i t h a 
preheated mixture of methane-rich gases from the p i p e l i n e and 
heated t o the r e a c t o r i n l e t temperature of 725K i n ( 6 ) . The 
ref o r m i n g r e a c t i o n i s c a r r i e d out i n the helium-heated reformer, 
and the r e a c t i o n products are sent t o a gas c o o l e r (1) and a par
t i a l condenser (2) f o r the removal o f the excess, unreacted water. 
The cooled CO-rich gases are sent t o the p i p e l i n e f o r d e l i v e r y t o 
the methanation p l a n t s . As shown i n the f i g u r e , the t o t a l c o o l i n g 
requirements i n U n i t s 1 and 2  and the t o t a l h e a t i n g requirements 
i n U n i t s 3 and 6 are s u b s t a n t i a
absorbed i n the reformer  histograms,
d e t a i l e d breakdown of the c o o l i n g and h e a t i n g d u t i e s f o r each tem
pera t u r e increment, have been shown [5) t o be of p a r t i c u l a r value 
i n i n v e s t i g a t i n g the extent t o which an i n t e r n a l heat exchange 
between these two d u t i e s can be accomplished. 

A breakdown of the h e a t i n g and c o o l i n g d u t i e s f o r the example 
case, using a temperature increment of 20K, i s shown i n F i g u r e 5. 
The i n h e r e n t mismatches i n the temperature l e v e l s of the heating 
and c o o l i n g d u t i e s are c l e a r l y v i s i b l e i n the f i g u r e . The 
reformer p l a n t shows a s u r p l u s of thermal energy i n the tempera
t u r e range of 875K-725K (as a r e s u l t of excess s e n s i b l e heat i n 
the r e a c t o r e f f l u e n t ) and at temperatures below 475K (as a r e s u l t 
of p a r t i a l c o n d e n sation). The p l a n t a l s o shows a huge d e f i c i t of 
thermal energy at 525K due t o the l a t e n t heat requirements i n the 
b o i l e r ( 4 ) . In order to improve the o v e r a l l thermodynamic e f f i 
c i e n c y , i t becomes necessary t o t r a d e thermal energy between the 
reformer p l a n t and the steam c y c l e of the power p l a n t . The t h e r 
mal d e f i c i t at 525K i s p r o v i d e d by steam e x t r a c t i o n from the power 
p l a n t i n r e t u r n f o r the thermal s u r p l u s , which i s used by the 
power p l a n t f o r steam reheat and f o r feedwater preheat. 

I t i s important t o e v a l u a t e the net e f f e c t of these exchanges 
on the t o t a l p r o d u c t i o n of e l e c t r i c i t y by the power p l a n t i n order 
to determine the t r u e energy e f f i c i e n c y of the reformer p l a n t . I t 
i s a l s o important to estimate the net e f f e c t of any changes i n the 
chemical p l a n t design on the e l e c t r i c i t y p r o d u c t i o n so t h a t the 
o v e r a l l system e f f i c i e n c y can be improved. Exergy analyses of 
t y p i c a l steam power c y c l e s have y i e l d e d a simple method f o r 
e s t i m a t i n g these e f f e c t s without r e q u i r i n g a d e t a i l e d power c y c l e 
design f o r each and every design case f o r the chemical p l a n t . 
T h i s simple procedure i s based on the o b s e r v a t i o n t h a t steam power 
p l a n t s g e n e r a l l y produce an amount of e l e c t r i c i t y t h a t i s roughly 
85% of the exergy i n p u t i n t o the steam, r e g a r d l e s s of whether t h i s 

* Numbers i n parentheses r e f e r t o u n i t s of the reformer shown 
i n F i g u r e 4. 
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Figure 5 . Thermal histograms o f reformer heat exchanges. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



100 SECOND LAW ANALYSIS OF PROCESSES 

i n p u t i s i n the b o i l e r , superheater, or feedwater heater ( 6 ) ; t h i s 
i s d e s p i t e the f a c t t h a t the f i r s t - l a w energy c o n v e r s i o n e f f i 
c i e n c y v a r i e s s i g n i f i c a n t l y among these designs. 

F o l l o w i n g t h i s procedure f o r the r e f e r e n c e case design w i t h a 
20K temperature d i f f e r e n c e i n heat exchangers, the net f l o w of 
exergy from the power p l a n t t o the reformer p l a n t amounts to 65 
MW. I f the heat exchanger temperature d i f f e r e n c e i s i n c r e a s e d to 
40K as a r e s u l t of a r e d u c t i o n i n heat t r a n s f e r area, t h i s net 
exergy f l o w i n c r e a s e s t o 112 MW. T h i s simple c a l c u l a t i o n demon
s t r a t e s the use of exergy exchange concepts t o determine the quan
t i t a t i v e e f f e c t on the power p l a n t generation r e s u l t i n g from 
i n c r e a s e d thermodynamic l o s s e s i n the reformer p l a n t . 
Thermodynamic Losses i n the Reformer P l a n t 
A c o n t i n u a t i o n of t h i s
an examination of the v a r i o u
process f o r p o t e n t i a l improvements. The c h i e f sources of thermo
dynamic i r r e v e r s i b i l i t i e s ( w i t h the a s s o c i a t e d exergy d e s t r u c t i o n ) 
are (1) f r i c t i o n a l l o s s e s , (2) heat t r a n s f e r w i t h a f i n i t e tem
pera t u r e d i f f e r e n c e , (3) chemical r e a c t i o n f a r from e q u i l i b r i u m , 
and (4) d i f f u s i o n . 

The f i r s t two e f f e c t s are c a l c u l a t e d d i r e c t l y from the 
o v e r a l l process design. The f r i c t i o n a l l o s s e s are o b t a i n e d from 
the compressor power requirements. They amount to a t o t a l exergy 
d e s t r u c t i o n of 10 MW. Heat exchanger l o s s e s due t o heat t r a n s f e r 
i n U n i t s 1-6 ( e x c l u d i n g the reformer) can be evalu a t e d from the 
exergy exchange c a l c u l a t i o n s ; they amount to 49 MW f o r a 20K tem
pe r a t u r e d i f f e r e n c e . 

The v a r i o u s i n d i v i d u a l l o s s e s i n s i d e the reformer r e a c t o r are 
p a r t i c u l a r l y d i f f i c u l t t o ev a l u a t e . However, the t o t a l , 
i n t e g r a t e d exergy d e s t r u c t i o n i n the r e a c t o r can be c a l c u l a t e d as 
a d i f f e r e n c e between the exergy e x t r a c t e d from the r e a c t o r helium 
and the exergy gained by the process stream. T h i s o v e r a l l exergy 
d e s t r u c t i o n i n the reformer amounts t o 43 MW. I t should be noted 
t h a t t h i s i s a p a r t i c u l a r l y low amount, i n comparison t o other 
chemical r e a c t o r s , due p r i m a r i l y t o the e f f i c i e n t reformer tube 
design w i t h c o u n t e r - c u r r e n t f l o w s and t o the i n t e r n a l p i g t a i l 

In a d d i t i o n t o these t h r e e obvious sources of thermodynamic 
l o s s e s , the a n a l y s i s a l s o shows t h a t a si m p l e , innocuous process 
step leads t o an exergy d e s t r u c t i o n comparable t o t h a t i n the 
r e a c t o r or the heat exchangers; t h i s step being the i r r e v e r s i b l e 
m ixing of steam and methane-rich gases i n p r e p a r i n g the r e a c t o r 
f e e d . Using the assumption of gas mixture i d e a l i t y , the exergy 
d e s t r u c t i o n r e s u l t i n g from t h i s mixing i s c a l c u l a t e d t o be 40 MW. 
I t i s i n t e r e s t i n g t o note t h a t the e f f i c i e n c y p e n a l t y r e s u l t i n g 
from t h i s i r r e v e r s i b i l i t y i s not evident u n t i l i t i s necessary t o 
recover the unreacted water molecules from the product stream. I t 
then becomes c l e a r t h a t the high-temperature thermal energy 
i n v e s t e d i n the b o i l e r i s recovered at c o n s i d e r a b l y lower 
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temperatures i n the p a r t i a l condenser. T h i s i s the primary cause 
of the net exergy f l o w from the power p l a n t t o the reformer p l a n t 
t h a t was c a l c u l a t e d e a r l i e r . 
P o t e n t i a l Improvements i n the Reformer Process 
From the f o r e g o i n g a n a l y s i s i t i s c l e a r t h a t a process m o d i f i c a 
t i o n t h a t helps e l i m i n a t e or minimize the i r r e v e r s i b i l i t y a s s o c i 
ated w i t h the r e a c t o r f eed p r e p a r a t i o n w i l l l e a d t o a major reduc
t i o n i n the thermal mismatch, reduce the exergy dependence on the 
power p l a n t , and i n c r e a s e the o v e r a l l energy e f f i c i e n c y . In the 
author's o p i n i o n , t h i s c o n c l u s i o n would not be evident as r e a d i l y 
w i t h o u t the thermodynamic a n a l y s i s of process i r r e v e r s i b i l i t i e s , 
which a t t e s t s t o the value of such exergy analyses. 

One method f o r e l i m i n a t i n  th  i r r e v e r s i b l  m ixin  i  t
porate the water g r a d u a l l y
r i c h gas stream. The ne
t i o n of the gas stream, w i t h a minimum of i r r e v e r s i b i l i t i e s due t o 
d i f f u s i o n or m i x i n g . In such a mixed-feed-evaporator (MFE) the 
gas stream would be mixed w i t h the l i q u i d water and passed through 
heat exchanger tubes t h a t are heated. Such two-phase heat 
exchanger designs are w e l l w i t h i n the c u r r e n t s t a t e - o f - t h e - a r t 
(D-

The thermal histograms, once again, p r o v i d e a convenient 
method t o e v a l u a t e the m o d i f i e d exergy f l o w s from the power p l a n t . 
The changes i n the heating duty r e s u l t i n g from the use of MFE are 
evident i n F i g u r e 6. The net impact of t h i s design m o d i f i c a t i o n 
can be evaluated by r e - c a l c u l a t i n g the exergy contents of the 
r e v i s e d thermal exchanges between the reformer p l a n t and the power 
p l a n t . The r e s u l t s show t h a t the net f l o w of exergy from the 
power p l a n t i s reduced (from the p r e v i o u s l y c a l c u l a t e d value of 65 
MW) t o 24 MW f o r the same 20K temperature d i f f e r e n c e i n the heat 
exchangers. T h i s decrease r e s u l t s from a r e d u c t i o n i n the amount 
and the temperature of e x t r a c t i o n steam from the power p l a n t ; a 
l a r g e f r a c t i o n of the condensation heat i s now u t i l i z e d w i t h i n the 
reformer p l a n t f o r e v a p o r a t i o n . The net e f f e c t of the improvement 
i s an i n c r e a s e i n the e l e c t r i c i t y produced by the power p l a n t of 
r o u g h l y 34 MW — an amount s u f f i c i e n t t o provide the t o t a l 
compressor power requirements f o r the reformer and methanation 
p l a n t s , as w e l l as f o r the gas p i p e l i n e s over a d i s t a n c e of 160 
km. 
SUMMARY 

Second-law thermodynamic analyses have been shown t o be of c o n s i d 
e r a b l e value when a p p l i e d t o systems where an e f f i c i e n t energy 
i n t e r c o n v e r s i o n i s important. Using the chemical energy t r a n s p o r t 
systems as examples, the use of exergy r a t i o s as a measure of 
thermodynamic q u a l i t y has been shown t o g i v e important i n s i g h t s 
i n t o the e f f i c i e n c y or i n e f f i c i e n c y i n h e r e n t i n any c o n v e r s i o n of 
one energy form t o another. 
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TEMPERATURE (K) 

F i g u r e 6 . M o d i f i e d histograms w i t h MFE. 
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In a p p l i c a t i o n s t o chemical process d e s i g n , the concepts of 
entropy p r o d u c t i o n and exergy exchanges have been used t o g a i n a 
be t t e r understanding of the o v e r a l l energy e f f i c i e n c y and t o sug
gest p o t e n t i a l m o d i f i c a t i o n s t o process design t h a t would improve 
system e f f i c i e n c y . 

I t i s hoped t h a t these thermodynamic t o o l s w i l l prove u s e f u l 
i n o ther a p p l i c a t i o n s as w e l l . For example, the use of exergy 
r a t i o s t o e v a l u a t e the m e r i t s of an energy system c o u l d be a p p l i e d 
t o f u e l i n t e r c o n v e r s i o n s f o r use i n f u e l c e l l s or gas t u r b i n e s . 
S i m i l a r l y , the use of thermal histograms combined w i t h exergy 
exchange analyses could prove u s e f u l i n understanding and improv
i n g the design of an i n t e g r a t e d chemical p l a n t where energy 
exchanges among v a r i o u s processes p l a y an important r o l e . 
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NOMENCLATURE 

Ex Steady-flow exergy of e x t r a c t i o n and d e l i v e r y 
H Enthalpy 
δ Η 2 9 8 s t a n d a r d enthalpy of r e a c t i o n at 298K 
nj Moles of component j i n a mixture 
S Entropy 
T Q Ambient or dead-state temperature 
(*£ Exergy r a t i o 

Energy e f f i c i e n c y ( f i r s t - l a w e f f i c i e n c y ) 
μ η Chemical p o t e n t i a l of component J i n the dead-state 

J 0 0 
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5 
Thermodynamic Analysis of Gas Turbine Cycles 
with Chemical Reactions 

H. B. VAKIL 

Corporate Research and Development, General Electric Company, Schenectady, N Y 12301 

Thermodynamic exergy analyses of gas-turbine 
c y c l e s show t h a t the major l o s s e s occur n e i t h e r dur
i n g the compression of air nor during the expansion 
of hot combustion products, but r a t h e r d u r i n g the 
combustion r e a c t i o n s . Main reasons for these l o s s e s 
stem from the peak temperature limitations imposed 
by the m a t e r i a l s of c o n s t r u c t i o n , coupled w i t h the 
very high thermodynamic quality of the f u e l source. 

T h i s paper i n v e s t i g a t e s the p o t e n t i a l for 
reducing exergy l o s s e s during combustion by lowerin g 
the thermodynamic quality o f the f u e l through 
endothermic chemical r e a c t i o n s , utilizing the low-
grade heat from the t u r b i n e exhaust gases. Using 
methanol as an example, it is shown t h a t steam 
reforming or methanol c r a c k i n g r e a c t i o n s c o u l d yield 
higher energy products of lower thermodynamic qual
ity, wi t h a subsequent r e d u c t i o n of entropy produc
tion d u r i n g combustion. 

Using the "second law" a n a l y s e s , it is shown 
t h a t the use of low-grade exhaust heat for the chem
ical c o n v e r s i o n of h i g h - q u a l i t y f u e l i n t o medium 
quality gaseous products offers a higher o v e r a l l 
efficiency than even a reversible c o n v e r s i o n of the 
exhaust thermal energy t o mechanical work. T h i s 
apparent violation of thermodynamic laws can o n l y be 
e x p l a i n e d by t a k i n g into c o n s i d e r a t i o n the entropy 
p r o d u c t i o n during the combustion ste p . These 
results suggest the possibility t h a t l o w e r i n g the 
exergy ratio of fuels through chemical r e a c t i o n s 
using low-grade heat coul d p r o v i d e an e a s i e r t e c h n i 
c a l r o u t e t o higher efficiencies than the search for 
higher temperature materials. 

0097-6156/ 83/ 0235-0105S06.00/ 0 
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Clean f o s s i l f u e l s i n e i t h e r l i q u i d or gaseous form have p l a y e d , 
and w i l l c o n t i n u e t o p l a y , a major r o l e i n s u p p l y i n g our energy 
needs. The f a c t t h a t the primary energy i n the f o s s i l f u e l s can 
be converted e a s i l y t o e i t h e r mechanical o r e l e c t r i c a l energy has 
l e d t o t h e i r widespread use i n the I n d u s t r i a l and T r a n s p o r t a t i o n 
s e c t o r s . While t h e r e are many d i f f e r e n t routes f o r c o n v e r t i n g the 
chemical energy of f o s s i l f u e l s i n t o u s e f u l work, almost a l l o f 
them i n v o l v e an i n i t i a l c o n v e r s i o n of the f u e l energy i n t o thermal 
energy through combustion; t h e thermal energy i s then used i n com
b i n a t i o n w i t h a thermodynamic c y c l e t o produce u s e f u l work. The 
gas t u r b i n e i n an e x c e l l e n t example of such systems f o r power gen
e r a t i o n , i n t h a t i t i s simple, e f f i c i e n t , and r e l a t i v e l y inexpen
s i v e . The b a s i c g a s - t u r b i n e c y c l e F i g u r e 1 c o n s i s t s o f th r e e 
steps: 

1. Ambient a i r i
pressure of roughly 10-12 bars i n a compressor. 

2. The compressed a i r i s used t o c a r r y out combustion o f 
the f o s s i l f u e l i n a high temperature combustor to gen
e r a t e p r e s s u r i z e d hot gases. 

3. The hot combustion products are expanded i n a t u r b i n e t o 
generate power, a p a r t of which i s made a v a i l a b l e t o the 
compressor. 

The e f f i c i e n c y o f a gas t u r b i n e i s u s u a l l y d e f i n e d as the 
f r a c t i o n of f u e l combustion e n t h a l p y change t h a t i s d e l i v e r e d as 
net mechanical ( o r e l e c t r i c a l ) energy a f t e r s u b t r a c t i n g the energy 
requirements of the compressor. The c o n t i n u i n g push f o r higher 
e f f i c i e n c i e s has r e s u l t e d i n s e v e r a l m o d i f i c a t i o n s of the b a s i c 
c y c l e d e s c r i b e d e a r l i e r ; most of these i n v o l v e the use of recu 
p e r a t i v e heat-exchange w i t h the t u r b i n e exhaust. For example, the 
s e n s i b l e heat of the hot exhaust gases can be used e i t h e r t o 
preheat the compressed a i r p r i o r t o combustion, or t o generate 
steam i n a b o i l e r f o r a d d i t i o n a l power g e n e r a t i o n . More r e c e n t l y , 
a d i f f e r e n t use of the recuperated heat has been proposed — one 
where the heat i s s u p p l i e d t o c a r r y out an endothermic chemical 
r e a c t i o n w i t h the f u e l (.1,1). The net r e s u l t i s the generation of 
a d i f f e r e n t , secondary f u e l f o r combustion. An example of such 
chemical r e c u p e r a t i o n w i t h methanol as the primary f o s s i l f u e l i s 
the use of exhaust heat t o c a r r y out e i t h e r the steam-methanol 
reforming r e a c t i o n or the methanol c r a c k i n g r e a c t i o n . 

I t i s the aim of t h i s paper t o present a comparison of t h e r 
mal and chemical r e c u p e r a t i o n o p t i o n s i n a thermodynamic frame
work. The paper w i l l begin by i d e n t i f y i n g the major i r r e v e r s i b i l 
i t i e s i n a simple g a s - t u r b i n e c y c l e w i t h l i q u i d methanol f u e l ; 
c o n tinue w i t h a comparison of thermodynamic l o s s e s and o v e r a l l 
e f f i c i e n c i e s among v a r i o u s o p t i o n s u t i l i z i n g thermal and/or 
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chemical r e c u p e r a t i o n ; and conclude w i t h an examination of the 
thermodynamic " q u a l i t y " o f the primary and secondary f u e l s t o 
understand the i m p l i c a t i o n s of f u e l m o d i f i c a t i o n . 

I t i s not the purpose of t h i s paper t o e v a l u a t e the s u i t a b i l 
i t y of methanol as a f u e l f o r gas t u r b i n e s . Consequently, no 
a t t e n t i o n w i l l be given to such f a c t o r s as the c o s t o f methanol 
f u e l , s a f e t y c o n s i d e r a t i o n s of exchanging heat between hot exhaust 
gases and f u e l , and the dynamics of the complex c y c l e w i t h r e c u 
p e r a t i v e chemical r e a c t i o n s . The purpose of t h i s paper i s to out
l i n e the thermodynamic i m p l i c a t i o n s of chemical r e c u p e r a t i o n using 
methanol f u e l as an example. 
CYCLE CALCULATIONS 

In order to s i m p l i f y an
f o l l o w i n g c o n d i t i o n s wer

I n l e t a i r to compressor 1 atm; 77F 
Compressor o u t l e t a i r 12 atm; 650F 
Combustor o u t l e t / t u r b i n e i n l e t 12 atm; 2000F 
Turbine exhaust 1 atm; 1000F 
Regenerator o u t l e t / s t a c k gases 1 atm; 200F 
The c a l c u l a t i o n s of the energy f l o w s are r e l a t i v e l y s t r a i g h t 

forward once these c o n d i t i o n s are s p e c i f i e d ; the same i s t r u e f o r 
the c a l c u l a t i o n s of entropy p r o d u c t i o n and the a s s o c i a t e d exergy 
d e s t r u c t i o n . The o n l y area of c o m p l i c a t i o n i s the need f o r a 
"dead-state" d e f i n i t i o n i n order t o c a l c u l a t e the e n t h a l p y and 
exergy l o s s e s a s s o c i a t e d w i t h the stack exhaust. The d i f f i c u l t i e s 
a s s o c i a t e d w i t h the c h o i c e of an ap p r o p r i a t e "dead-state" have 
been d i s c u s s e d e x t e n s i v e l y i n the l i t e r a t u r e [3). In the present 
c o n t e x t , however, the exact d e f i n i t i o n of the "dead-state" i n gen
e r a l , and the chemical p o t e n t i a l o f C 0 2 and FLO i n p a r t i c u l a r i s 
important o n l y f o r determining the exergy content of the stack 
exhaust. As w i l l become apparent l a t e r , t h i s i s not a major f a c 
t o r i n the o v e r a l l e f f i c i e n c y . Consequently, i t i s not necessary 
t o have a d e t a i l e d and s o p h i s t i c a t e d d e s c r i p t i o n of the "dead-
s t a t e " ; any reasonable c h o i c e of r e f e r e n c e s t a t e i s adequate f o r 
the purpose of t h i s paper. The r e s u l t a n t ambiguity i n the exergy 
l o s s e s i n the stack exhaust i s a consequence of the e f f e c t of 
"dead-state" composition on the expansion work of C 0 2 and Ĥ O — a 
phenomenon of l i t t l e i n t e r e s t here. 

Thermodynamic p r o p e r t i e s were c a l c u l a t e d using i d e a l gas mix
t u r e assumption and the standard r e f e r e n c e s t a t e s of 77F (298.15K) 
and 1 atm f o r a i r (molar composition - 80% N 2, 20% Og*), f o r C 0 2 (pure gas at 1 atm), and f o r H 90 (pure l i q u i d at T. atm). I t 

* Molar r a t i o of 4:1 was assumed i n order t o s i m p l i f y the 
s t o i c h i o m e t r y and thermodynamic c a l c u l a t i o n s . 
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should be noted t h a t i n view of the assumed combustor o u t l e t tem
pe r a t u r e of 2000F, the a i r / f u e l r a t i o i s determined d i r e c t l y from 
a i r and f u e l c o n d i t i o n s at the i n l e t of the combustor assuming 
complete combustion under a d i a b a t i c c o n d i t i o n s . 
I R R E V E R S I B I L I T I E S I N A SIMPLE GAS-TURBINE CYCLE 

The s i m p l e s t example of a ga s - t u r b i n e c y c l e i s one i n which no 
heat r e g e n e r a t i o n takes p l a c e ; the compressor o u t l e t a i r i s sent 
d i r e c t l y t o the combustor at a temperature of 650F and l i q u i d 
methanol at ambient temperature i s combusted t o produce hot gases 
at a temperature of 2000F. 

Thermodynamic p r o p e r t i e s of the f l o w streams at v a r i o u s l o c a 
t i o n s as w e l l as the thermal and mechanical energy f l o w s f o r the 
c y c l e are shown i n F i g u r e 2 using 1 g-mole of l i q u i d methanol as 
the b a s i s . A l s o shown
p r o d u c t i o n and exergy d e s t r u c t i o  proces  s t e p s

The o v e r a l l c y c l e produces net t u r b i n e work ( a f t e r accounting 
f o r the compressor work) of 253.5 K j per g-mole of l i q u i d 
methanol. Without any heat r e c o v e r y from the t u r b i n e exhaust, the 
major energy l o s s (based on the f i r s t - l a w of thermodynamics) 
appears to be due t o the hot stack gases. However, c a l c u l a t i o n s 
of entropy p r o d u c t i o n c l e a r l y show t h a t the i r r e v e r s i b i l i t i e s i n 
the combustor g i v e r i s e t o the l a r g e s t exergy l o s s i n the e n t i r e 
c y c l e — a n amount exceeding e i t h e r the t o t a l net t u r b i n e work or 
the exergy l o s s r e s u l t i n g from throwing away the hot t u r b i n e 
exhaust gases. By comparison, the l o s s e s a s s o c i a t e d w i t h 
compression/expansion i n e f f i c i e n c i e s are almost i n s i g n i f i c a n t . 

The combustion exergy l o s s i s even more prominent i f a t h e r 
mal regenerator i s used f o r e x t r a c t i n g heat from the t u r b i n e 
exhaust i n order t o generate steam t o form a combined gas 
turbine/steam c y c l e . The r e g e n e r a t o r i s capable of e x t r a c t i n g 336 
K j of thermal energy from the exhaust gases w i t h an exergy content 
of 154 K j . P r e v i o u s s t u d i e s of steam c y c l e thermodynamic e f f i 
c i e n c y (4) have shown t h a t r o u g h l y 80% of i n p u t exergy t o the 
steam c y c l e can u s u a l l y be made a v a i l a b l e as steam t u r b i n e work 
output. Thus, the net exergy l o s s a s s o c i a t e d w i t h the exhaust 
gases i s reduced t o 30.8 K j i n the steam c y c l e and 9.5 K j as 
unrecovered exergy* i n the stack gases at 200F (366.5K) from the 
r e g e n e r a t o r . 

The main reason f o r the s u b s t a n t i a l i r r e v e r s i b i l i t y i n the 
combustion process i s the peak temperature l i m i t a t i o n imposed by 
the m a t e r i a l s of c o n s t r u c t i o n i n the f i r s t stage of the gas-
t u r b i n e , coupled w i t h the high thermodynamic " q u a l i t y " o f the f u e l 
combustion energy. One way t o reduce t h i s i r r e v e r s i b i l i t y i s t o 
develop t u r b i n e s t h a t can w i t h s t a n d higher i n l e t t e m p e r a t u r e s — a 

* T h i s amount w i l l v a r y depending on the p a r t i c u l a r d e f i n i t i o n 
o f the "dead-state" as d i s c u s s e d e a r l i e r . 
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Figure 1. Schematic of gas t u r b i n e c y c l e . 
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Figure 2. Thermodynamics o f the Base Case. 
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s u b j e c t of c o n s i d e r a b l e r e s e a r c h i n t e r e s t t o m a t e r i a l s s c i e n t i s t s 
and t u r b i n e d e s i g n e r s . A t o t a l l y d i f f e r e n t approach would be t o 
manipulate the f u e l i t s e l f i n order t o lower i t s " q u a l i t y " and 
thereby make i t more s u i t a b l e thermodynamically t o e x i s t i n g 
m a t e r i a l s . The use of thermal and/or chemical r e c u p e r a t i o n are 
examples of the l a t t e r approach of reducing the " q u a l i t y " o f the 
f u e l t o be burned. I t should be emphasized, however, t h a t a 
lower i n g of the thermodynamic " q u a l i t y " of the f u e l i s d e s i r a b l e 
o n l y i f the t o t a l amount of i r r e v e r s i b i l i t i e s — t h o s e i n the 
combustor as w e l l as those i n h e r e n t i n the f u e l p r o c e s s i n g s t e p -
i s reduced. 

In order t o c l a r i f y these i d e a s , we need t o compare the 
i r r e v e r s i b l e entropy productions ( o r the exergy d e s t r u c t i o n ) i n 
c y c l e s t h a t u t i l i z e r e g e n e r a t i v e heating of compressed a i r , t h e r 
mal r e c u p e r a t i o n i n th  for f e v a p o r a t i o d superheatin f 
the methanol f u e l , an
reforming or c r a c k i n g r e a c t i o n w i t h methanol. The next s e c t i o n 
presents such a comparison i n a s i m p l i f i e d form to i l l u s t r a t e the 
u t i l i t y of thermodynamic analyses. 
ANALYSES AND COMPARISON OF CASES 

In a d d i t i o n t o the simple c y c l e without any form of r e c u p e r a t i o n 
(Base Case) t h a t was analyzed i n the previous s e c t i o n , we w i l l 
c o n s i d e r f i v e separate cases w i t h thermal and/or chemical r e c u 
p e r a t i o n . In the i n t e r e s t of ma i n t a i n i n g u n i f o r m i t y , we w i l l 
assume a constant temperature of 800F as the e x i t temperature of 
any stream undergoing such r e c u p e r a t i o n . A d e s c r i p t i o n of the 
f i v e cases i s as f o l l o w s : 

Case 1 Regenerative heating of compressed a i r from 650F t o 
800F w i t h l i q u i d methanol at 77F as the f u e l . 

Case 2 P r e h e a t i n g of compressed a i r as i n Case 1, combined 
w i t h the e v a p o r a t i o n and preheating of methanol to 
g i v e methanol vapor at 800F as the f u e l . 

Case 3 P r e h e a t i n g of compressed a i r , combined w i t h eva
p o r a t i o n and preheating of an equimolar mixture of 
methanol and water t o g i v e CrLOH + H?0 vapor mix
t u r e at 800F as the f u e l . 6 c 

Case 4 Thermal r e c u p e r a t i o n as i n Case 3 w i t h the a d d i t i o n 
o f c a t a l y t i c reforming of methanol/steam mixture t o 
g i v e C 0 2 + 3H2 a t 800F as the f u e l . 

Case 5 Thermal r e c u p e r a t i o n as i n Case 2, w i t h the a d d i 
t i o n of c a t a l y t i c c r a c k i n g of methanol to g i v e CO + 
2H9 at 800F as the f u e l . 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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The c a l c u l a t i o n procedure c o n s i s t s of a d e t e r m i n a t i o n of the 
a i r / f u e l molar r a t i o t h a t w i l l r e s u l t i n a combustor o u t l e t tem
pera t u r e of 2000F, f o l l o w e d by the c a l c u l a t i o n of enthalpy and 
entropy of f l o w streams at the v a r i o u s s t a t e p o i n t s i n the c y c l e . 
The net work output from the t u r b i n e i s c a l c u l a t e d by s u b t r a c t i n g 
the compressor work requirements from the t o t a l t u r b i n e expansion 
work determined from the enthalpy balance. I r r e v e r s i b l e entropy 
productions are c a l c u l a t e d by a r o u t i n e entropy balance around 
each process s t e p . 

The t o t a l amount of regenerated heat f o r each of the cases i s 
broken down i n t o t h r e e separate thermal energy f l o w s ; the amount 
needed to preheat the compressed a i r (Q ), the amount absorbed by 
the f u e l d u r i n g thermal or chemical r e c u p e r a t i o n (Q*), and the 
s u r p l u s made a v a i l a b l e t o the steam c y c l e ( Q s t ) . The work output 
from the steam c y c l e i  c a l c u l a t e d fro  th t  f l o  t  th
steam c y c l e , a f t e r s u p p l y i n
w i t h Q and Q f w i t h an e x e r g y - d e l i v e r y e f f i c i e n c y o  80%. E a r l i e
s t u d i e s (5) have shown such 'second law 1 methods f o r e s t i m a t i n g 
steam-cycle outputs to be more v a l i d and u s e f u l than an assumption 
of a constant ' f i s t - l a w 1 c o n v e r s i o n e f f i c i e n c y * . T h i s i s espe
c i a l l y so when the steam c y c l e i s coupled to d i f f e r e n t processes 
r e q u i r i n g heat at d i f f e r e n t temperature l e v e l s , as i n t h i s 
a n a l y s i s . 

The magnitudes of the mechanical and thermal energy f l o w s f o r 
each of the cases are given i n Table 1. A l s o shown i n Table 1 are 
the values of the o v e r a l l c o n v e r s i o n e f f i c i e n c y , which i s d e f i n e d 
as the r a t i o of t o t a l work output (w T + w t ) t o the molar heat of 
combustion of l i q u i d methanol (727 K j ) . 

The r e s u l t s i n d i c a t e very c l e a r l y the p r o g r e s s i v e i n c r e a s e s 
i n e f f i c i e n c y w i t h i n c r e a s i n g degree of r e c u p e r a t i o n e x e m p l i f i e d 
by the sequence: Base Case ^ Case 1 -> Case 2 Case 5. The most 
important p o i n t t o note i s t h a t even w i t h a r e v e r s i b l e conversion 
o f Q t, the t o t a l work i s lower w i t h o n l y thermal r e c u p e r a t i o n 
than t h a t w i t h chemical r e c u p e r a t i o n . For example, a comparison 
of Case 5 w i t h Case 2 (the o n l y d i f f e r e n c e being the presence or 
absence of the decomposition r e a c t i o n ) shows an i n c r e a s e i n the 
net t u r b i n e output by 42.2 K j — a n amount n e a r l y t w i c e as l a r g e as 
the corresponding decrease i n the steam c y c l e output. Even i n the 
r e v e r s i b l e l i m i t , the decrease i n steam c y c l e output would equal 
o n l y 24 K j . An analogous r e s u l t i s obtained by comparing Cases 3 
and 4, thereby showing a s i m i l a r behavior w i t h the steam-reforming 
r e a c t i o n . The f a c t t h a t one can improve the o v e r a l l e f f i c i e n c y by 
withdrawing some exergy from a r e v e r s i b l e steam-cycle and c a r r y i n g 
out i r r e v e r s i b l e f u e l t r a n s f o r m a t i o n w i t h i t appears, at a f i r s t 
g l a n c e , t o be i n v i o l a t i o n of the second law. However, a more 
d e t a i l e d look at the combustion i r r e v e r s i b i l i t i e s shows t h a t t h i s 

* T h i s e f f i c i e n c y i s g e n e r a l l y r e f e r r e d t o as the ' f i r s t law' 
e f f i c i e n c y . 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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i s not so, and t h a t the e f f i c i e n c y gains r e s u l t from l a r g e reduc
t i o n s i n the entropy p r o d u c t i o n during combustion of the d e r i v e d 
f u e l s . 

The magnitudes of entropy p r o d u c t i o n d u r i n g combustion and 
the a s s o c i a t e d exergy l o s s e s f o r the v a r i o u s cases are shown i n 
Table 2 w i t h two d i f f e r e n t n o r m a l i z a t i o n s : one based on 1 g-mole 
of methanol, and the other based on 100 K j of t o t a l net work (w T + 
w s t ) P r o d u c e c l * T h e p r o g r e s s i v e r e d u c t i o n i n combustor i r r e v e r i i -
b f i i t i e s w i t h i n c r e a s i n g amount of r e c u p e r a t i o n i s evident from 
the r e s u l t s . The decrease i s even more prominent on the b a s i s of 
equal t o t a l work produced, which i s the more r e a l i s t i c b a s i s of 
the two. The chemical r e c u p e r a t i o n using methanol c r a c k i n g reac
t i o n appears t o reduce combustor i r r e v e r s i b i l i t i e s by n e a r l y one-
t h i r d of t h a t w i t h no r e c u p e r a t i o n . In order t o understand why 
t h i s should be so, we need  q u a n t i t a t i v f th  thermo
dynamic " q u a l i t y " o f f u e l
compressed a i r from 800F t o 2000F. In second law analyses of sys
tems w i t h thermal, mechanical, and chemical changes, we have found 
the concept of exergy r a t i o - a r a t i o of exergy change t o e n t h a l p y 
change of a given process - t o be a p a r t i c u l a r l y u s e f u l measure of 
thermodynamic q u a l i t y (4, 5 ) . For a process w i t h an e n t h a l p y 
change of H and an entropy change S, 

Exergy R a t i o (a£) = 1 - TQ(AS/AH) 

where T i s the ambient temperature (298.16K). I t may be noted 
t h a t the exergy r a t i o of mechanical work i s equal to u n i t y , and 
t h a t of thermal energy at a temperature T i s equal t o the Carnot 
f a c t o r (1-T / T ) . For chemical r e a c t i o n s such as the combustion of 
methanol, trie exergy r a t i o depends on the r e l a t i v e magnitudes of 
e n t h a l p y and entropy changes; f o r exothermic r e a c t i o n s i t i s usu
a l l y - but not always - i n the range from zero t o u n i t y . 

The key energy t r a n s f e r steps f o r which we need the exergy 
r a t i o s are: 

t Compressed a i r heating from 650F t o 800F 
• Boos t i n g the temperature of a i r from 800F t o 2000F* 
t Recovery of heat from t u r b i n e exhaust (1000F t o 200F) 
t Thermal and/or chemical r e c u p e r a t i o n f o r the f u e l 
• I d e a l i z e d combustion of methanol and d e r i v e d f u e l s . 

* T h i s i s an approximation r e p r e s e n t i n g the i d e a l i z e d task of 
the combustor. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Table 2. Entropy Production During Combustion 
and Associated Exergy Losses 

Basis: 1 g-mole Methanol 
Entropy Production (j/k) 892.5 864.1 788.4 768.3 686.2 672.6 
Exergy Loss (kj) 266.1 257.6 235.1 229.1 204.6 200.6 

Basis: 100 Kj Total Network 
Entropy Production (j/k) 236.9 228.0 199.8 194.4 166.2 161.1 
Exergy Loss (Kj) 70.6 68.0 59.6 58.0 49.6 48.0 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Exergy r a t i o s f o r these steps are shown i n Table 3. The average 
" q u a l i t y " of the thermal exergy needed i n the combustor i s i n d i 
cated by an exergy r a t i o of ^0.7 (corresponding t o a temperature 
l e v e l of r o u g h l y 1350F). By c o n t r a s t , the " q u a l i t y " of energy 
r e l e a s e d by methanol combustion i s extremely high as shown by an 
exergy r a t i o of 0.96 ( i . e . , e q u i v a l e n t t o a temperature <14,000F). 
The i m p l i c a t i o n of the l i m i t i n g temperature of 2000F due t o 
m a t e r i a l s c o n s t r a i n t i s a s i g n i f i c a n t degradation of the energy 
r e l e a s e d by combustion; t h i s e x p l a i n s the s u b s t a n t i a l entropy pro
d u c t i o n i n the combustor. 

Thermal r e c u p e r a t i o n t o a small e x t e n t , and chemical r e c u 
p e r a t i o n t o a g r e a t e r e x t e n t , can now be seen as a thermodynami-
c a l l y e f f i c i e n t way of reducing the " q u a l i t y " of the f u e l . T h i s 
l o w e r i n g of the exergy r a t i o i s accomplished by u t i l i z i n g regen
e r a t o r heat at cxc = 0.3  I  othe  words  chemical r e c u p e r a t i o
u t i l i z e s the excess thermodynami
would otherwise be wasted, t o upgrade the lower q u a l i t y exhaust 
heat ( w i t h a £ = 0.3) i n t o combustion q u a l i t y heat ( w i t h a- = 0.7). 
I t does so by generating a secondary f u e l w i t h a t h e o r e t i c a l 
d e l i v e r y temperature of r o u g h l y 3000F. T h i s thermodynamic "pump
i n g " o f exhaust heat e x p l a i n s why chemical r e c u p e r a t i o n leads t o a 
g r e a t e r o v e r a l l e f f i c i e n c y than t h a t f o r any other use of the 
regenerator heat. 

One l a s t p o i n t t o be noted p e r t a i n s t o a comparison between 
the steam-reforming r e a c t i o n (Case 4) and the methanol c r a c k i n g 
r e a c t i o n (Case 5 ) . From the exergy r a t i o c a l c u l a t i o n s , the 
reforming r e a c t i o n appears t o be s u p e r i o r i n i t s a b i l i t y t o pro
duce lower q u a l i t y f u e l . However, the o v e r a l l e f f i c i e n c y c a l c u l a 
t i o n s show a lower value f o r Case 4 than t h a t f o r Case 5. The 
main reason f o r t h i s r e v e r s a l i s due t o the f a c t t h a t n e a r l y 25% 
of the recuperated energy f o r Case 4 i s i n the form of the heat of 
e v a p o r a t i o n of HpO and i s not recovered from the exhaust gases. 
The r e s u l t i s an i n c r e a s e i n the stack l o s s e s . 
SUMMARY 

A thermodynamic methodology f o r e v a l u a t i n g energy e f f i c i e n c y and 
entropy productions f o r g a s - t u r b i n e c y c l e s was presented. Using 
t h i s approach, i t was shown t h a t the l a r g e s t c o n t r i b u t i o n t o the 
o v e r a l l i r r e v e r s i b i l i t i e s of the c y c l e i s from the f u e l combustion 
st e p and i s a d i r e c t consequence of the very high " q u a l i t y " of the 
combustion energy and the r e l a t i v e l y low l i m i t i n g temperature of 
the m a t e r i a l s of c o n s t r u c t i o n . 

The use of regenerator heat from the exhaust gases t o c a r -
r y o u t endothermic r e a c t i o n s w i t h the methanol f u e l c o u l d l e a d t o 
s u b s t a n t i a l l y lower entropy p r o d u c t i o n i n the combustor. The 
r e s u l t a n t i n c r e a s e i n the o v e r a l l e f f i c i e n c y was shown t o be 
g r e a t e r than t h a t f o r any other use of the exhaust heat. 

The o p t i o n of lowering the exergy r a t i o of f u e l s through 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Table 3. Exergy Ratios for Key Energy Transfer Steps 

Exergy 
Ratio (otp) 

Heating of compressed air (650-800F) 0.541 
Heating of compresse
Heat Receovery from turbine exhaust 

(Base Case - 1000F to 200F) 0.458 
Recuperation steps for the fuel 
Case 2 0.354 
Case 3 0.237 
Case 4 0.26 
Case 5 0.342 
Fuel combustion with air (Products at 298K, 1 atm) 
Case 1 - CH30H liquid at 298K 0.965 
Case 2 - CH3CH vapor at 800F, 12 atm 0.915 
Case 3 - CH30H + H20 vapor at 800F, 12 atm 0.862 
Case 4 - C0 2 + 3H2 vapor at 800F, 12 atm 0.823 
Case 5 - CO + 2H? vapor at 800F, 12 atm 0.850 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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chemical r e a c t i o n s u s ing low-grade heat c o u l d provide an e a s i e r 
t e c h n i c a l r o u t e t o higher e f f i c i e n c i e s than the search f o r higher 
temperature m a t e r i a l s . 
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6 
Available Energy Analysis of a Sulfuric Acid Plant 

K. R A V I N D R A N A T H and S. T H I Y A G A R A J A N 

Larsen & Toubro Limited, Bombay, India 

Available energy concept is applied to 
analyse a sulphuric acid plant. First 
law and second law analyses are compared. 
Second law analysis pin points available 
energy consumptions and losses. Possible 
improvements by reducing availability 
consumptions and losses are presented. 

S u l p h u r i c a c i d p l a n t i s w e l l known t o p r o d u c e a l o n g 
w i t h s u l p h u r i c a c i d a n e q u i v a l e n t amount o f s t e a m . 
The p o t e n t i a l e n e r g y a v a i l a b l e w i t h t h e b a s i c raw 
m a t e r i a l s u l p h u r c a l l s f o r a h i g h d e g r e e e v a l u a t i o n o f 
e n e r g y r e c o v e r y i n s u l p h u r i c a c i d p l a n t s . 

The e f f i c i e n c y o f e n e r g y c o n v e r s i o n a n d u t i l i s a t i o n 
i n t h i s p r o c e s s c a n n o t be e v a l u a t e d b a s e d on f i r s t law 
o f t h e r m o d y n a m i c s a l o n e a n d t r u e e n e r g y d i s s i p a t i o n s 
c a n be b r o u g h t o u t by u s i n g a v a i l a b l e e n e r g y a n a l y s i s . 

S e c o n d law a n a l y s i s i s a p p l i e d t o a 100 t o n n e s p e r 
da y d o u b l e - c o n t a c t d o u b l e - a b s o r p t i o n (DC-DA) s u l p h u r i c 
a c i d p l a n t i n o r d e r t o b r i n g o u t t r u e e n e r g y c o n v e r s i o n 
e f f i c i e n c i e s a n d c o n s u m p t i o n s b a s e d o n work 
a v a i l a b i l i t y o f v a r i o u s s t r e a m s . S e c o n d law e f f i c i e n c 
i e s a r e c o m p a r e d w i t h t h o s e o f f i r s t law t o p i n p o i n t 
t r u e l o s s e s a n d i n e v i t a b l e c o n s u m p t i o n s i n e n e r g y 
c o n v e r s i o n p r o c e s s e s . 

B a s e d on s e c o n d law a n a l y s i s a l t e r n a t i v e s a r e 
w o r k e d o u t f o r i m p r o v i n g o v e r a l l e n e r g y c o n v e r s i o n 
e f f i c i e n c y b y r e c o v e r i n g t h e r m a l e n e r g y i n a c i d c o o l e r s 
f o r p ower g e n e r a t i o n a n d f o r p r e h e a t i n g b o i l e r f e e d 
w a t e r · 
S u l p h u r i c A c i d S y s t e m 
A b l o c k d i a g r a m o f a t y p i c a l DC-DA s u l p h u r i c a c i d 

0097-6156/83/0235-0119S06.00/0 
© 1983 American Chemical Society 
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p l a n t c o n s i s t i n g o f s e v e n s e c t i o n s i s shown i n F i g u r e 
1* F o r c a r r y i n g o u t t o t a l e n e r g y a n a l y s i s o f t h i s p l a n t 
t h e s e s e v e n s e c t i o n s a r e g r o u p e d i n t o f i v e m a j o r 
b l o c k s * 
1. S u l p h u r p r e p a r a t i o n a n d c o m b u s t i o n : M e l t i n g o f 

s o l i d s u l p h u r t o l i q u i d , c o n v e r s i o n o f m o l t e n 
s u l p h u r t o SO2 g a s by u s i n g d r y a i r a n d p a r t i a l 
r e c o v e r y o f t h e c o m b u s t i o n h e a t i n a w a s t e h e a t 
b o i l e r • 

2 . C o n v e r s i o n I : F i r s t p a s s c o n v e r s i o n o f SO2 t o SO3 
i n t h r e e b e d s o f V2O5 c a t a l y s t a n d i n t e r m e d i a t e 
h e a t r e m o v a l i n w a s t e h e a t b o i l e r , e c o n o m i s e r a n d 
h e a t e x c h a n g e r s * 

3* O r y i n g & A b s o r p t i o
p r o c e s s a i r by
r e m o v a l i n i n t e r m e d i a t e a b s o r p t i o n t o w e r a f t e r 
f i r s t p a s s c o n v e r s i o n * 

4* C o n v e r s i o n I I : S e c o n d p a s s c o n v e r s i o n o f SO2 t o 
SO3 a f t e r r e h e a t i n g t h e g a s e s f r o m i n t e r m e d i a t e 
a b s o r b e r a n d s u b s e q u e n t h e a t r e m o v a l i n a h e a t 
e x c h a n g e r • 

5* A b s o r p t i o n I I : SO3 r e m o v a l i n f i n a l a b s o r p t i o n 
t o w e r b e f o r e v e n t i n g o u t i n e r t g a s t h r o u g h s t a c k and 
a c i d c o o l i n g i n v a r i o u s c a s c a d e c o o l e r s * 

F i r s t Law A n a l y s i s 
I n p u t a n d o u t p u t e n t h a l p i e s o f v a r i o u s s t r e a m s a c r o s s 
e a c h s e c t i o n f o r a 1 0 0 TPD DC-DA s u l p h u r i c a c i d p l a n t 
w i t h 10% s u l p h u r d i o x i d e f e e d t o c o n v e r t e r , 99.8% 
c o n v e r s i o n e f f i c i e n c y a n d 99.9% a b s o r p t i o n e f f i c i e n c y 
a r e shown i n T a b l e I * 

I f t h e e f f i c i e n c y i s c a l c u l a t e d b a s e d on t h e r m a l 
e n e r g y e n t e r i n g a n d l e a v i n g e a c h s y s t e m , i t w o r k s o u t 
t o be 94 t o 98% f o r a l l s e c t i o n s , a c c o u n t i n g f o r 2-6/S 
h e a t l o s s e s * On t h e o t h e r h a n d , i f o n l y n e t u s e f u l 
e n e r g y f r o m e a c h s y s t e m i s c o n s i d e r e d i t w o r k s o u t t o 
be 89 t o 96% f o r s u l p h u r p r e p a r a t i o n , c o m b u s t i o n a n d 
c o n v e r s i o n s e c t i o n s ( 1 , 2 a n d 4) a n d 5*9 t o 0.1% f o r 
d r y i n g a n d a b s o r p t i o n s e c t i o n s ( 3 and 5 ) . T h i s d e n o t e s 
t h a t t h e e n e r g y e f f i c i e n c i e s a r e a t a l a r m i n g l y l o w 
l e v e l s f o r s e c t i o n s 3 & 5* O v e r a l l e f f i c i e n c y b a s e d on 
n e t u s e f u l o u t p u t i s o n l y 3 8 . 7 % . Out o f t o t a l t h e r m a l 
l o s s e s o f 61 . 3 % , l o s s e s i n warm w a t e r a r e a s h i g h a s 
52% b a s e d o n f i r s t l a w a n a l y s i s * 
S e c o n d Law A n a l y s i s 
The d e g r a d a t i o n i n t h e q u a l i t y o f e n e r g y a s i t moves 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



EX
PO
RT

 S
TE
AM
 

SO
LI
D S

UL
PH
UR
 

SU
LP
HU
R 

PR
EP
AR
AT
IO
N 

MO
LT
EN
 

SU
LP

HU
R 

BO
IL
ER
 F
EE
O 
WA
TE
R 

SU
LP
HU
R 

CO
MB
US
TI
ON
 

% 
WA
ST
E 
HE
AT
 

RE
CO

VE
RY

 

SO
2 

OA
S 

I 
PA

SS
 

CO
NV
ER
SI
ON
 

It 
WA
ST
E 
HE
AT
 

RE
CO
VE
RY
 

(S
0 3+

S<
# 

GA
S 

CO
O L

I N
O 

IN
TE
RM
ED
IA
TE
 

AB
SO
RP
TI
ON
 

SO2
 
CA
S 

II 
PA

SS
 

CO
NV

ER
SI

ON
 

t 
WA
ST
E 
HE
AT
 

RE
CO
VE
RY
 

S0 3
 

GA
S 

BL
OW
 D
OW
N 
WA1

 JE
^ 

WA
TE
R 

PR
OC
ES
S 

FI
NA

L 
AB

SO
RP

TI
ON

 

ST
AC
K 

GA
S 

V 
SU
LP
HU
RI
C 
AC
ID
 

73
 5 a > z X > 0 H X 1 > > > •z
 

5:
 

§ 

WA
RM

 WA
TE
R 

Fi
gu

re
 

1.
 

Bl
oc

k 
di

ag
ra

m 
o
f D

C-
DA

 S
ul

ph
ur

ic
 

ac
id

 p
la

nt
. 

_ 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



122 SECOND LAW ANALYSIS OF PROCESSES 

T a b l e I . E n t h a l p y B a l a n c e o f A 100 TPD S u l p h u r i c 
A c i d P l a n t 

E n t h a l p y v a l u e s i n K 3 / h r (' 000) Datum Temp.:25°C 
I n p u t s t r e a m E n t h a l p y O u t p u t s t r e a m E n t h a l p y 

1 • S u l p h u r p r e p a r a t i o n & C o m b u s t i o n : 
DM w a t e r 201 .0 S t e a m e x p o r t 7 9 5 7 . 0 
D r y a i r 2 6 8 . 5 Hot S02 g a s 5 2 3 4 . 0 
B o i l e r I U a t e r 3 7 2 8 . 8 D e a e r a t e d u a t e r 1 7 4 2 . 0 
R e a c t i o n h e a t 12 624.0 H e a t l o s s e s 1 8 8 9 . 3 
T o t a l 1 6822.3 1 6822.3 

N e t u s e f u l 1 4 9 3 3 . 0 
E f f i c i e n c  % 88.8 

2 • C o n v e r s i o n I 
Hot SO2 g a s 5 2 3 4 . 0 SO3 g a s 2 2 0 5 . 0 
D i l u t i o n a i r 2 6 . 6 B o i l e r I u a t e r 3 7 2 8 . 8 
D e a e r a t e d u a t e r 1 7 4 2 . 0 S t e a m e x p o r t 3 4 5 6 . 0 
C o l d SO2 g a s 4 5 4 . 0 Hot SO2 g a s 1 6 3 2 . 6 
R e a c t i o n h e a t 4 0 5 5 . 0 H e a t l o s s e s 4 8 9.2 
T o t a l 11 511 . 6 1 1 5 1 1 . 6 

N e t u s e f u l 1 1 0 2 2 . 4 
E f f i c i e n c y % - 95.8 

3 . D r y i n g & A b s o r p t i o n I 
SO3 g a s 2 2 0 5 . 0 C o l d SO2 g a s 4 5 4 . 0 
U e t a i r 11 6.5 D r y a i r 2 9 2 . 0 
C o o l i n g u a t e r 51 8 2 . 5 S u l p h u r i c a c i d 89.3 
R e a c t i o n h e a t 6638 .0 Warm u a t e r 1 3 3 0 6 . 7 
T o t a l 1 4 1 4 2 . 0 1 4 1 4 2 . 0 

N e t u s e f u l 8 3 5.3 
E f f i c i e n c y % - 5.9 

4. C o n v e r s i o n I I 
SG2 g a s 1 6 3 2 . 6 SO3 g a s 1 688.0 
R e a c t i o n h e a t 1 1 8 . 0 H e a t l o s s e s 62.6 
T o t a l 1 7 5 0 . 6 1 7 5 0 . 6 

N e t u s e f u l 1 6 8 8 . 0 
E f f i c i e n c y % - 96.4 

5. A b s o r p t i o n I I 
SO3 g a s 1 6 8 8 . 0 S u l p h u r i c a c i d 2.6 
C o o l i n g u a t e r 751 .6 S t a c k g as 451 .3 
R e a c t i o n h e a t 1 5 5 . 0 LJarm u a t e r 2 1 4 0 . 7 
T o t a l 2 5 9 4 . 6 2 5 9 4 . 6 

Ne t u s e f u l 2.6 
E f f i c i e n c y % - 0.1 

Ne t u s e f u l o u t p u t 1 1 5 0 5 . 0 ( 3 8 . 7 % ) 
Uarm u a t e r l o s s 1 5 4 4 7 . 4 ( 5 2 . 0 ^ ) 
S t a c k g a s l o s s 4 5 1 . 3 ( 1 .SjS) 
H e a t l o s s e s 2321 .3 ( 7 . 8 $ 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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t h r o u g h v a r i o u s p r o c e s s u n i t s i s a s s e s s e d by c a l c u l a t 
i n g t o t a l a v a i l a b l e e n e r g y o f i n p u t a n d o u t p u t s t r e a m s 
o f e a c h s y s t e m . T o t a l a v a i l a b i l i t y c o n s t i t u t e s b a s i c a 
l l y c h e m i c a l , t h e r m a l , p r e s s u r e a v a i l a b i l i t i e s a n d 
e l e c t r i c e n e r g y . The b a s i s f o r d e t a i l e d a v a i l a b l e 
e n e r g y c a l c u l a t i o n s o f a s u l p h u r i c a c i d p l a n t i s g i v e n 
i n T a b l e 1 1 . ( 1 .2) . 

The a v a i l a b l e e n e r g y f l o w t h r o u g h f i v e m a j o r s e c t 
i o n s o f s u l p h u r i c a c i d p l a n t i s g i v e n i n F i g u r e 2 . The 
m a j o r i n p u t s t o t h i s s y s t e m a r e s u l p h u r a n d p o u e r , 
u i t h d e m i n e r a l i s e d (DM; u a t e r , u e t a i r , p r o c e s s u a t e r 
a n d c o o l i n g u a t e r f r o m e n v i r o n m e n t . The u s e f u l o u t p u t s 
f r o m t h e s y s t e m a r e s u l p h u r i c a c i d a n d s t e a m . L o s s e s 
t o e n v i r o n m e n t i n c l u d e h e a t l o s s e s f r o m v a r i o u s 
e q u i p m e n t s , b l o u d o u n u a t e r
u a r m u a t e r a n d s t a c

P r o c e s s i n f o r m a t i o n o f v a r i o u s s t r e a m s ( s t r e a m s 1 
t o 16) a n d t h e i r c h e m i c a l , t h e r m a l a n d p r e s s u r e 
a v a i l a b i l i t i e s a r e g i v e n i n T a b l e I I I . P o u e r i n p u t s t o 
t h e s y s t e m ( s t r e a m s 17 t o 2 0 ) and a v a i l a b i l i t y l o s s e s 
( s t r e a m s 21 t o 29 ) a r e g i v e n i n T a b l e I V . The s t r e a m s 
m a r k e d a s i n p u t s f r o m e n v i r o n m e n t i n F i g u r e 2 a r e 
c o n s i d e r e d t o h a v e z e r o a v a i l a b i l i t y * 

F o r e a c h i n p u t a n d o u t p u t s t r e a m o f a l l s e c t i o n s , 
a v a i l a b i l i t y i s c a l c u l a t e d . The d i f f e r e n c e b e t u e e n t h e 
o u t p u t a v a i l a b i l i t y o f t h e t o t a l p r o d u c t ( i n c l u d i n g 
t h e l o s s e s ) a n d t h e i n p u t a v a i l a b i l i t y i s c o n s i d e r e d 
a s a v a i l a b i l i t y c o n s u m e d i n t h e p r o c e s s i n o r d e r t o 
e f f e c t t h e c o n v e r s i o n p r o c e s s . The r a t i o o f a v a i l a b i l i 
t y o f u s e f u l p r o d u c t t o t o t a l i n p u t a v a i l a b i l i t y i s 
c o n s i d e r e d a s e f f e c t i v e n e s s o f t h e s y s t e m . F o r e a c h o f 
t h e f i v e s e c t i o n s c o n s i d e r e d i n a v a i l a b l e e n e r g y f l o u 
d i a g r a m , t h e a v a i l a b i l i t y o f i n p u t a n d o u t p u t s t r e a m s , 
l o s s e s , c o n s u m p t i o n a n d e f f e c t i v e n e s s a r e c a l c u l a t e d . 
The f i v e m a j o r s e c t i o n s a r e b r o k e n d o u n f u r t h e r i n t o a 
number o f c o m p o n e n t s t o p i n p o i n t t h e a r e a s o f s i g n i f i 
c a n t a v a i l a b i l i t y c o n s u m p t i o n s . T h e s e r e s u l t s a r e g i v e n 
i n T a b l e V. 
R e s u l t s And D i s c u s s i o n 
From t h e a v a i l a b i l i t y a n a l y s i s , o v e r a l l e f f e c t i v e n e s s o f 
a s u l p h u r i c a c i d p l a n t u o r k s o u t t o be 4 9 % c o m p a r e d t o 
o v e r a l l e f f i c i e n c y o f 3 9 % b a s e d on f i r s t l a u . A l s o 
e f f e c t i v e n e s s i n s e c t i o n s 2 a n d 4 ( f i r s t a n d s e c o n d 
p a s s c o n v e r s i o n ) i s a s h i g h a s 8 6 - 9 2 % t h u s l e a v i n g l e s s 
p r o s p e c t s f o r i m p r o v e m e n t s i n t h e s e s e c t i o n s . I n 
s e c t i o n 1 ( s u l p h u r p r e p a r a t i o n a n d c o m b u s t i o n ) , t h e 
e f f e c t i v e n e s s i s 7 5 % a n d t h e a v a i l a b i l i t y c o n s u m p t i o n 

In Efficiency and Costing; Gaggioli, R.; 
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T a b l e 1 1 . B a s i s f o r A v a i l a b i l i t y C a l c u l a t i o n s 

1 • C h e m i c a l a v a i l a b i l i t y ( a r ) 
A t m o s p h e r i c E q u i l i b r i u m { S t a b l e c o n d e n s e d p h a s e s 
c o n s t i t u e n t s m o l e f r a c t i o n ! a t s t a n d a r d c o n d i t i o n s 

H 20 
CCL 

0.7567 
0.2035 
0.0303 

o f 298"K & 1 a t m . 
H 20 
CaSO, 
CaC0„ 

2 H 2 0 

F o r m u l a s f o r aQ i n k c a l s / q . m o l e 
a_ ( s o l i d ) • 191 .09 S 
a s o 2 ( g ) 
a S 0 3

( 9 ) 

a H 2 S 0 4 ( l ) 

'H20 ( Q ) 

( 9 ) 
(o) 

1 2 2 . 0 4 + R T I n X Q n „ o o u 2 

1 0 5 . 6 0 5 + RT I n X - n o i»U3 
7 4 . 4 0 
2.0717 + RT I n X u n 

0.1 6518 + RT_ I n X.. 
o Kg 

0.94328 + RT I n X n o u 0 

2 . T h e r m a l a v a i l a b i l i t y (a-j. k c a l / q . m o l e ) 
a T - (A - B T o ) ( T - T Q ) + ( e/2-^P) (T*-T*) + c / 3 ( T J - T ^ ) 

- A T Q I n f - + 0-T - V)-D(1
r - I ) 

'o T T^ 1
 ' O 

A B C x 1 0 6 

2 7.70 0.0053 - 0 .83 
SO3 1 3 . 7 0 0.00642 0 
0 2 8.27 0.00258 0 
N 2 6.5 0.001 0 
P r e s s u r e a v a i l a b i l i t y ( a p ) 
a p = RT Q I n [̂ p̂j k c a l s / g . m o l e 

r3 T3v 

SO, 
SO 
32 

0 x 1 0 
0 

-0.312 
- 0 . 1 8 7 7 
0 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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T a b l e I V • P o u e r I n p u t s a n d A v a i l a b i l i t y L o s s e s 

B a s i s : 1 h r 
P o u e r A v a i l a b i l i t y 

S t r e a m i n p u t l o s s e s 
D e s c r i p t i o n n o , KaC'QQQ) K3 ( 1 0 0 0 ) 

1 . S u l p h u r p r e p a r a 
t i o n & c o m b u s t i o n 
P o u e r i n p u t 1
Heat l o s s e s 21 - 3 61.5 
B o i l e r b l o u d o u n 22 - 21 
O e a e r a t o r 23 - 21 

2. C o n v e r s i o n I 
P o u e r i n p u t 1 8 7.2 
Hea t l o s s e s 24 - 8 3 . 5 
B o i l e r b l o u doun 2 5 7 

3. D r y i n g & 
A b s o r p t i o n I 
P o u e r i n p u t 19 108 
Uarm u a t e r @ 45 C 2 6 - 4 7 3 

4. C o n v e r s i o n I I 
H e a t l o s s e s 27 - 1 0 

5* A b s o r p t i o n I I 
P o u e r i n p u t 2 0 3 6 
S t a c k g a s 9 70° C 2 8 - 172 
Uarm u a t e r @ 4 5 C 29 - 78 

6. A i r B l o u e r 540 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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O.M. WATER 

P R O C E S S 
WATER 

COOLING 
W A T E R 

S U L P H U R 
P R E P A R A T I O N 

A N D 
C O M B U S T I O N 

C O N V E R S I O N — I 

HEAT LOSSES^ 

eLQWJDOWN^ _. . 
DEAE^ATORVENJ^ 

D R Y I N G ANO 

A B S O R P T I O N - I 

C O N V E R S I O N — I I 

A B S O R P T I O N — I I 

HEAT LOSSES^, 

BLOW DOWN f c 

WARM WATEJL 

HE AT L O S S E S ^ 

STACK GAS t 
WARM WATER*. 

SULPHURIC S T E A M 
ACIO 

F i g u r e 2. A v a i l a b l e e n e r g y f l o u d i a g r a m o f 
S u l p h u r i c a c i d p l a n t * 

In Efficiency and Costing; Gaggioli, R.; 
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Table V. Summary of Results from A v a i l a b i l i t y Analysis 

Basis: 1 hr 

Section A v a i l a b i l i t y KJ ('000) effect
ivene
ss % 

rtloss A 
cons Section 

A i n out loss A r tons 

effect
ivene
ss % % % 

1 • Sulphur preparation 
and combustion 35461 2 6699 404 8358 75.29 1 .14 23.57 
Sulphur p i t s 34399 34147 2 52 - 99.27 0.73 -Combustion furnace 34420 287 68 - 5652 03.58 - 1 6.42 
Uaste heat b o i l e r 29725 27430 131 21 64 92.28 U.44 7.28 
Deaerator 
Pressure reducers - - - - - -

2. Conversion I 2 5739 23753 91 1896 92.28 0.23 7.1 
F i r s t catalyst bed 23814 23342 - 472 98.02 - 1 .98 
Uaste heat boiler 23577 23000 43 455 97.9 0.17 1 .93 
Second catalyst bed 21099 21792 - 107 99.5 - U.5 
Third catalyst bed 21048 20985 - 63 99.7 - 0.3 
Intermediate heat ex. 23494 23373 15 107 99.5 0.05 0.45 
Economiser 21179 204 53 34 693 96 0.1 6 3.24 

3. Dryinq & Absorption I 19709 13978 407 5324 70.92 2.07 27.01 
Touers - - - 4445 - - -
Coolers - - 407 7 61 - - -

4. Conversion II 31 66 2717 53 396 85.8 1 .7 12.5 
Fourth catalyst bed 2326 2293 - 33 90.6 - 1 .4 
Final heat ex. 3143 2727 53 3 64 86.75 1 .69 11 .56 

5. Absorption II 1051 360 247 444 34.2 23.5 42.3 
Fi n a l absorber - - 172 274 - - -Acid cooler - - 75 134 - - -
Sulphuric Acid Plant 
Overall System 34922 17098 1201 1 6623 48.96 3.44 47.60 
Overall losses 
- Uarm uater - - '•82 - - 1 .38 -
- Stack - - 172 - - 0.5 -
- Heat losses - - 547 - - 1 .57 

In Efficiency and Costing; Gaggioli, R.; 
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i s a b o u t 23/ o . T h i s h i g h c o n s u m p t i o n c a n be r e l a t e d t o 
i n h e r e n t d i s s i p a t i o n d u r i n g t h e c o n v e r s i o n p r o c e s s e s o f 
c o m b u s t i o n o f s u l p h u r t o S02 a n d h e a t t r a n s f e r f r o m 
h i g h t e m p e r a t u r e c o m b u s t i o n p r o d u c t s t o s t e a m . I n 
s e c t i o n 3 ( d r y i n g a n d i n t e r m e d i a t e a b s o r p t i o n ) t h e 
e f f e c t i v e n e s s i s 71% a n d t h e c o n s u m p t i o n i s a b o u t 27%. 
T h i s d i s s i p a t i o n i s i n t h e c o n v e r s i o n p r o c e s s o f 
g a s e o u s s u l p h u r t r i o x i d e t o s u l p h u r i c a c i d . S i m i l a r l y , 
i n s e c t i o n 5 ( f i n a l a b s o r p t i o n ) , t h e e f f e c t i v e n e s s i s 
3 4 $ , c o n s u m p t i o n i s 42% a n d l o s s e s i n a c i d c o o l e r i s 
a b o u t 23%4 

F i r s t l a u a n a l y s i s p r o j e c t s l o s s e s i n s e c t i o n s 3 
a n d 5 ( d r y i n g a n d a b s o r p t i o n ) a s 9 4 . 1 $ a n d 9 9 . 9 f t 
u h e r e a s s e c o n d l a u a n a l y s i s y i e l d s 2% a n d 23.5;£ 
r e s p e c t i v e l y . L o s s e
i n s i g n i f i c a n t i n t h
s e c o n d l a u a n a l y s i s c o m p a r e d t o 52% a n d 1.5% a s 
p r o j e c t e d by f i r s t l a u a n a l y s i s . O v e r a l l a v a i l a b i l i t y 
a n a l y s i s o f a s u l p h u r i c a c i d p l a n t c l e a r l y b r i n g s o u t 
t h e f a c t t h a t a v a i l a b i l i t y l o s s e s a r e o n l y 4% a n d 
u h a t a r e h i t h e r t o c o n s i d e r e d a s h e a v y l o s s e s i n a c i d 
c o o l e r s ( 5 2 ^ a s g i v e n by f i r s t l a u a n a l y s i s ) a r e q u i t e 
i n s i g n i f i c a n t . 
A r e a s o f I m p r o v e m e n t 
A r e a s f o r i m p r o v e m e n t i n e f f e c t i v e n e s s o f a v a i l a b i l i t y 
e x i s t u h e r e l a r g e c o n s u m p t i o n s a n d l o s s e s o c c u r . 
A v a i l a b i l i t y c o n s u m p t i o n s c o u l d be a l t e r e d o n l y by 
c h a n g i n g b a s i c p r o c e s s r o u t e u h e r e a s a v a i l a b i l i t y 
l o s s e s c o u l d be r e d u c e d by s u i t a b l e r e c o v e r y p r o c e s s e s . 
A v a i l a b i l i t y C o n s u m p t i o n s : From T a b l e M, i t c a n be s e e n 
t h a t o u t o f t o t a l a v a i l a b i l i t y c o n s u m p t i o n o f 1 6 . 6 
m i l l i o n K3 p e r h o u r t u o m a j o r a r e a s o f c o n s u m p t i o n s 
a r e 5 0 $ i n s e c t i o n 1 a n d 3 2 $ i n s e c t i o n 3 . 
1 . I n s e c t i o n 1, 34% o f t o t a l a v a i l a b i l i t y i s 

c o n s u m e d i n c o m b u s t i o n f u r n a c e a l o n e u h e r e h i g h 
l e v e l c h e m i c a l a v a i l a b i l i t y i s d e g r a d e d t o t h e r m a l 
a v a i l a b i l i t y . One u a y o f r e d u c i n g c o n s u m p t i o n i n 
f u r n a c e i s t o i n c r e a s e SO2 c o n c e n t r a t i o n ( i f 
n e c e s s a r y u i t h o x y g e n e n r i c h e d a i r ) • By i n c r e a s i n g 
SO2 c o n c e n t r a t i o n t o 14.5/S, a v a i l a b i l i t y c o n s u m p 
t i o n c a n be r e d u c e d by 0.7 m i l l i o n K 3 / h r . 

2 . A n o t h e r a r e a o f c o n s u m p t i o n i s u a s t e h e a t b o i l e r 
( 1 3 / S ) . T h i s c o u l d be r e d u c e d by i n c r e a s i n g s t e a m 
p r e s s u r e a n d s u p e r h e a t . 8y r a i s i n g s t e a m p r e s s u r e 
t o 60 k g / c m 2 a n d t e m p e r a t u r e t o 600°C, a v a i l a b i l 
i t y c o n s u m p t i o n c a n be r e d u c e d by 0.8 m i l l i o n IG/hr• 

In Efficiency and Costing; Gaggioli, R.; 
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3. By i n c o r p o r a t i n g a ga s t u r b i n e b e f o r e u a s t e h e a t 
b o i l e r , a v a i l a b i l i t y c o n s u m p t i o n c a n f u r t h e r be 
r e d u c e d . ( 6 ) . 

4. A v a i l a b i l i t y c o n s u m p t i o n s i n s e c t i o n 3 ( a b s o r p t i o n ) 
a r e i n h e r e n t i n t h e f o r m a t i o n o f s u l p h u r i c a c i d 
f r o m SO3 g a s e s . T h e s e c a n n o t be e l i m i n a t e d c o m p l e t 
e l y by a n y p r o c e s s r o u t e b u t p a r t o f c o n s u m p t i o n 
c a n be t r a n s f e r r e d t o c o o l i n g u a t e r by h o t 
c o c u r r e n t a b s o r p t i o n s y s t e m . 

I n t h i s s y s t e m a c i d a t 80 C an d g a s e s a t 200 C 
e n t e r c o c u r r e n t l y a n d l e a v e t h e i n t e r m e d i a t e 
a b s o r p t i o n t o u e r a t 110°C. T h i s h e l p s i n i n c r e a s i n g 
t e m p e r a t u r e o f uarm u a t e r f r o m a c i d c o o l e r s t o 7 5 C 
t h u s r e d u c i n g a v a i l a b i l i t y c o n s u m p t i o n i n a c i d 
c o o l e r s b y 0.315 m i l l i o  K3  h o u r

A v a i l a b i l i t y L o s s e s : f-lajo  a v a i l a b i l i t y l o s s e s a r e h e a t 
l o s s e s , s t a c k l o s s e s a n d a v a i l a b i l i t y l o s t i n uarm 
u a t e r . U h i l e i t i s n o t p o s s i b l e t o r e d u c e h e a t a n d 
s t a c k l o s s e s b e l o u t h e e x i s t i n g l e v e l , i t i s p o s s i b l e 
t o r e c o v e r p a r t o f t h e a v a i l a b i l i t y f r o m u a r m u a t e r by 
e i t h e r p o u e r g e n e r a t i o n u s i n g R a n k i n e c y c l e s y s t e m o r 
a l t e r n a t i v e l y f o r p r e h e a t i n g b o i l e r f e e d u a t e r . 
P o u e r G e n e r a t i o n : R a n k i n e c y c l e a p p r o a c h c a n be u s e d 
h e r e b y v a p o r i s a t i o n o f a l o u b o i l i n g o r g a n i c l i q u i d 
f l u o r o c a r b o n o r h y d r o c a r b o n u s i n g h e a t i n a c i d c o o l e r s 
a n d v a p o r i s made t o d r i v e a t u r b i n e a f t e r u h i c h i t i s 
c o n d e n s e d a n d r e c i r c u l a t e d t o r e c e i v e more h e a t . T h i s 
s c h e me i s d e p i c t e d i n F i g u r e 3 u s i n g p r o p a n e a s t h e 
l o u b o i l i n g l i q u i d . 

A v a i l a b i l i t y i n p u t s a n d o u t p u t s o f e a c h u n i t a n d 
t h e c o r r e s p o n d i n g a v a i l a b i l i t y c o n s u m p t i o n s a r e g i v e n 
i n F i g u r e 3. Net o u t p u t f r o m R a n k i n e c y c l e s y s t e m i s 
144 k u ( 1 8 7 - 4 3 ) . A v a i l a b i l i t y a n a l y s i s o f t h i s s y s t e m 
i n d i c a t e s a n o v e r a l l e f f e c t i v e n e s s o f 62% u i t h 30% 
c o n s u m p t i o n a n d 8% l o s s e s . 

By i n c o r p o r a t i n g R a n k i n e c y c l e s y s t e m i n a 
s u l p h u r i c a c i d p l a n t , t h e e f f e c t i v e n e s s o f s e c t i o n 3 
u i l l i m p r o v e t o 7 3 . 1 % f r o m 7 0 . 9 % a n d s e c t i o n 5 t o 4 2 % 
f r o m 3 4 . 2 % . O v e r a l l e f f e c t i v e n e s s c o u l d be i m p r o v e d t o 
5 0 . 4 % f r o m 4 8 . 9 6 % . 
B o i l e r F e e d U a t e r P r e h e a t i n q : By p r e h e a t i n g 5 4 1 3 k g / h r 
o f b o i l e r f e e d u a t e r , r e q u i r e d f r o m 100 TPD s u l p h u r i c 
a c i d p l a n t , t o 68 C u s i n g p a r t o f t h e r m a l e n e r g y 
a v a i l a b l e i n a c i d c o o l e r s , 312 k g / h r o f a d d i t i o n a l 
s t e a m c a n be g e n e r a t e d . T h i s r e s u l t s i n a n a d d i t i o n a l 
a v a i l a b i l i t y o u t p u t o f 0.287 x 1 0 6 K 3 / h r . By t h i s , 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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o v e r a l l e f f e c t i v e n e s s c o u l d be i m p r o v e d t o 4 9 . 8 0 $ f r o m 
48 .96%* 

By c o m p l e t e l y r e c o v e r i n g t h e t h e r m a l e n e r g y 
a v a i l a b l e i n a c i d c o o l e r s , 64,400 k g / h r o f b o i l e r f e e d 
u a t e r c a n be h e a t e d t o 68 C. Out o f t h i s , o n l y 5413 
k g / h r i s r e q u i r e d i n s u l p h u r i c a c i d p l a n t a n d t h e r e s t 
c a n b e s e n t t o c e n t r a l b o i l e r h o u s e i n t h e c o m p l e x . 
A v a i l a b i l i t y o u t p u t f r o m s u l p h u r i c a c i d p l a n t u i l l 
i n c r e a s e b y ( 0 . 2 8 7 + 0.69) 1 0 6 K j / h r , r e s u l t i n g i n a n 
o v e r a l l e f f e c t i v e n e s s o f 5 1 . 5 $ . 
Summary 
1 • F r o m s e c o n d l a u a n a l y s i s , o v e r a l l e f f e c t i v e n e s s o f 

a s u l p h u r i c a c i
t o o v e r a l l e f f i c i e n c

2 . E n e r g y a n a l y s i s b a s e d on f i r s t l a u o f t h e r m o d y n a m 
i c s i n d i c a t e s t h a t t h e r e a r e e n o r m o u s h e a t l o s s e s 
( a b o u t 52%) i n a b s o r p t i o n a n d d r y i n g s e c t i o n s . B u t 
a n a l y s i s b a s e d on s e c o n d l a u s h o u s t h a t t h e s e 
l o s s e s ( a b o u t 1.4%) a r e r e l a t i v e l y l e s s . 

3 . E n e r g y c o n s u m p t i o n s a n d l o s s e s i n e a c h s e c t i o n o f 
t h e p r o c e s s a r e c a l c u l a t e d by s e c o n d l a u a n a l y s i s 
t o p i n p o i n t a r e a s o f s i g n i f i c a n t a v a i l a b i l i t y 
c o n s u m p t i o n s a n d l o s s e s . 

4. The m a j o r a v a i l a b i l i t y c o n s u m p t i o n s a r e i n c o m b u s t 
i o n f u r n a c e , u a s t e h e a t b o i l e r a n d a b s o r p t i o n 
s e c t i o n s . I t i s n o t p o s s i b l e t o e l i m i n a t e t h e s e 
c o n s u m p t i o n s i n s u l p h u r i c a c i d p l a n t f o r t h e p r o c e s s 
s y s t e m b e i n g f o l l o w e d p r e s e n t l y . H o u e v e r m a r g i n a l 
i m p r o v e m e n t s c a n be a c h i e v e d by h i g h t e m p e r a t u r e 
c o m b u s t i o n s y s t e m , u s e o f g a s t u r b i n e s , g e n e r a t i o n 
o f h i g h p r e s s u r e s u p e r h e a t e d s t e a m a n d c o c u r r e n t 
a b s o r p t i o n s y s t e m . 

5. E v e n t h o u g h a v a i l a b i l i t y l o s s e s a r e r e l a t i v e l y 
i n s i g n i f i c a n t c o m p a r e d t o c o n s u m p t i o n s , r e c o v e r y o f 
t h i s a v a i l a b i l i t y f r o m a c i d c o o l e r s i n t h e f o r m o f 
p o u e r g e n e r a t i o n a n d b o i l e r f e e d u a t e r p r e h e a t i n g 
i s q u i t e e c o n o m i c a l . 

The p o t e n t i a l e n e r g y o f b a s i c r a u m a t e r i a l s u l p h u r 
makes s u l p h u r i c a c i d p l a n t s a t t r a c t i v e e v e n f r o m e n e r g y 
p o i n t o f v i e u . S e c o n d l a u a n a l y s i s o f t h i s p l a n t g i v e s 
a n i n s i g h t i n t o e n e r g y t r a n s f o r m a t i o n , q u a l i t y d e g r a d 
a t i o n a n d p i n p o i n t s t r u e e f f i c i e n c i e s , i n h e r e n t 
c o n s u m p t i o n s o f c o n v e r s i o n p r o c e s s a n d l o s s e s and h e l p s 
i n r e a l i s i n g p o t e n t i a l a r e a s f o r i m p r o v e m e n t s . 

In Efficiency and Costing; Gaggioli, R.; 
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7 
Exergetic Analysis of Energy Conversion Processes 
Coal Hydrogasification 

KARL  F. KNOCHE and G. 

Lehrstuhl für Technische Thermodynamik, , , 
Federal Republic of Germany 

Energy conversion processes become increasingly import
ant as oil and natural gas production decrease. Coal 
conversion processes are most important as future al
ternatives for liquid and gaseous fuels. These pro
cesses are rather complicated chemical plants with a 
great number of different reactors and separation units. 
Even for experts it is very dif f icult to estimate the 
influence of the existing irreversibilities on the 
overall energy conversion efficiency. Second law ana
lysis is a very powerful tool in order to localize 
such irreversibilities and to improve the overall flow 
chart. 

Second Law Analysis for Steady State Flow Processes 
Under steady state conditions mass and energy flow 
continuously through any unit of a plant. The f irst 
law of thermodynamics yields for unit i, Figure 1 

where Qi is the heat flow exchanged with the unit, Pti 
the necessary electrical or mechanical energy, nij 
the molar flow (stream j) and Hmij its molar enthalpy. 
The heat Qi is considered to be exchanged with the 
surroundings at constant temperature To only. This is 

0097-6156/83/0235-0135S06.00/0 
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not a r e s t r i c t i o n , because a l l i n t e r n a l heat exchange 
i s l i n k e d to an appropriate mass flow included i n the 
ri j_ j . From the second law we have 

- I n i i S m i i ( 2 ) T Q
 + S p r , i L- " j i ~mij 

3 

and with equation (1) 

P t i - T o S p r , i " i j ( H m i j  T  Smij 3 ) 

Considering the t o t a l p l a n t , the summation over a l l 
u n i t s r e s u l t s i n 

I P t i - T o I S p r . i "I I * i j ( H m i j - T o W 
i i i j 

(4) 

In t h i s equation 

P t - I P t. (5) 

represents the t o t a l e l e c t r i c a l energy consumed by 
(or d e l i v e r e d from) the plant and 

S = T S (6) pr p r , i 
i 

the t o t a l entropy production. 
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From a l l the i n t e r n a l flows between the d i f f e r e n t 
u n i t s only a few - the raw mate r i a l flows ^^,...11^ 
and the product streams hp<|,...hpn - enter r e s p e c t i v e l y 
leave the t o t a l p l a n t . 

m n I »Rk " I "PI = I I A i j ( 7 ) 

k=1 1=1 i j 
The product streams include valuable materials as wel l 
as useless flows of exhaust gases and other wastes, 
which may have to be penalized f o r environmental degra
dation. 

Also the r i g h t hand side of Equation 4 includes 
various flows l e a v i n
next. Therefore accordin
law a n a l y s i s of the t o t a l plant leads to 

n 

R,k mk o mk7 

(8) 
= X n^ . (H , - T S , ) + T • V S w . 

p , l ml o ml o p r , i p f l ml o ml o *- pr, 
1=1 i 

Exergetic a n a l y s i s of a coal h y d r o g a s i f i c a t i o n process 
as an example 

The c o a l h y d r o g a s i f i c a t i o n process discussed below was 
developed within the scope of a cooperation agreement 
on the development of processes f o r the conversion of 
s o l i d f o s s i l f u e l s by means of heat from high-tempera
ture nuclear r e a c t o r s , agreed among f i v e gentian com
panies (Bergbau-Forschung GmbH, G e s e l l s c h a f t fur Hoch-
temperaturreaktor-Technik mbH, Hochtemperatur-Reaktor-
bau GmbH, Kernforschungsanlage J i i l i c h GmbH and Rheini-
sche Braunkohlenwerke AG) (1_) . 

The t o t a l plant of t h i s process can be di v i d e d i n 
to three p l a n t s : The nuclear heat production plant, 
Figure 2 , the brown co a l h y d r o g a s i f i c a t i o n plant, F i 
gure 3, and the steam power plant, Figure 2. 

The nuclear heat production plant c o n s i s t s of the 
high-temperature gas cooled nuclear reactor as heat 
source as wel l as the steam reformer and the steam ge-
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Figure 1. Mas
unit. 
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Figure 2. S i m p l i f i e d flow diagram of the nuclear 
heat production plant and the steam power plant. 
For the h y d r o g a s i f i c a t i o n plant see Figure 3. 
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nerator i n which, the helium heat can be t r a n s f e r r e d i n 
to the gas and the steam process, r e s p e c t i v e l y . The 
capacity of the t o t a l plant i s f i x e d by the thermal 
power of the nuclear reactor of 3ooo MW. In the steam 
power plant, e l e c t r i c a l energy and steam are produced 
i n order to cover the demands of the h y d r o g a s i f i c a t i o n 
plant f o r e l e c t r i c a l energy, high-pressure steam (steam 
reforming) and low-pressure steam (coal d r y i n g ) . 

The feed c o a l , Figure 3, i s m i l l e d and d r i e d to 
a r e s i d u a l moisture content of about 1o %, before i t 
i s introduced i n t o the h y d r o g a s i f i c a t i o n u n i t (unit 1). 
In the f l u i d i z e d bed g a s i f i c a t i o n reactor, the pressure 
amounts to about 8o bar and the temperature to 92o °C. 
A f t e r c o o l i n g , the crude gas of the h y d r o g a s i f i c a t i o n 
process i s cleaned f i r s t with wate  (unit 4) d sub
sequently i n an amiso
ponents H2S and C0 2

(unit 13) elementary sulphur i s obtained from the s u l 
phur containing components. In the low-temperature se
paration u n i t (units 14-15), the pure gas i s separated 
i n t o four d i f f e r e n t f r a c t i o n s ; the two methane f r a c t i o n s , 
the carbon monoxide, the nitrogen and the hydrogen 
f r a c t i o n s . The SNG product i s compressed to 7o bar and 
given to the user, while about 4o % of the methane pro
duced i n the g a s i f i e r i s mixed with high-pressure steam 
coming from the steam power plan t . The steam/methane 
mole f r a c t i o n at the i n l e t of the steam reformer (units 
2o-21) must be equal to about 3-4 i n order to avoid 
soot formation on the c a t a l y s t s and i n the foll o w i n g 
u n i t s . However, from the exergetic point of view a 
smaller mole f r a c t i o n i s d e s i r a b l e . In the s h i f t con
v e r s i o n u n i t s (33-54 and 24), carbon monoxide reac t s 
with steam to hydrogen and carbon dioxide. The product 
gas i s cleaned i n the gas cleaning u n i t s 55 and 29. 
Thus, the hydrogen fed i n t o the g a s i f i e r comes from the 
low-temperature separation u n i t ( t h i s i s more than 5o%) 
and from the pure gas coming from the two gas cleaning 
u n i t s 29 and 55. A s i g n i f i c a n t part of the sensible 
heat of the crude gas (unit 3) and of the reformed gas 
(units 23 and 25) i s used i n order to generate low-
pressure steam f o r the co a l drying. The remaining low-
pressure steam required f o r the co a l drying comes from 
the steam power plan t . 

The d e t a i l e d mass, energy and exergy balance f o r 
t h i s complex thermodynamic system was performed with 
the a i d of a set of computer programs named THESIS 
(Thermodynamic and Economic Simulation System), which 
was developed at the Lehrstuhl f u r Technische Thermo-
dynamik of the Technical U n i v e r s i t y Aachen f o r the ther-
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moeconomic a n a l y s i s of chemical plants and energy con
v e r s i o n systems (2-8). The most important r e s u l t s of 
the exergy a n a l y s i s of t h i s process are given i n Figures 
4 and 5. For the c a l c u l a t i o n , a raw brown co a l throuput 
of 2315 t/h and a carbon g a s i f i c a t i o n r a t i o i n the 
g a s i f i e r (unit 1) of 65 % were assumed. The steam/me
thane mole f r a c t i o n at the steam reformer i n l e t was 
equal to 4. These assumptions y i e l d a thermal power 
of the nuclear reactor of about 6oo MW t r a n s f e r r e d 
from the helium stream to the steam reformer gas, where
as the r e s t of the nuclear energy i s used f o r steam 
generation. The r e s i d u a l char production amounts to 
261.8 t/h. The t o t a l exergy losses of the h y d r o g a s i f i 
c a t i o n plant and of the steam power plant amount to 
182o MW, Figure 4. About 73 % of them r e s u l t from the 
g a s i f i c a t i o n plant an
r e s u l t from the stea  powe  plant

The highest exergy losses of the h y d r o g a s i f i c a t i o n 
plant appear i n the g a s i f i e r (416.8 MW and i n the low-
temperature separation u n i t (198.4 MW). The considerable 
exergy losses i n the g a s i f i e r are due to the i r r e v e r s i 
b i l i t y of the chemical r e a c t i o n , to the heating of the 
reactants and to the v a p o r i z a t i o n of the water contained 
i n the c o a l . 

In order to judge the q u a l i t y of the heat exchanger 
i from exergetic point of view, we c a l c u l a t e the r a t i o 

£ i * 

where E L ^ = T Q S p r f i and denote the exergy losses 
and interchanged neat i n the i - t h exchanger. The heat 
exchangers 23, 3 and 2/57 as well as the steam genera
t o r (SG) are chara c t e r i z e d by a disadvantageous r a t i o 
e i s e23 = o-296, G 3 = o.226, £ 2 / 5 7 = ° - 1 8 5 ' £ s G = ° - 1 3 5 * 
This i s due to the high temperature d i f f e r e n c e s between 
the flows i n the heat exchangers. 

The exergy a n a l y s i s of the considered process leads 
to the following conclusions concerning a process im
provement : 
1. A part of the sen s i b l e heat of the crude gas and the 

reformed gas can be used i n order to produce high-
pressure steam f o r a steam power plant instead of 
low-pressure steam f o r co a l drying. 

2. More helium heat should be coupled i n the steam r e 
former. In that case we were able to g a s i f y more 
brown c o a l , because more hydrogen would be produced 
i n the steam reformer, and i n p a r a l l e l we would r e 
duce the i r r e v e r s i b i l i t i e s i n the steam generator 
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Figure 4. R e l a t i v e exergy losses of some u n i t s of 
the c o a l h y d r o g a s i f i c a t i o n process (m = n /n 
at the i n l e t of the steam reformer). H 2 ° C H 4 
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Figure 5 . Energy and Exergy balance of the hydro 
g a s i f i c a t i o n plant. 
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because the i n l e t helium temperature i n t o the steam 
generator would be lower. The r a t i o c o a l throughput/ 
nuclear reactor thermal heat should be optimized. 

3. Investigations from the exergetic and economic point 
of view should be made i n order to f i n d out the ex
tent to which 
- the brown co a l should be d r i e d 
- the gas separation and gas cleaning u n i t s could be 

replaced by other u n i t s . 
The thermal e f f i c i e n c y and the exergetic e f f i c i e n c y 

of the considered process are 68.3 % and 77.7 %, r e 
sp e c t i v e l y , Figure 5. This d e v i a t i o n between the ther
mal and exergetic e f f i c i e n c y can be explained by the 
f a c t that the d i f f e r e n c e between energy and exergy f o r 
c o a l , r e s i d u a l char d SNG i  r e l a t i v e l  small  whil
the exergy of the heliu
i n l e t and steam generato
of the corresponding heat quantity. 

Thermoeconomic a n a l y s i s f o r sta t i o n a r y flow processes 

Most e f f e c t i v e l y second law a n a l y s i s of st a t i o n a r y flows 
can be combined with cost a n a l y s i s . The product cost 

(np , i s the molar product flow and c^ the s p e c i f i c 
cost; from a steady state flow process include 
- the sum of annualized c a p i t a l cost f o r a l l u n i t s 

! i a i (investment cost 1^ times annuity a^ f o r u n i t i ) 
- the t o t a l cost 

P t C E l + £ n R f k ( H m f k - T Q S m / k ) C k 

f o r a l l energy and raw mate r i a l input (P. represents 
the e l e c t r i c a l energy and c « L the s p e c i f i c cost of 
e l e c t r i c i t y ; h R ^ i s the molar flow r a t e f o r raw 
material stream'k, H m # ] c - T Q S k i t s molar exergy 
and c^ the s p e c i f i c exergetic <?6st) 

- the f i x e d cost F. 
Therefore the t o t a l product cost i s 

I V l C l =IIi a i + P t C E L 
1 (9) 

* I »R,k< Hm,k " T o Sm,k ) ck + F 

R 
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Introducing the mean s p e c i f i c exergetic cost of the i n 
put energy 

n - ? t °EL + £ " R,k (Hm,k " T o Sm,k ) ck 
c = - 1 (1o) Pf- + 2. n p v (H , - T S m , ) t: *g R,k m,K o m,k 

we obtain from Equation 8 - 1o 

) n 1 c, = X n , (H , - T S , )c„ ?- p , l 1 T- p , l v m,l o m f l y E 
1 (11) 

+ Y ( I . a. + T S . c^) + F V v l l o p r , i E ; 

The f i r s t term on th
value of the product exergy, £ l i a i and F f the con
t r i b u t i o n of c a p i t a l and f i x e i cost whereas T X S . c_ 

o l pr 11 & 
in d i c a t e s the product cost penalty according to the 
i r r e v e r s i v i l i t i e s of the process. 
The mean s p e c i f i c exergetic cost depends on the r a t i o 
of d i f f e r e n t energy input and therefore i t i s subject 
to changes in the energy input pattern. This value needs 
to be a l t e r e d with any s u b s t a n t i a l v a r i a t i o n i n the 
flow sheet. By such a procedure i t i s not necessary 
(and also not meaningful) to d i s t i n g u i s h the exergy losses 
i n the d i f f e r e n t u n i t s with respect to the o r i g i n of 
the energy sources except the mean s p e c i f i c exergetic 
value of c E . 

Equation 11 can be considered as a fundamental 
equation f o r minimizing product cost by v a r i a t i o n s of 
process parameters or by changing the flow sheet during 
the design procedure. 
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Application of Exergy Analysis 

to the Design of a Waste Heat Recovery System 

for Coal Gasification 

EBERHARD NITSCHKE 

UHDE GmbH, Dortmund, Federal Republic of Germany 

In the gasification
added to convert the chemical energy of the coal to 
the chemical energy and sens ib le heat of the syn
thes is gas generated. The hot raw gas i s e i the r 
cooled in a steam generator (external steam genera
t ion) or i n a quench ( i n t e r n a l steam generat ion) . 
The exerget ic e f f i c i e n c y of the two a l t e rna t ives i s 
shown in relation to the gasification parameters 
(pressure, temperature). A downstream waste heat 
boiler has great exerget ic advantages particularly 
at low and medium gasification pressures. 

Due to the increase i n energy costs i n recent years , i t has be
come imperative to minimize energy losses i n chemical p l an t s . The 
f i r s t step i s to i d e n t i f y the causes of energy losses v i a elabo
rate energy balances for i n d i v i d u a l p lant sect ions as w e l l as for 
the plant as a whole. Such an ana lys i s permits a ranking of pro
cess concepts i n terms of energy u t i l i z a t i o n . 

However, an ana lys i s based on the f i r s t law of thermodynam
ics has considerable weaknesses i n that the energy losses are on
ly evaluated according to t h e i r absolute amount. The second law 
of thermodynamics has proved to be a very useful add i t i ona l i n 
strument because i t permits the ranking of energy losses not only 
according to t h e i r quan t i ty , but a lso according to t h e i r q u a l i t y , 
i . e . , an amount of heat at a higher temperature i s of more value 
than the same amount of heat at a lower temperature. In the case 
of an energy balance, i t i s i r r e l evan t whether a source of heat 
i s used for generating high-grade steam which may serve for d r i v 
ing machinery, for example, or whether the heat i s used for pre
heating water. Exerget ic analyses can be used for ranking various 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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process concepts and have in fact already been employed for this 
purpose. 

Exergetic analyses seem to be p a r t i c u l a r l y important for 
processes which are s t i l l in the development stage, i.e. coal 
g a s i f i c a t i o n . They permit certain important factors to be recog
nized at an early stage, which means that certain aims can be es
tablished with regard to research and development. The extent to 
which these aims can be achieved w i l l , of course, depend on lim
i t i n g conditions of a technical as well as an economic nature. 
However, the knowledge of a theo r e t i c a l l y achievable aim w i l l be 
su f f i c i e n t incentive to come as close as possible to this goal. 

An exergetic analysis of coal g a s i f i c a t i o n has already been 
performed for individual processes (1, 2). This showed that high 
exergetic losses may occur in the waste heat section of such a 
plant. In this a r t i c l e  an attempt is made to determine the i n
fluence of the chosen
the exergy balance by

Process Engineering Model 

The coal g a s i f i c a t i o n process is represented by a reactor, to 
which coal, including ash, water and oxygen are fed. Since the 
gas i f i c a t i o n reactor is not part of the balance chosen for this 
analysis, the question of whether water i s fed to the reactor in 
the form of a l i q u i d or in the form of steam can be disregarded. 

The reactants, coal, water and oxygen are converted to hy
drogen, carbon monoxide, carbon dioxide, methane, water vapour 
and hydrogen sulphide at a given temperature and pressure accord
ing to thermodynamic e q u i l i b r i a and the kinetics of ga s i f i c a t i o n . 
A particular coal composition which is characteristic of a German 
hard coal was taken as a basis (Table I ) . 

Table I. Composition and C a l o r i f i c Value of the Coal 

maf mf 
C 
H 
0 
N 
S 

89.81 
4.33 
3.53 
1.47 
0.86 

80.83 ?o by weight 
3.90 
3.18 
1.32 
0.77 

10.00 ash 

GCV 
100.00 
35.0 

100.00 
MJ/kg 

Apart from the temperature, the r a t i o of water to coal is an 
essential parameter affecting the composition of the gas. These 
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parameters were modified within the limits set by i n d u s t r i a l 
processes. The pressure has a r e l a t i v e l y minor effect on the com
position of the gas. At high temperatures the methane content in 
the raw gas is very low (<1 %) , even when the pressure is high. 
It is only at temperatures at or below 1000 °C that a higher 
methane content is obtained at higher pressures. 

Via g a s i f i c a t i o n , the chemical energy contained in the coal 
is converted to the chemical energy of the synthesis gas, 
together with a considerable amount of sensible heat as well as 
the latent heat of vaporization of the water. Heat losses in the 
reactor, which are due to radiation and, depending on the g a s i f i 
cation temperature, the melting of the slag are r e l a t i v e l y low. 
As already mentioned, these losses are not taken into 
consideration. There are two b a s i c a l l y different methods of u t i l 
i z i n g the waste heat in order to obtain a high overall e f f i c i e n 
cy. These are: 

Waste Heat U t i l i z a t i o n by means of External Steam Generation in a 
Heat Exchanger (Figure 1). Raw gas is cooled in a heat ex
changer, the heat being transported through a wall to an external 
system, where i t is used for generating steam. In p r i n c i p l e , the 
state of this steam can be a r b i t r a r i l y selected. However, for 
p r a c t i c a l reasons i t is necessary that the pressure of the steam 
is higher than that of the gas. In the present case, a steam 
pressure of 100 bar was assumed. The boiler feedwater should be 
preheated to the evaporation temperature, while the steam leaves 
the waste heat boiler in a saturated state. It was further as
sumed that there is no temperature difference at the outlet of 
the heat exchanger, i.e. the gas leaves the waste heat system at 
the same temperature at which the boiler feedwater was supplied. 
It was assumed that no other heat losses occur in this system. 
The term "external" steam generation was selected for this 
because the steam generation takes place outside the actual 
g a s i f i c a t i o n system. 

Waste Heat U t i l i z a t i o n by means of Internal Steam Generation in a 
Quench. The hot gas leaving the reactor is contacted d i r e c t l y 
with water in the quench vessel. Depending on the enthalpy of the 
gas, a certain amount of water evaporates and the gas leaves the 
vessel saturated with water vapour. In this case, i t was assumed 
that the quench water is supplied to the quench at the saturation 
temperature. While a quench water system is necessary in commer
c i a l practice, heat losses from this system were neglected. Be
cause this steam is generated within the quench vessel and leaves 
the vessel together with the gas, this alternative was designated 
"i n t e r n a l " steam generation. 
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Figure 1. Alternative I : coal g a s i f i c a t i o n unit (CGU) 
with waste heat recovery (WHR), 
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Figure 2. Alternative II : coal g a s i f i c a t i o n unit (CGU) 
with quench. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



8. NITSCHKE Waste Heat Recovery System for Coal Gasification 151 

•Limits of the Model 

As described above, the model only covers the g a s i f i c a t i o n reac
tor, the waste heat system and the quench. The effect of the dow
nstream sections on the design w i l l be discussed i n item 6. 

The effect of different coal compositions and of the ash 
content was not investigated. 

It was also assumed that gas generated i s to be used as syn
thesis gas, e.g. for ammonia or methanol synthesis. It is there
fore advisable to standardize on the generation of a particular 
amount of synthesis gas, which is characterized by the sum of the 
carbon monoxide and the hydrogen. Accordingly, i t was decided 
that the plant should produce 1 kmol (H2 + CO)/s. 1 kmol/s i s 
equivalent to the stoichiometric requirement of an ammonia/metha-
nol plant with a capacity of approx. 1000 tpd or, more precisely, 
1 kmol/s = 921.6 tpd methano

The model does no
process. However, in. view of the fact that the coal/water rat i o 
is an essential parameter in the following calculations, i t i s 
obvious that in these cases i t is the Texaco coal g a s i f i c a t i o n 
process that was used as a basis. 

Mathematical Model 

The composition of the gas in an autothermal g a s i f i c a t i o n process 
using oxygen was calculated by means of an equilibrium model li k e 
the one used in previous investigations (3, 4). The model deter
mines the amount of oxygen required for a given g a s i f i c a t i o n tem
perature by it e r a t i o n . The gas composition i t s e l f i s calculated 
on the basis of the simultaneous e q u i l i b r i a . Such a model can 
ba s i c a l l y only be applied to coal g a s i f i c a t i o n processes in which 
the coal and the g a s i f i c a t i o n agent flow in co-current. Any devi
ations from the e q u i l i b r i a due to the nature of the coal or for 
process reasons were disregarded. 

The molar exergy of the gas mixture at temperature T and 
pressure p is determined according to the following formula: 

E ( T , p ) = E(T u, p u) + H(T,p) - H(T u,p u) - T q [S(T,p) - S ( T u > p u ) ] 

Index "u" refers to the state of the environment. It is as
sumed that the mixture can be treated as an ideal gas, in which 
case the enthalpy and entropy can be calculated as the sum of the 
molar enthalpies and entropies of the individual components. 

In view of the high water vapour concentration and the r e l a 
t i v e l y high pressure, this assumption is by no means true 
throughout the entire range of the parameters considered. How
ever, i t can be assumed that any corrections w i l l have no effect 
on the basic conclusion. 

To estimate the exergy of the gas mixture at ambient temper
ature and ambient pressure, we took Schmidt/Baehr's model (5, 6) 
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as a basis and adopted the methods described by Baehr for calcu
lat i n g the exergy. This model, which assumes the reference en
vironment to be saturated moist a i r , does not allow for the pre
sence of sulphur compounds. While i t is possible, in pri n c i p l e , 
to include such compounds in the exergy calculation, this was not 
done here. 

The exergy of the gas mixture i s therefore calculated ac
cording to the following formula: 

E(T,p,x.) = Z x. E?(T ) + I x. [H?(T) - H?(T )] 1' 1 1 u y 1 1 1 I u y j 

- T Z x. [S°(T) - S°(T )] + R T ln(p/p ) + R T Z x. In x. u I 1 I ' I u / J m u r *cr m u I I 

Index " i " refers t
of which are determine
"o" characterizes the standard state (p = 101.325 kPa; T = 
298,3 K). 

The essential term in the formula i s the f i r s t term, which 
contains the sum of the standard exergies of the components. It 
ba s i c a l l y corresponds to the c a l o r i f i c value of the gas. 

The values used in Tables II and III were taken into consid
eration for the standard exergies. A l l the other data were ob
tained from the Uhde thermophysical properties program package. 

Table II. Standard exergy of some gaseous compounds related to 
the reference atmosphere (T = 298. u 15 k, p = 1.01325 bar) 

i 0 o C0 o Ar 2 2 2 2 

E° 0.692 12.214 8.592 20.06 11 .68 

Table III. Standard exergy and c a l o r i f i c value of product gas 
(T = 298.15 k, p = 1. .01324 bar) 

i CO CH, 2 4 2 4 2 6 

E° 235.2 275.3 830.45 1356.6 1493.7 
GCV 285.8 283.0 890.4 1410.6 1559.8 
NCV 241.84 283.0 802.35 1322.6 1427.9 
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Results 

Exergy as a function of the ga s i f i c a t i o n conditions. The exergy 
of the product gas as a function of the g a s i f i c a t i o n pressure at 
various temperatures is shown in Figure 3. It can be seen that 
the exergy increases with the pressure. It should be noted that, 
for the calculation selected here, the c a l o r i f i c value of the 
synthesis gas accounts for about 70 - 80 % of the t o t a l exergy. 
Whereas the t o t a l energy only increases by approx. 7 the 
exergy contained in the gas in the form of sensible heat, latent 
heat of vaporization and the energy due to compression increases 
by more than 40 %. The energy feed to the coal g a s i f i e r ( i . e . , i n 
the coal) is constant, or rather, is only dependent on the gasif
ication temperature. This means that the exergetic efficiency of 
the coal g a s i f i c a t i o n process improves markedly as pressure 
increases. 

The exergy of th
shown in Figure 4. For alternative I, the exergy content of the 
cooled gas as well as exergy of the generated steam are included. 
It can be seen that in the case of alternative II, the exergy 
content of the gas increases r e l a t i v e l y steeply with pressure. As 
was noted e a r l i e r , the heat of combustion of the gas is a con
stant term in the exergy. If one subtracts this c a l o r i f i c value, 
i t can be seen that in the case of g a s i f i c a t i o n at atmospheric 
pressure, the remaining portion of exergy is only s l i g h t . The i n 
crease in exergy for alternative II is due to the fact that the 
water vapour concentration in the gas increases greatly. 

Figure 5 shows the boi l e r feedwater requirement for the 
waste heat boiler according to alternative I, and for alternative 
II, the quench water requirement, i.e. the amount of water which 
evaporates in the quench. The p a r t i a l pressure of the water, 
which increases as a function of the t o t a l pressure, results in a 
corresponding increase in the steam concentration, which has a 
favourable effect on the exergy balance. 

Exergetic Efficiency. The exergetic ef f i c i e n c y is defined as 
follows: 

^ ( i ) = 
Ex (product gas) out + Ex (steam) 

Ex Ex (product gas) in + Ex (boiler feedwater) 

) ( I D = 
Ex (product gas) out 

Ex Ex (product gas) in + Ex (quench water) 

Figure 6 shows the exergetic efficiency as a function of 
pressure at various g a s i f i c a t i o n temperatures. In the case of a l 
ternative I (waste heat b o i l e r ) , the effi c i e n c y is independent of 
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Figure 3. Exergy of product gas (H 0/coal = 50/50). 
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Figure 6. Exergetic ef f i c i e n c y for WHR (I) and quench (II) 
(coal/H 20 = 50/50). 
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the pressure and only depends s l i g h t l y on the temperature. As can 
be expected, i t i s higher at low g a s i f i c a t i o n temperatures. The 
trend of the effic i e n c y for alternative II is interesting. It is 
re l a t i v e l y low at low pressures, then increases and approaches 
the e f f i c i e n c y of alternative I at higher pressures. It should 
also be borne in mind that the above formula also contains a 
large constant term. If, for the sake of simp l i c i t y , the exer
getic efficiency only referred to the exergy of the sensible heat 
and the pressure, the exergetic e f f i c i e n c y at atmospheric pres
sure would only be a few percent and the increase with r i s i n g 
pressure would be correspondingly steeper. This diagram confirms 
that a waste heat recovery system incorporating the generation of 
high-pressure steam is more favourable than a quench. 

Technical Aspects 

Influence of the downstrea
the coal g a s i f i c a t i o n reactor with the waste heat recovery system 
as an isolated unit. In the event that the gas generated is i n 
tended to be used as fuel gas, for example in a combined power 
station, this approach i s j u s t i f i e d . I f, however, the gas is to 
be used as synthesis gas, the effect of the downstream units must 
be taken into consideration. In such cases i t is necessary to 
feed the gas to a CO s h i f t conversion unit in order to obtain the 
C0/H2 ratio required for the synthesis process. Apart from gasi
f i c a t i o n at atmospheric pressure, which requires an intermediate 
compression step, i t has proved advisable to locate the CO s h i f t 
conversion d i r e c t l y downstream of the g a s i f i c a t i o n section. A 
stage in which dust pa r t i c l e s are removed from the gas is s i t u 
ated between these two units. It i s assumed that exergy losses do 
not occur in this unit. 

The two alternatives described above d i f f e r greatly from 
each other with regard to the water vapour content in the gas. 
The ratio of water vapour to dry gas as a function of the g a s i f i 
cation pressure i s shown in Figure 7. In alternative I, this 
ratio is only dependent on the temperature and on the ratio of 
H20 to coal at the in l e t to the g a s i f i c a t i o n reactor, whereas in 
the case of alternative II, i t also depends to a large extent on 
the pressure. The CO s h i f t conversion section requires that i t s 
feed gas has a certain water vapour/gas rati o in order to achieve 
the required CO content in the t a i l gas. If, for example, an am
monia synthesis unit is located downstream, a water vapour/dry 
gas rat i o (S/G) of >1.1 iL required. For a methanol synthesis 
unit, this ratio is approx. 0.5 - 0.9, depending on the design of 
the s h i f t conversion section. The diagram shows that this ratio 
is not achieved in alternative I and, in alternative II i t is ex
ceeded to a considerable extent. The question therefore arises as 
to how the necessary ratio can be achieved. Figure 8 shows 
various p o s s i b i l i t i e s . 
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It goes without saying that i t i s possible to mix the gener
ated water vapour with the gas. However, such a step is only ad
visable i f the exergy of the steam can be exploited in a back
pressure turbine prior to mixing. This assumes that there is an 
adequate pressure gradient, i.e. that the g a s i f i c a t i o n pressure 
is r e l a t i v e l y low. It must be noted that, apart from e f f i c i e n c y 
losses within the turbine and a pressure drop caused by the con
t r o l system, an exergy loss cannot be avoided in p r i n c i p l e be
cause the steam can only be depressurized to the t o t a l pressure 
of the gas and not to the pressure of the water vapour in the 
gas. This means that mixing losses w i l l occur. 

In the second alternative, i.e. with the quench, the task is 
to reduce an excessive steam/gas ra t i o . Method B shows one way of 
doing t h i s . A waste heat bo i l e r is located downstream of the 
quench. It operates in th  saturatio f th  Th
cess water is removed b
water vapour, thus producing
condensation obtained can be u t i l i z e d for generating steam. The 
pressure of the steam generated in this way can, at the most, 
only correspond to the p a r t i a l pressure of the steam within the 
gas. This method w i l l therefore only be advisable when the t o t a l 
pressure is at an appropriately high l e v e l . 

A combination of the two alternatives is shown in method C. 
A waste heat recovery system is located downstream of the coal 
g a s i f i e r . However, heat recovery stops at a certain temperature. 
This temperature is determined by the enthalpy of the gas down
stream of the waste heat b o i l e r , which must be s u f f i c i e n t to pro
duce the required S/G r a t i o in the downstream quench. 

Taking into consideration the results obtained with regard 
to the exergetic eff i c i e n c y of alternative I and alternative II, 
method C should have a high exergetic efficiency because i t has 
the advantages of alternative I but avoids the exergy loss which 
this entails due to the admixing of steam. 

Technical and economic aspects. The above considerations show 
that, p a r t i c u l a r l y in the case of g a s i f i c a t i o n at atmospheric 
pressure and also at moderate pressure, i t is necessary to use a 
waste heat b o i l e r in order to ensure a high exergetic efficiency. 
It is therefore not surprising that processes which operate in 
this pressure range provide for a waste heat bo i l e r , i . e . , the 
Koppers process (7) and the Winkler process, which operates at a 
pressure of 10 bar in the HTW version developed by Rheinbraun 
(8). The design of such a system depends on whether the process 
operates at temperatures above the ash melting point, l i k e the 
Koppers process, in which case a radiant boiler is required, or 
below the ash melting point, l i k e the Winkler process, in which 
case convection boilers can be used. In the case of processes 
which operate at a higher pressure such as Texaco (9), waste heat 
systems have also been developed in recent years and have pro
duced excellent results in practice. It is thus possible to f u l l y 
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u t i l i z e the higher exergetic e f f i c i e n c y of g a s i f i c a t i o n under 
pressure. However, i t must be pointed out that the s p e c i f i c cost 
per ton of steam generated in such a waste heat system i s consid
erably higher when compared with the s p e c i f i c cost of steam gen
erated in a co a l - f i r e d b o i l e r and which is to be used for driving 
purposes in the plant. This relationship is s l i g h t l y more favou
rable i f there is a waste heat system downstream of the quench. 
The gas i s then already free of solids and the temperature i s 
considerably lower. This means that design principles can be used 
which make fabrication costs more reasonable. However, the tem
perature i s below the dew point and this fact must be taken into 
consideration when selecting the materials of construction. Since 
the exergetic e f f i c i e n c i e s of alternatives I and II are roughly 
the same at higher g a s i f i c a t i o n pressures, the preferred method 
must be selected carefully. 

Summary and Conclusion

This investigation has shown that the exergetic e f f i c i e n c y of a 
coal g a s i f i c a t i o n reactor is greatly influenced by the type of 
heat recovery system which is selected. The pressure of the gasi
f i e r , which is not included in a conventional energy balance, has 
a considerable effect on the effi c i e n c y . The use of a waste heat 
system for external steam generation i s cle a r l y more favourable 
throughout the whole range of the parameters examined here. How
ever, the extent to which the exergetic advantage can also be 
turned into an economic advantage depends on a variety of techni
c a l , p r a c t i c a l and economic constraints. 
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This paper present
of an important proces
networks of exchangers, heaters and/or coolers to transfer the 
excess energy from a set of hot streams to streams which require 
heating (cold streams). Emphasis is placed on the discussion of 
thermodynamic and economic (i .e. , thermoeconomic) aspects of two 
recent methods for the evolutionary synthesis of energy-optimum 
and minimum-cost networks. These methods include the 
thermoeconomic approach of Pehler and Liu (1) and the 
evolutionary development method of Linnhoff and Flower (2). 

Multiobjective Synthesis of Heat Exchanger Networks 

A typical heat exchanger network has Νh hot streams Shi 

(i=1,2,...,N h) to be cooled and Ν cold streams Scj 

(j=1,2,...,N c) to be heated. Associated with each stream are 
its steady-state input temperature Τi, output temperature T*i 
and heat capacity flow rate Wi (average heat capacity 
multiplied by mass flow rate). There are also available Ν 
heating uti l i ty streams and Νcu cooling uti l i ty streams. The 
synthesis problem is to create several optimum and suboptimum 
networks of units (exchangers, heaters and/or coolers) so that 
the specified stream outlet temperatures are reached. 

The optimum and suboptimum networks should achieve or 
nearly achieve at least the following multiple objective 
criteria: (i) approaching a practical minimum loss in 
thermodynamic available energy during heat exchange among hot 
and cold process streams; (ii) minimizing the number of units; 
(iii) minimizing the investment cost of units; and (iv) 
minimizing the operating cost of ut i l i t ies . Note that these 
criteria have been anticipated or utilized in part in reference 
nos. 2 to 6. 

An important feature of this multiobjective synthesis 
problem is that some of the criteria may conflict with others. 
For example, minimizing the loss of available energy during the 
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heat exchange process requires maximizing the heat transfer 
area, which tends to maximize the network investment 06). Also, 
minimizing the number of units does not necessarily lead to the 
minimization of the investment cost of units. This follows 
because the investment cost of units depends not only on the 
number of units, but also on how t h i s t o t a l area i s distributed 
among the d i f f e r e n t units (2,4). Thus, i n order to synthesize 
several optimum and suboptimum networks, a multistep 
evolutionary strategy i s recommended i n t h i s work, with each 
step emphasizing one of the c r i t e r i a . 

In general, the investment costs for the i t h exchanger, 
heater and cooler, denoted by C£^> C

H ^ 3 1 1 ( 1 C c i * 
respectively, cag be correlated^by the empirical expressions 
= ^ i * C H i = ^ H i a n d C C i = ^ C i 1 W h e r e ^ i ' ^ i 3 X 1 ( 1 A C i 1 

are, respectively, the hea  transfe f th  i t h exchanger
heater and cooler. Th
operating cost (J) to b  expresse

J = 6 ( Z + Z <4i + 1 a A C i > + l J \ S u k l ( 1 ) 

i i i k 1 

where S ^ represents the amount of heating or cooling u t i l i t y 
stream s u c ^ a s stream or water spent at the i t h a u x i l i a r y 
heater or cooler per year, u f c denotes the annual operating 
cost of the u t i l i t y and 6 i s the annual rate of return on 
investment. For convenience, the following simplifying 
assumptions have been included i n the systematic synthesis of 
heat exchanger networks: (i) the use of single-pass 
countercurrent shell-and-tube exchangers; ( i i ) no phase changes 
of process streams; ( i i i ) equal values of e f f e c t i v e heat 
transfer c o e f f i c i e n t s for exchanges between two process streams 
and between two process and u t i l i t y streams; and (iv) 
temperature-independent heat capacity flow rates. 

The Thermoeconomic Approach 

The thermoeconomic approach of Pehler and L i u (V) i s based 
on both thermodynamic and economic considerations of the network 
synthesis problem. I t consists of four steps. The detailed 
descriptions of the f i r s t two steps can be found from the 
references c i t e d below. In t h i s paper, some emphasis i s placed 
on the thermodynamic a v a i l a b i l i t y analysis of the t h i r d and 
fourth steps which include p r a c t i c a l h e u r i s t i c and evolutionary 
rules for the systematic synthesis of energy-optimum and 
minimum-cost networks. 

The f i r s t step i s to represent the network synthesis 
problem by a heat content diagram (4) or by the method of 
temperature in t e r v a l and problem table O, pp. 32-38; 5). The 
second step i s to determine the minimum heating and cooling 
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u t i l i t y requirements by the method of temperature int e r v a l and 
problem or by the minimum area algorithm (4). 

Step 3: Synthesis of an Energy-Optimum and Nearly 
Minimum-Cost Network by the Thermodynamic (Minimum-Availability-
Loss) Matching Rule. The thermodynamic matching rule states 
that: "The hot process and u t i l i t y streams, and cold process 
and u t i l i t y streams are to be matched consecutively i n a 
decreasing order of t h e i r stream temperatures." This rule i s 
based on the results of a thermodynamic a v a i l a b i l i t y analysis of 
the network synthesis problem. 

An important feature of t h i s analysis can be i l l u s t r a t e d by 
considering the heat exchange between a hot gaseous stream and 
another cold gaseous stream occurring within a d i f f e r e n t i a l 
element (length) of a  adiabatic  single-pas  shell-and-tub
exchanger. Suppose tha
stream change from T
respectively; and the temperature ana pressure of tne cold 
stream also change from T and P to T + dT and P + 

C G C C C 

dP , respectively. Within the d i f f e r e n t i a l element of the 
exchanger, the rate of heat exchange between hot and cold 
streams, denoted by dQ, i s equal to the rate of change o f the 
enthalpy of the hot stream, -dH , and to that o f the cold 
stream, dH . I t can then be shown that the rate of loss of 
available energy during heat exchange between hot and cold 
streams i s ( 7 ) : 

7 i KT f« fldQl I d d V.dP, V d P of available = T J - ~ - - J ~ h h + c o I T T, — - — — — energy I c h T T ) h . c ' (2) 
T. -T V, dp, V dP 

1 h c h c J 

In Eq. (2), T represents the temperature of the surroundings; 
and and V denote the rates of change of the volume of 
hot and coSd streams, respectively. Since dP and dP B are 
always negative i n magnitude, the term within the bracket of Eq. 
(2) i s generally negative. Eq. (2) then suggests that the rate 
of loss of available energy during heat exchange i s minimized 
when the f i r s t term within the equation can be made to approach 
zero. The l a t t e r implies that T^ should be made to approach 
T^. In the l i m i t , when T i s maintained only 
i n f i n i t e s i m a l l y greater than T , the loss of available energy 
during the heat exchange process i s at a minimum value. 
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The thermodynamic matching rule can be implemented on a 
heat content diagram or temperature interval diagram as follows. 
Starting with the highest-temperature heat source (hot process 
and u t i l i t y streams), each d i f f e r e n t i a l element of heat i s 
transferred to the highest-temperature heat sink (cold process 
and u t i l i t y streams). This process continues with the heat of 
the intermediate-temperature heat source being transferred to 
the intermediate-temperature heat sink, and ends when the heat 
of the lowest-temperature heat source i s given up to the 
lowest-temperature heat sink. 

The preceding analysis provides the thermodynamic basis of 
a similar stream matching rule described i n Corollary 3 of 
reference no. 4 . In the thermoeconomic approach, the 
thermodynamic matching rule i s not only applied i n the i n i t i a l 
generation of an energy-optimu
but also i n the evolutionar
minimum-cost network. 

Step 4 : Evolutionary Synthesis of an Energy-Optimum and 
Minimum-Cost Network by Minimizing the Number of Units and 
Approaching a P r a c t i c a l Minimum Loss i n Available Energy during 
Heat Exchange Through Systematic Merging, S h i f t i n g and/or 
Unsplitting of Units (1^) 

(a) Determination of the most probable minimum 
(quasi-minimum) number of units (exchangers, heaters and 
coolers), N . , according to (3): mm — 

N . = N, + N + N, +N - 1 (3) mm h c hu cu 
where N^ and N are the numbers of hot process and u t i l i t y 
streams, respectively; and N and N are the numbers of 
cold process and u t i l i t y streams, respectively. 

(b) Minimization of the number of units to reduce the 
network investment through systematic merging of units according 
to the basic idea described i n reference no. 4 . In pa r t i c u l a r , 
without increasing the t o t a l heat transfer area of units, the 
network investment can be reduced i f : (i) several units can be 
combined into a single one, or ( i i ) a smaller number of units 
are to be used. 

(c) Application of the thermodynamic matching rule to the 
modified network with a fewer number of units. This e n t a i l s 
systematic s h i f t i n g and/or uns p l i t t i n g the remaining units i n 
order to reach a p r a c t i c a l minimum loss i n available energy 
during heat exchange. 

For step 4 of the thermoeconomic approach, the following 
evolutionary rules have been presented i n reference no. 1 . 
These rules are to be applied sequentially i n t h e i r numerical 
order; that i s , Rule 1 should be applied before Rules 2 and 3, 
etc. 
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Rule 1 t Delete, s h i f t or merge units so as to reduce the 
number of units i n a selected l o c a l subnetwork ( i . e . , a selected 
number of units i n an i n i t i a l network) and to minimize the 
required changes to adjacent subnetworks due to changes in 
heating or cooling load. When selecting candidates for unit 
modifications, choose i n i t i a l l y a redundant heater or cooler 
exceeding the minimum heating or cooling requirement found i n 
Step 2 and then a redundant exchanger with a small heat load 
exceeding the quasi-minimum number of units determined i n Step 
4a. Avoid modifying any single-exchanger match between two hot 
and cold streams. I f a selected unit modification in a given 
subnetwork results i n extensive structural modifications i n 
adjacent or other subnetworks, then another candidate for unit 
modification should be evaluated. 

Rule 2. S h i f t heater
minimum loss i n available energy during heat exchange: 

(a) When s h i f t i n g a heater (cooler) between matches on a 
given cold (hot) process stream, always s h i f t the heater 
(cooler) from the low-temperature (high-temperature) portion to 
the high-temperature (low-temperature) portion of the 
cold-stream (hot-stream) match. 

(b) When merging two heaters (coolers) matched with two 
di f f e r e n t cold (hot) process streams, always s h i f t the heater 
(cooler) from one stream to the other so that the resulting 
merged heater (cooler) w i l l have a higher (lower) arithmetic 
average of i t s input and output temperatures. 

Rule 3. Reduce the number of units by deleting repeated 
matches between two hot and cold process streams i n a given 
network. In part i c u l a r , i f a given network contains a l o c a l 
subnetwork i n which a hot (cold) stream matches the same cold 
(hot) stream which i t has matched before, delete one of these 
repeated matches. 

Rule 4. Unsplit a given s p l i t t i n g network to minimize the 
number of units and reduce the loss i n available energy during 
heat exchange. When uns p l i t t i n g a given s p l i t t i n g network, 
always match the hot and cold process streams i n the resulting 
network i n a decreasing order of t h e i r arithmetic averages of 
input and output temperatures. 

Thermoeconomic Aspects of Evolutionary Rules of Pehler and L i u 

Thermodynamic and economic aspects of the preceding 
evolutionary rules can be i l l u s t r a t e d by translating them into a 
set of basic on-diagram modifications (BODM), These 
modifications can be applied d i r e c t l y on a heat content diagram 
or temperature int e r v a l diagram for the systematic evolutionary 
synthesis of energy-optimum and minimum-cost networks. For 
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convenience, the discussion below w i l l be based on the network 
representation by a heat content diagram only. 

BODM No. 1 (Figure 1 ) . This modification i l l u s t r a t e s the 
use of Rule 2a to guide the s h i f t of a heater on a given cold 
process stream. The evolutionary changes shown i n Figure 1 are 
as follows: (a) On s

c « * s h i f t to the high-temperature 
portion, and (b) s h i f t downward on S ̂  to a position 
adjacent to E^. Such an upwardly-directed heater s h i f t 
r esults i n a decrease of the loss i n available energy during the 
heating process and makes the use of the heating u t i l i t y more 
e f f i c i e n t thermodynamically. This heater s h i f t i s , of course, 
subjected to the constraint of the minimum approach temperature 
for the heater. 

BODM No. 2 (Figur
application of Rule 2a to guide the s h i f t of a cooler on a given 
hot process stream. As shown i n Figure 2, the evolutionary 
changes involve: (a) s h i f t i n g C downward to the 
low-temperature portion of S^ , and (b) s h i f t i n g upward 
on S to a position adjacent to E . Subjected to the 
constraint o f the minimum approach temperature for the cooler, 
t h i s cooler s h i f t leads to a thermodynamically more e f f i c i e n t 
use of the cooling u t i l i t y . 

BODM No. 3 (Figure 3). This modification i l l u s t r a t e s the 
use of Rule 2b to choose a heater to be shifted from one cold 
stream to the other i n a given subnetwork. The evolutionary 
changes shown i n Figure 3 are as follows: (a) s h i f t from 
S c 1 to S 2 and merge i t with H 2 to form a composite 
exchanger 8^ + H 2 ; ^ o n S 2* d e c r e a s e t h e heat load of 
E 2 ; and (c) On S^ , enSarge E by changing the stream 
s p l i t t i n g r a t i o of S . As Rule 2b suggests, the choice of a 
heater to be shifted i s determined by the composite heater 
formed which has the highest arithmetic average of i t s input and 
output temperatures. This implies that a heater i s generally 
shifted from a cold stream with a smaller heat capacity flow 
rate to another cold stream with a larger heat capacity flow 
rate so as to re s u l t i n a thermodynamically more e f f i c i e n t use 
of the heating u t i l i t y . Such a heater s h i f t requires load 
changes i n adjacent exchangers i n the selected subnetwork. In 
partic u l a r , E^ must have i t s heat load increased and E 2 must 
have i t s heat load decreased. Fortunately, an attractive 
feature of having a s p l i t t i n g network l i k e that shown i n Figure 
3 i s that such load changes can be easi l y accomplished by 
changing the stream s p l i t t i n g r a t i o of S^ . As a res u l t , no 
structural changes outside of the selected subnetwork are 
required. 
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Figure 1. BODM no. 1 corresponding to rule 2a. 
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Figure 2. BODM no. 2 corresponding to rule 2a 
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BODM No. 4 (Figure 4). The modification i l l u s t r a t e s an 
application of Rule 2b to choose a cooler to be shifted from one 
hot stream to the other i n a given subnetwork. As suggested by 
Rule 2b, the choice of a cooler to be shifted i s determined by 
the composite cooler formed which has the lowest arithmetic 
average of i t s input and output temperatures. This leads to a 
thermodynamically more e f f i c i e n t use of the cooling u t i l i t y . 
The s p e c i f i c evolutionary changes shown i n Figure 4 are as 
follows: (a) s h i f t Ĉ  from S to a n d merge i t with 
C^ to form a composite cooler Ĉ  + C^i (b) on S , enlarge E to 
compensate for the load reduction on E^ due to the shifted C. 
on S^2; (c) on S , enlarge E^ and reduce E which i s matched 
with another hoi stream i n an adjacent subnetwork not shown i n 
the figure; and (d) on s

c o * reduce by matching the 
low-temperature portio
adjacent subnetwork als
although BODM no. 4 i s i l l u s t r a t e d by a nonsplitting subnetwork 
in Figure 4, th i s BODM i s also applicable to a s p l i t t i n g 
subnetwork. 

BODM No. 5 (Figure 5). This modification i l l u s t r a t e s the 
use of Rule 3 to reduce the number of units by deleting repeated 
matches between two hot and cold process streams i n a given 
subnetwork. As shown i n Figure 5, and are matched 
twice through E^ and E . Thus, the evolutionary changes 
are: (a) on both 3 and S ̂ , i s shifted upward 
through E^ and merged with E 

° n Sh1* E4 i S s h i f t e d d o w n a r d 

to the low-temperature portion; and (c) on , E^ i s also 
shifted downward to the low-temperature portion. 

The Evolutionary Development Method 

The evolutionary development method of Linnhoff and Flower 
(2) u t i l i z e s the temperature int e r v a l diagram to represent an 
i n i t i a l l y created network and also the concept of the freedom 
(F) of an exchanger. The l a t t e r has the physical dimension as a 
heat load (kW) and i s related to the larger heat capacity flow 
rate of the two streams matched i n an exchanger (CPL), the 
smallest actual temperature difference within the exchanger 
(AT ) and the minimum approach temperature of the exchanger 
(AT^^) according to the expression 

F = CPL (AT - AT . ) (4) s mm 
Linnhoff and Flower have claimed that the use of the exchanger 
freedom parameter allows one to evaluate the effects of 
sh i f t i n g , merging or deleting heaters and coolers i n a given 
network on the f e a s i b i l i t y of the resulting modified network. 
In p a r t i c u l a r , these authors have proposed ten f e a s i b i l i t y rules 
to guide the s h i f t i n g , merging or deleting of heaters and 
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Figure 3. BODM no. 3 corresponding to rule 2b. 

(c) 

Figure 4. BODM no. 4 corresponding to rule 2b. 
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coolers i n a given network. However, no guidelines are given as 
to which rule should be used i n a given network. There are also 
situations for which several of the f e a s i b i l i t y rules can be 
applied to a given network leading to the same changes i n the 
heat load and exchanger freedom parameter, but no advice i s 
given on the proper order of applications of these rules. Thus, 
thi s lack of a d e f i n i t e strategy to apply the f e a s i b i l i t y rules 
represents a weak point of the ED method, p a r t i c u l a r l y when 
applying i t to synthesis problems with six or more process 
streams• 

Thermoeconomic Analysis of F e a s i b i l i t y Rules of Linnhoff and 
Flower 

As part of t h i s work
Linnhoff and Flower hav
heat content diagram with respect to t h e i r thermoeconomic 
advantages and disadvantages for the evolutionary synthesis of 
energy-optimum and minimum-cost networks. A s p e c i f i c goal was 
to develop some d e f i n i t e recommendations for the applications of 
these rules to properly guide the s h i f t i n g , merging or deleting 
of heaters or coolers i n a given i n i t i a l network. 

Figure 6 i l l u s t r a t e s f e a s i b i l i t y rule no. 6 of Linnhoff and 
Flower, concerning the s h i f t i n g of a cooler i n a given 
subnetwork. As shown in the figure, t h i s rule begins with a 
thermodynamically e f f i c i e n t cooler placement ( i . e . , on the 
low-temperature portion of the hot stream) and then s h i f t s the 
cooler to a thermodynamically, less e f f i c i e n t position ( i . e . , on 
the low-temperature portion of the matched cold stream). In the 
re s u l t i n g subnetwork, the shifted cooler actually serves as a 
precooler for the cold stream before i t enters the enlarged 
exchanger with i t s heat load being increased from E to (E+A) kW. 
Although there i s an increase i n the exchanger freedom parameter 
of A kW through applying evolutionary rule no. 6, the 
corresponding evolutionary change would not be generated by the 
thermoeconomic approach. This follows because the l a t t e r would 
not have allowed the cooler to be placed i n i t s 
thermodynamically i n e f f i c i e n t position i n the modified network. 

Figure 7 i l l u s t r a t e s an inverse form of f e a s i b i l i t y rule 
no. 7 of Linnhoff and Flower, r e l a t i n g to the formation of an 
exchanger by merging a heater and a cooler. This figure shows 
that the cooler (heater) i s i n i t i a l l y placed on the 
highest-temperature (lowest-temperature) portion of the hot 
(cold) stream. After applying f e a s i b i l i t y rule no. 7, a new 
exchanger i s formed which matches the highest-temperature 
portion of the hot stream with the lowest-temperature portion of 
the cold stream. The thermodynamic matching rule i n Step 3 of 
the thermoeconomic approach, suggests that both the placement of 
the heater and cooler i n the i n i t i a l network and i t s subsequent 
formation of a new exchanger according to the f e a s i b i l i t y r ule 
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Figure 7. Representation o f the inverse form of f e a s i b i l i t y rule 
no. 7 of Linnhoff and Flower (2) by the heat content diagram. 
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no. 7 represents a thermodynamically very i n e f f i c i e n t exchange 
among hot and cold, process and u t i l i t y streams. 

After evaluating a l l of the ten f e a s i b i l i t y rules of 
Linnhoff and Flower i n a sim i l a r fashion, a minimum set of three 
modified f e a s i b i l i t y rules along with some d e f i n i t e 
recommendations for t h e i r applications have been i d e n t i f i e d and 
are discussed as follows. 

Modified F e a s i b i l i t y Rule No. 1. Always s h i f t a heater 
along the stream with the larger heat capacity flow rate (CPL), 
and a cooler along the stream with the smaller heat capacity 
flow rate (CPS) so that the s h i f t leads to a thermodynamically 
more e f f i c i e n t use of the heating or cooling u t i l i t y . Both 
s h i f t s r e s u l t i n an increase of the exchanger freedom parameter, 
being equal to the load f th  heate  (  kW)  t  th  load f 
the cooler (A kW) multiplie
modified f e a s i b i l i t y rul  o r i g i n a y
nos. 1-2 of Linnhoff and Flower. 

Modified F e a s i b i l i t y Rule No. 2. Consider the p o s s i b i l i t y 
of s h i f t i n g a cooler (heater) from a hot (cold) stream to the 
lowest-temperature or highest-temperature portion of a cold 
(hot) stream so as to increase the approach temperature between 
the hot and cold streams due to the precooling or post-cooling 
of the cold stream (the preheating of post-heating of the hot 
stream). In particular, such a s h i f t o f the cooler (heater) 
should be considered i f i t leads to an increase i n the approach 
temperature from an unacceptable low value to an acceptable high 
value so that the very large area of the exchanger resulting 
from the previously i n feasible match becomes smaller. This 
modified f e a s i b i l i t y rule includes the o r i g i n a l f e a s i b i l i t y rule 
nos. 3 to 6 of Linnhoff and Flower, and i t i s mainly related to 
the tradeoff between the network investment cost (determined by 
the approach temperature) and the u t i l i t y operating cost. In 
other words, there may be an economic incentive to use an 
additional amount of heating or cooling u t i l i t y to heat up or 
cool down a process stream. This situation may e x i s t when the 
additional heating or cooling requirement increases the approach 
temperature of the exchanger i n such a way that the reduction i n 
the network investment cost e f f e c t i v e l y compensates for the 
increase i n the u t i l i t y operating cost. I f such an incentive 
for precooling or post-cooling of the cold stream (preheating or 
post-heating of the hot stream) does not exist, the 
above-mentioned s h i f t of the cooler (heater) should not be 
considered. 

Modified F e a s i b i l i t y Rule No. 3, Consider the p o s s i b i l i t y 
of forming a new exchanger by merging a heater on the 
lowest-temperature portion of a hot stream with a cooler on the 
highest-temperature portion of a cold stream. Both heating and 
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cooling u t i l i t i e s are o r i g i n a l l y placed i n thermodynamically 
i n e f f i c i e n t positions, which could, however, appear during the 
evolutionary changes of a given network. Forming a new 
exchanger from two thermodynamically i n e f f i c i e n t heater and 
cooler results i n an increase i n the exchanger freedom parameter 
by A kW. This modified f e a s i b i l i t y rule includes the inverse 
forms of the o r i g i n a l f e a s i b i l i t y rules no. 7-10 of Linnhoff and 
Flower. Note that i n t h e i r forward forms, the l a s t four 
f e a s i b i l i t y rules of Linnhoff and Flower involve the 
thermodynamically i r r a t i o n a l placement of a heater on a hot 
stream and a cooler on a cold stream i n the i n i t i a l network. 

Based on the preceding analysis, i t i s evident that out of 
the ten f e a s i b i l i t y rules of Linnhoff and Flower, only three of 
them (nos. 1 and 2, the inverse form of no. 8) may find some 
applications i n th
thermodynamically-base
by steps 1 to 3 of the thermoeconomic approach. The remaining 
majority of the f e a s i b i l i t y rules would rarely be applicable, as 
the placement of units i n thermodynamically e f f i c i e n t positions 
can be assured i n the generation of an i n i t i a l network through 
the use of the thermodynamic matching r u l e . Consequently, only 
two of the f e a s i b i l i t y rules (nos. 1 and 2) of Linnhoff and 
Flower have been adapted as Rule 2a i n the thermoeconomic 
approach. 

An I l l u s t r a t i v e Example 

The following example has been described i n d e t a i l i n 
Pehler and L i u (V), i n which i t i s shown that applications of 
the thermoeconomic approach have successfully generated optimum 
and suboptimum networks of five to ten process streams with much 
less time and e f f o r t compared to previous studies. 

Figures 8a and 8b show, respectively, the heat content 
diagram and the g r i d (temperature interval) diagram for 
representing the f i n a l network (see Figure 8c) for a 7-stream 
problem (7SP1) reported by Masso and Rudd (8) using a h e u r i s t i c 
structuring method. The application of Step 2 of the 
thermoeconomic approach shows that the network represented by 
Figures 8a-8c uses more cooling u t i l i t y for Ĉ  and 
(1281.2 kW) than the minimum amount required (1204.4 kW). The 
thermodynamic matching rule i n Step 3 suggests that Ĉ  leads 
to a thermodynamically i n e f f i c i e n t use of the cooling u t i l i t y , 
as i t i s being placed on the intermediate-temperature portion of 
Sh1* s t e P 4a indicates that the network contains one more 
unit (H^ , 71 .6 kW) than the quasi-minimum number of units 
(seven exchangers and coolers). Thus, the evolutionary 
synthesis of an improved network (Step 4b) can be done by 
deleting (Rule 1 ) and enlarging E5 on S to compensate 
for the elimination of the heating u t i l i t y . on both S 
and S i s reduced to accommodate for the increase i n the neat 
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Figure 8a. Problem 7SP1: heat content diagram for the i n i t i a l 
network. 
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Figure 8b. Problem 7SP1: temperature i n t e r v a l diagram for the 
i n i t i a l network. 

Figure 8c. Problem 7SP1: the i n i t i a l network. 
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Figure 8d. Problem 7SP1: the f i n a l network. 
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load of E on S ; and E^ on both and S ^ is 
enlarged, which leads to a decrease in the heat load of C on 
S . Finally, the reduced on S is shifted downward 
through the enlarged E^ to the lowest-temperature portion of 
S, (Rule 2a), resulting in a thermodynamically efficient use 
of the cooling u t i l i t y . Figure 8d shows the improved network, 
which is identical to the optimum network obtained by the 
evolutionary development (ED) method of Linnhoff and Flower (2^. 

Note that in applying the ED method to delete the 
unnecessary heater from the i n i t i a l network shown in Figure 
8a to 8c, Linnhoff and Flower had to consider whether this small 
heater could be shifted to a neighboring position of a cooler so 
that a fraction of the heat load could cancel that of the 
heater. The corresponding network calculations and 
manipulations were tedious
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10 
Hierarchical Structure Analysis 
Based on Energy and Exergy Transformation 
of a Process System 

MASARU ISHIDA 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
4259 Nagatsuta, Midori-ku, Yokohama, 227, Japan 

Process systems ar  analyzed  th  viewpoint f
and exergy transformatio
processes including heat sources o  sinks and work 
sources or sinks are characterized thermodynamically by 
vectors on a (ΔH, ToΔS) plane called thermodynamic 
compass, the first and second laws of thermodynamics 
for a process system are associated with the direction 
of the vector generated by summing up these vectors for 
a l l processes. In order to disclose the hierarchical 
structure of a process system, a l l processes in i t are 
distinguished into two groups, targets and coupled 
processes, and six basic structures for process systems 
--- singular system, binary system, multicoupler system, 
multitarget system, looping multimediator system, and 
accomodated system --- are discussed based on a new 
diagram called Structured Process Energy-Exergy-flow 
Diagram (SPEED). A few example process systems for 
each basic structure are analyzed and the procedure 
to disclose the hierarchical structure of complicated 
process systems based on these basic structures is 
discussed. 

Exergy, or availabil ity, is a quite powerful concept to be able to 
deal in a unified manner with many kinds of energy, such as heat, 
mechanical work, chemical energy, and so on (1,2,3,4). 
Furthermore, the exergy analysis gives us the exergy destruction 
in each portion in the process system. Since i t is given as a 
quantitative value denoting the deviation from the ideal process 
system, we may judge based on i t whether the modification of some 
portion in the process system wil l lead significant energy saving. 

Up to this stage, the concept of exergy is applied as a tool 
of the analysis of a process system. The next target then may be 
to develop a methodology how we can use the concept of exergy to 
synthesize a process system. 
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180 SECOND LAW ANALYSIS OF PROCESSES 

The main feature of a process system i s to attain some target 
process by u t i l i z i n g other processes and transforming energy and 
exergy among them. Accordingly the process system synthesis i s 
equivalent to constructing proper networks for such tranformation 
of energy and exergy. Again the concept of exergy i s quite 
important to analyze various kinds of processes, such as thermal, 
chemical, and mechanical ones, i n a systematic manner. 

The purpose of this paper i s to offer a methodology to 
analyze or synthesize the hierarchical structure of a process 
system. In the f i r s t section, we outline the thermodynamics for a 
process and a process system based on not only the f i r s t law of 
thermodynamics but also the second law. There we w i l l introduce 
the concept of thermodynamic compass. In the second section, the 
transformation of energy and exergy among processes i s discussed. 
It i s shown that by applying thermodynamic compass  both physical 
and chemical processes
third section, six basi
discussed. The network of the transformation of energy and exergy 
among processes i s represented by the SPEED (Structured Process 
Energy-Exergy-flow Diagram). In the fourth section, we summarize 
the methodology for analysis and synthesis of process systems. 

Thermodynamics of a Process and a Process System 

Figure 1 (a) shows the scheme of a process. The c i r c l e denotes 
the control volume of the process and the arrow denotes the flow 
of materials. For physical processes such as heating, cooling, 
mixing, and separation, the material i t s e l f remains the same and 
only i t s state i s changed in the control volume. At the steady 
state, the mole number for each component which enters the process 
should be equal to that which leaves the process. For chemical 
processes such as reactions, on the other hand, the material 
i t s e l f i s changed and the mole (or atomic) number for each element 
should be kept constant. 

Since the total enthalpy and entropy of the input and output 
materials can be calculated, the enthalpy increase AH and the 
entropy increase AS caused by a process can be obtained as 
follows. 

Although AH and AS for a process are defined based on the 
input and output of the materials, the process may receive heat 
Qin or work Win or may release heat Qout or work Wout> as 
schematically shown in F i g . 2. 

Since AH and AS for each process can be specified, the 
thermodynamic characteristics of the process may be represented by 
a vector on the (AH, T 0AS) plane shown in Fig. 1 (b). As we 
discuss i n later sections, the dir e c t i o n of this vector suggests 

AH = H 0ut ~ Hin 
AS = S 0ut ~ Sin (2) 
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AH 

AS 

T 0 A S a 

I y 
( T 0 AS . T Q AS) / L H T s ) 

W(A6.0) 
AH 

(a) SYMBOL (b) VECTOR ON THERMODYNAMIC COMPASS 

Figure 1. Representation of a process, 

Q out W out 

Q in W in 

Figure 2. Flow of heat Q and work W. 
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the procedure to f u l f i l l that process. Accordingly this diagram 
i s called the thermodynamic compass. The compass i s an important 
tool to find out proper dire c t i o n in orienteering or 
mountaineering. Similarly the thermodynamic compass w i l l give us 
a hint especially for the process system synthesis. 

Since the di r e c t i o n of the vector i s important, the tangent 
of the vector i s called the di r e c t i o n factor and denoted by D (5_): 

T 0 AS 
D = (3) 

AH 
Let us examine several typical processes and draw their 

vectors on the thermodynamic compass. 

Example Processes 
Thermal processes. Whe  mole f  certai  substanc  i  heated 
from T l to T2, we have 

T2 T
AH - / ncpdT and A S = J n(c p/T)dT 

Tl T l 
When the heat capacity cp i s assumed to be constant between these 
temperatures, the direction factor D i s given as 

T0AS T 0(lnT2-lnTl) T 0 

D = (4) 
AH T2 - Tl Tin 

where Tin, defined by (T2"Tl)/ln(T2/Tl), i s the logarithmic mean 
of Tl and T2. 

Then the vectors of the heating and cooling processes are 
obtained as shown in Fig. 3. It i s seen that the vector of the 
heating process always appears on the f i r s t quadrant of the 
thermodynamic compass, whereas the cooling process on the third 
quadrant, giving rise to the following four cases. 

T2 > Tl and Tin > T 0 for heating 
T2 > Tl and Tin < To for refrigerant 
T2 < Tl and Tin > T 0 for cooling ( i . e . , heat source) 
T2 < Tl and Tin < T Q for refrigeration 

It i s found from F i g . 3 that the dir e c t i o n factor D for these 
processes depends s i g n i f i c a n t l y on the logarithmic mean 
temperature Tin and that their vectors never appears on the second 
or fourth quadrant. 

Separation and mixing. For a separation process, the changes i n 
enthalpy and entropy are generally positive and negative, 
respectively. So their d i r e c t i o n factor becomes negative and i t s 
absolute value i s rather large, because the enthalpy change i s 
r e l a t i v e l y small. For example, when 250 moles of aqueous solution 
of 40 mol% methanol i s d i s t i l l e d and separated into aqueous 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



10. ISHIDA Hierarchical Structure of a Process System 183 

solutions of 95.8 mol% methanol and 5.8 mol% methanol, we have 

{ 100 CH30H + 150 H20 } 
- { 91 CH30H + 4 H20 } + {9 CH3OH + 146 H20 } 

AH - 0.18 kJ, T 0AS = -55.1 kJ, A £ = 55.3 kJ 
and 

D = -306 
where the braces i n the above formula mean that the stream within 
them consists in the same phase and composes a mixture. 

Then the vector for the sepation process appears on the 
fourth quadrant as shown in Fig. 4. 

Since the mixing i s the reverse process of separation, the 
changes in enthalpy and entropy are usually negative and positive, 
respectively. Therefore the vector appears i n the second quadrant 
on the thermodynamic compass

Special processes withou
The processes discussed so far had inputs and outputs of 

materials. However, the following four processes which have 
neither input nor output are introduced to make the thermodynamics 
of a process system quite simple. 

Heat source. When a heat reservoir which i s able to release heat 
of the quantity Q at the temperature T shown in F i g . 5 (a) i s 
regarded as a process, the following equation similar to Eq. (4) 
holds. 

AH - -Q, A S = -Q/T, and D = T 0/T (5-a) 

Namely, the direction factor for a heat sink i s inversely 
proportional to i t s temperature. 

Heat sink. Similarly for a heat reservoir to absorb heat of the 
quantity Q at the temperature T shown in Fig. 5 (b), we obtain 

A H - Q, A S = Q/T, and D = T 0/T (5-b) 

Accordingly the vectors for the heat source or sink are equal 
to those of thermal processes shown in Fig. 3, when the logarith
mic mean temperature Tin i s replaced by the temperature T of the 
heat source or sink. 

Work source. When a work reservoir which i s able to release work 
of the quantity W shown in Fig. 6 i s regarded as a process, the 
following equations are obtained. 

AH - -W, A S - 0, and D = 0 (6-a) 

Work sink. Similarly for a work reservoir to absorb work of the 
quantity W shown in Fig. 6, we obtain 
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150 ) Refrigerant 

Heat Source 

( 298 / / 
j 200 / 

HEAT Q 
Refrigeration ) * cn

r 

M ™ D = T 0 / T l n at T l n [K] 

Figure 3. Vectors for thermal processes. 

T 0 A S 

M i x i n g 
( AH < 0, AS>0, A8<0)> 

< 91 CH3OH + 4 H2O > 
+ (9CH30H+ 146H20) 

=> {100CH30H+150H20) 
(D =-306) 

- A H 

S e p a r a t i o n 
(AH>0, AS<0, A 8 > 0 ) 
U 0 0 CH30H + 150 H2O} 
=> <91 CH30H + 4H20) 
+ <9CH30H+146H20> 

(D =-306) 

Figure 4. Vectors for separation and mixing processes. 
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^ Q 

(a) (b

Figure 5. Heat source (a) and heat sink (b) 

TQAS 

Work source 
- W 

-AH 

Work s i n k 
D = 0 

Figure 6 . Vectors for work source and sink. 
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AH - W, A S = 0, and D = 0 (6-b) 

The sources or sinks of e l e c t r i c i t y or l i g h t may also be 
regarded as special processes, but their vectors are equivalent to 
those of work sources or sinks. 

C l a s s i f i c a t i o n of processes on thermodynamic compass 
We have examined the characteristics of the enthalpy increase 

AH and entropy increase AS for a process. Then l e t us consider 
the exergy increase A £ for the process. 

When A E i s defined as the difference between the exergy of 
the outlet materials £out and that of the input ones £in> we have 

A £ = £ 0ut - £in 
= [(H-Ho) - T (S-S )]out " t(H-Ho)  T ( S - S ) ] i n 
- AH - T 0AS 
- AH (1 - D

In deriving the above equation, the following r e l a t i o n at the 
reference state i s applied. 

[Holin • [Holout and [ S 0 l i n • [Solout (8) 

When the concept of the exergy increase A £ i s applied, the 
process vector on the thermodynamic compass shown in Fig. 1 (b) 
may be decomposed into two vectors Q and W. The vector Q on the 
diagonal l i n e i s equivalent to the heat sink at the reference 
temperature T 0, of which dire c t i o n factor i s unity. On the other 
hand, the vector W on the abscissa i s equivalent to the work sink 
and has the magnitude of the exergy increase of the process, A£. 
In this way, the exergy increase A £ may eas i l y be obtained 
graphically from the process vector on the thermodynamic compass. 

Therefore the plane of the thermodynamic compass may be 
divided into six regions by these three l i n e s , AH 8 8 0 (ordinate), 
AS s 0 (abscissa), and A £ = 0 (diagonal l i n e ) , as shown in F i g . 7. 
According to this d i v i s i o n , the process may be c l a s s i f i e d into 

six types: heating, separation, re f r i g e r a t i o n , heat source, 
mixing, and refrigerant. With respect to AH, the process of the 
refrigerant, heating, and separation types are energy-accepting 
( i . e . , AH > 0) and those of the re f r i g e r a t i o n , heat source, and 
mixing types are energy-donating ( i . e . , AH < 0). With respect to 
A£, on the other hand, the processes of the heating, separation, 
and refr i g e r a t i o n types are exergy-accepting ( i . e . , A £ > 0) and 
those of the heat source, mixing, and refrigerant types are 
exergy-donating ( i . e . , A £ < 0). Also the former i s called 
endergonic and the l a t t e r exergonic. 

Other typical processes 
Before discussing about the characteristics of a process 

system consisting of plural processes, some other typical 
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processes such as reactions and polytropic processes w i l l be 
considered. 

Chemical reaction. To perform detailed exergy analyses of 
chemical reactions, information about composition of both 
reactants and products i s required. Then the changes i n enthalpy, 
entropy, exergy, and the direction factor for the reaction process 
can be calculated. For primary dicussions for the reaction system 
synthesis, however, the standard direction factor D° defined by 
the following equation may be u t i l i z e d . 

D° - T 0AS°/AH (9) 

where S° i s the entropy of each component under unit pressure. 
Figure 8 shows th

typ i c a l endergonic reactions
reactions a l l three types can be observed. However, the most 
common one may be the heating type of which examples are: the 
reduction of metallic oxides and the decomposition of water to 
hydrogen and oxygen. 

On the other hand, F i g . 9 shows the vectors for exergonic 
reactions. They often plays the role of donating exergy to other 
processes and their reactants especially with negative or small 
positive values for the direction factor such as ATP shown in F i g . 
9 are called high-exergy compounds. 

Since AH and AS are scarcely dependent on temperature T, the 
direction factor D for chemical reacions i s almost constant over a 
wide range of temperature, as shown in F i g . 10. When i t i s 
assumed to be independent of temperature, i t s value i s equal to 
the reciprocal of the dimensionless temperature at which the 
change in Gibbs free energy AG becomes zero as follows. 

D = ToAS/AH - To/Teq (10) 
where 

AG = AH - T AS = 0 at T = T e q 

By similar reason, the vectors for reactions in Figs. 8 and 9 are 
scarcely affected by the temperature. 

On the other hand, as shown in Fig. 11, the direction factor D 
i s affected by the pressure according to the following simple 
r e l a t i o n (6.) . 

# T A n P2 
D at P2 - D at P i = In (11) 

AH Pi 
where An denotes the change i n mole number by the reaction. 

The advantage of the d i r e c t i o n factor D for chemical 
reactions w i l l be discussed l a t e r . 

Polytropic process. Compression and expansion are important 
processes i n chemical industry. The changes in enthalpy and 
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Figure 8 . Examples of endergonic reactions . 
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Figure 9. Examples of exergonic reactions. 
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entropy of n moles of an ideal gas from the state at T i and P i to 
T2 and P2 can be obtained as follows. 

T2 
AH = n J cpdT - n c p ( T 2 - T l ) 

T l 

T2 c p P2 T2 c p Pi * 
AS - n [/ — d T - Jt I n — ] = n l n ( — ) (—) 

T l T Pi T l P2 

When the polytropic re l a t i o n , PV m - constant, i s assumed, the 
d i r e c t i o n factor i s given as follows (5): 

To 

(cp/c m) T i n 

where m i s the polytropic exponent and cm is the polytropic heat 
capacity defined by 

Cm " c v(m - Y )/(m - 1) 

Figure 12 shows the two process vectors. One i s the case 
when a mole of nitrogen at 298.2 K and 1 atm i s compressed up to 4 
atm and the other i s for the reverse case when the compressed 
nitrogen i s expanded again to 1 atm. Hence the dir e c t i o n factor 
becomes positive for compression ( i . e . , m>Y ) and negative for 
expansion ( i . e . , m<Y ). It i s zero for adiabatic compression or 
expansion ( i . e . , m =Y ) • 

Thermodynamics of a process system 
Let us consider a process system which consists of several 

processes such as heat exchange, separation, mixing, chemical 
reaction, and so on. 

Usually for the process with input and/or output of heat and 
work shown in Fig. 2, the f i r s t law of thermodynamics i s 
represented by the following equation. 

A H - Qin + Win - Qout -Wout (13) 

In the above equation, AH i s given as a derivative value, 
while Q and W are given as absolute values. As far as simple 
process systems are concerned, such description works well. As 
the process system becomes complex, however, i t sometimes leads to 
confusion. Then we may take two other approaches. 

Approach based on absolute values. By introducing the enthalpy at 
the reference state, H Q, and by replacing (H - H Q) by 0 , we have 
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[ 0 + Q + W]input - [ 0 + Q + W]output (14) 

0 i s the enthalpy calculated by setting zero at the reference 
state similar to the concept of exergy e . 

On the other hand, the second law gives r i s e to the following 
equation concerning with the exergy. 

To 
[0 + Q (1 ) + W]in 

T 
To 

- [0 + Q (1 ) + W]out + To S i r r (15) 
T 

where To S i r r represents the exergy destruction caused by 
i r r e v e r s i b i l i t y and take  alway  positiv  value

When this approac
state d e f i n i t e l y . 
Approach based on derivative values. As stated previously, the 
terms of heat and work may be treated as derivative values by 
introduncing special processes without the flow of materials. 

As a general case, l e t us consider a set of n processes 
enclosed in an adiabatic enclosure shown in Fig. 13 (a). Such a 
system i s called a process system. In this paper, the boundary of 
process systems i s represented by broken l i n e s , as shown in Fig. 
13. 

The f i r s t and second laws of thermodynamics for such a 
process system i s represented by 

ZAHi = 0 ( F i r s t law of thermodynamics) (16) 

EASi > 0 (Second law of thermodynamics) (17) 

The increase in entropy i s caused by i r r e v e r s i b i l i t y i n the 
system. 

From these two equations, the exergy destruction in the 
system i s obtained as 

-E A^i= - £ (AHi - ToASi) - ToEASi > 0 (18) 

From these equations i t i s concluded that the summation of 
a l l process vectors gives r i s e to a v e r t i c a l vector of which the 
magnitude corresponds to the exergy destruction, as shown in Fig. 
13 (b). 

To compare this approach with the previous one based on 
absolute values, consider a process system in which a process with 
AH and AS i s coupled with a heat source with Qin, a heat sink with 
Qout, a work source with Win, and a work sink with Wout- Then Eq. 
(14) i s obtained by substituting Eqs. (5) and (6) into Eq. (16). 
Similarly from Eq. (18) we have 
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To 
[0 + Q (1 ) + Wlin 

T 

To 
= [0 + Q (1- — ) + W]out + ToEASi (19) 

T 
Hence, by introducing the special four kinds of processes, the 
term T 0 S i r r in Eq. (15) i s found to be equal to T Q£ASi. 

Energy and Exergy Transformation in a Process System 

By adopting the derivative approach and applying the thermodynamic 
compass and the concept of a process system, we may demonstrate 
the characteristics of exergonic ( i . e . , exergy-donating) processes 
clea r l y . For example,
may compose a process syste
at the reference temperature To, giving r i s e to positive exergy 
destruction, as shown in Fig. 14 (a). Similarly, a process of the 
refrigerant type makes a process system by being coupled with a 
heat source at T 0, as shown in Fig. 14 (b). Hence the exergonic 
process i s defined as a process which i s able to compose a process 
system when i t i s coupled with a heat sink or source at the 
reference temperature To. On the other hand, the endergonic 
process needs some exergy source besides the heat source or sink 
at T 0 to compose a process system, as w i l l be discussed l a t e r . 

By taking notice of the transformation of exergy among 
processes, we may deal with physical processes and chemical ones 
in unified manner. For example, Fig. 15 (a) compares a heat 
exchanger and a chemical reactor. For the former case, the f l u i d 
passing through the inner tube w i l l gain heat, resulting in the 
temperature r i s e by a , whereas the f l u i d in the annulus gives 
exergy to the inner f l u i d . For the l a t t e r case, on the other 
hand, an endergonic reaction, FeO + H2 •> Fe + H20 takes place. 
These two systems seem to have nothing to do with each other. 
However, when the scheme of exergy transformation i s examined as 
shown on the right side of Fig. 15, we may find that they have 
quite similar structure. Actually this endergonic reaction i s of 
the heating type and hence i t s vector appears on the f i r s t 
quadrant as that of the heating process. 

Nevertheless the c r i t e r i o n of the heat exchanger has been 
described by the term of temperature, whereas that of the chemical 
reaction system by the Gibbs free energy. The above fact suggests 
that the same c r i t e r i o n may be applied to both cases when 
systematic analysis of a process system i s performed based on the 
concept of exergy transformation. This point w i l l be discussed 
more quantitatively in the lat e r section. 

We have observed that the processes of the same type may be 
perfomed by the same coupler and hence have similar scheme for the 
exergy transformation. Then suppose three endergonic processes of 
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TQAS 
Expansion 

(AH < 0, AS > 0, A6 < 0) 
N2 § 500. 4 , 4 

=> N21371.0.1 

(D =-0.216) 

Compression 
(AH > 0, AS > 0, A6 > 0) 
N28298.2. 1 

=> N2 8 500.4, 4 
( D « 0 . 1 8 3 ) 

Figure 12. Vectors for polytropic compression and expansion. 

T0AS 

C AHi = 0 
EASj I 0 

;ci) SYMBOL (b) VECTORS on THERMODYNAMIC COMPASS 

Figure 13. Concept of a process system. 

T0AS T0AS 

'Heat Sink 
D 
' Exergy-donating 

Process 
(Refrigerant type) 

— AH 

Exerqy-donati ng 
Process 

(Heat source type) 

(a) Heat source type (b) Refrigerant type 
Figure 14. Coupling of an endergonic process with a heat 
source or sink at T Q . 
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differe n t types shown in F i g . 16. Although the exergy increase of 
a l l these processes i s about 60 kJ, the procedures to realize them 
are quite diff e r e n t from each other. Therefore not only the 
exergy increase Ac but also the d i r e c t i o n of the vector on the 
thermodynamic compass D i s found to be a key parameter. In the 
next section, the relationship between the d i r e c t i o n of the 
process vector and various kinds of scheme of exergy 
transformation in a process system w i l l be discussed. 

Basic structures of a process system 

By representing each process by a vector on the thermodynamic 
compass, any process system may be represented as a set of 
vectors. When there are many processes in the system, however, 
the interaction among th
c l a r i f y such complicate
hierarchical structure o  a process syste  be introduced. 

It i s shown in this section that there are six basic 
structures and that even a complicated process system i s composed 
of the combination of these basic structures. 

Singular system. It i s found from Eqs. (16) and (17) that only a 
process with AH = 0 and AS > 0 i s able to constitute a process 
system by i t s e l f . Then i t can proceed spontaneously without 
tranformation of exergy with other processes, as schematically 
shown in F i g . 17 (b). Of couse i t s vector appears v e r t i c a l l y on 
the thermodynamic compass, as shown in Fig. 17 (a) and i t s length 
corresponds to the magnitude of the exergy destruction in the 
system. 

Figure 18 shows an example of a singular system when the 
water-gas-shift reaction takes place adiabatically. The braces 
mean the mixture and the quotation marks over the reaction formula 
shows that this reaction i s the target of this process system. 
The temperature [K] and pressure [atm] of the input and output 
streams are specified following the mark @. The adiabatic nature 
of this process i s disclosed by the value of AH. The exergy 
destruction T 0EASi i s , therefore, given by changing sign of the 
exergy increase of this adiabatic process. Adiabatic compression 
and expansion are other examples of the singular system. 

Binary system. The binary system composed of two processes i s the 
most basic system and i t i s quite frequently applied. Generally 
one of the binary processes i s the target and the other donates 
exergy to i t or accepts exergy from i t . Hence the l a t t e r process 
may be called a coupled process or simply coupler. 

When the processes 1 and 2 constitute a process system, the 
following equation i s derived from Eqs. (16) and (17). 

AHl(Dl - D2) k 0 (for a binary system) (20) 
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(a) HEAT EXCHANGER 
A at TA | t T ' 8

 T A + C ( A S J A J ^ ~ \ A J T A + -

Criterion for exergy flow: TA = T 

(b) ENDOTHERMIC
Reactant } f T 8 Product FeO + H; 

— 1 ^ = - - * 
T T - 6 

Criterion for exergy flow: AG s 0 

Fe + H20 

Common criterion Dha = Dhd 

Figure 15 . Analogy between physical processes and chemical 
processes . 

T0*SlkJ] 
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I6N2 at 298K 
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(D=1.6) / 
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CH4-*C+2H2(D=0.34) 
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5Or/{100CH3OH+150H2O> 
^<91CH30H + AH20> 
+ <9CH3OH + U6H20> 

\ (D=-31A) 

% 
Figure 16. Three kinds of processes with almost equivalent 
amount of A £ . 
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T Q A S 

(a) VECTOR (b) SYMBOL <c> SPEED 

Figure 17. Representation of a singular system. 

it H H i i it i i n H i i n 

{5C0 + 3H2 + C02 + 4H20) 1400.1 
=> <3C0 + 5H2 + 3C02 + 2H20> 1585,1 
AH= 0, A8*-27.4kJ, D=Infinite 

T0CASi=27.4 kJ 

Figure 18. SPEED for an adiabatic reaction system. 
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When one of the binary processes i s energy-accepting ( i . e . , 
AH > 0), the other i s always energy-donating ( i . e . , AH < 0). By 
denoting the di r e c t i o n factors of both processes by Dha and Dhd, 
respectively, the above equation reduces to 

Dha = Dhd (for a binary system) (21) 

because the enthalpy increase for the energy-accepting process, 
AHha> i s always positive. Eq. (20) or (21) i s the necessary 
condition for the binary system to hold. 

Let us apply the above c r i t e r i o n to two example cases shown 
in Fig. 15. 

For a heat exchanger, Eq. (5) i s substituted into Eq. (21), 
giving r i s e to the following c r i t e r i o n based on the mean 
temperature. 

[TlnJhd ^ [Tlnlha 

This i s the c r i t e r i o n of the heat exchanger derived from Eq. (21). 
With respect to chemical reactions, the most popular 

combination i s the case when an endothermic reaction i s coupled 
with a heat source as shown in Fig. 15 or an exothermic reaction 
i s coupled with a heat sink. Since the di r e c t i o n factor for heat 
sources or sinks at the temperature T i s given as T Q/T, the 
c r i t e r i o n , Eq. (20), i s reduced to 

A H[D - (T 0/T)] £ 0 (with heat source or sink at T) (22) 

or we may derive 

D > To/T for an endothermic reaction 
and 

D < T 0/T for an exothermic reaction 

where D i s the dire c t i o n factor for the reaction process. 
Therefore, only from the value of D , we may estimate the 

temperature range in which the reaction may proceed. As a 
f i r s t - s t e p approximation, we may use D at the reference 
temperature To, since D i s almost independent of temperature, as 
shown in Fig. 10. This point may be an important advantage of the 
c r i t e r i o n based on D especially for reaction system synthesis. 

When -(T/T 0) i s multiplied to both sides of Eq. (22), the 
left-hand side becomes equal to the increase in Gibbs free energy 
AG and we obtain the following r e l a t i o n . 

AG = AH - TAS = - TE ASi £ 0 
(with heat sink or source at T) 

This c r i t e r i o n i s very popular in chemistry to examine the 
equilibrium condition for reactions and i t can ea s i l y be derived 
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from more general c r i t e r i o n , Eq. (21). For example, the c r i t e r i o n 
based on Gibbs free energy i s v a l i d only for isothermal systems 
but Eq. (21) may be applied also to nonisothermal systems. This 
advantage i s efficacious in the exergy analysis of a process 
system, because almost a l l processes i n process systems proceed 
nonisothermally. 

Figure 19 (a) shows that there are four combinations between 
an endergonic process (denoted as 1) and an exergonic one (denoted 
as 2). Namely, for a process of the heating type, we may combine 
a process of the heat source or mixing type, as shown in Figs. 19 
(a-i) and ( a - i i ) . A process of the separation type needs a 
process of the mixing type, as shown in Fig. 19 ( a - i i i ) . Hence, 
as far as the binary system i s concerned, a process of the other 
types cannot be coupled with a process of the separation type. 
Similarly, a process o
the refrigerant type, a
above processes the exergy transforms fro  the exergonic process 
(Process 2) to the endergonic one (Process 1), as shown in Fig. 19 
(b) . When the target process i s endergonic, an exergy donor may 
become the coupler. On the other hand, when the target i s 
exergonic, an exergy acceptor w i l l be coupled, as shown in Fig. 19 
(c) . 

In order to represent the transformation of exergy among 
processes and the hierarchical structure of a process system, we 
w i l l introduce the Structured Process Energy-Exergy-flow Diagram 
which w i l l be abbreviated as SPEED (7,8). The SPEED i s a 
computer-oriented diagram which has functions l i k e a process flow 
diagram but can ea s i l y be read by a computer. It i s proposed to 
describe the scheme of transformation of exergy among processes 
and to disclose the hierarchical structure of a process system. 
Namely, the target process i s declared d e f i n i t e l y at the top. To 
identify i t as the target, the quotation mark i s typed over i t s 
formula, whereas the exergy donor and the exergy acceptor are 
represented by setting a straight l i n e and a ripple l i n e , 
respectively. In the SPEED, couplers such as donors or acceptors 
are below the target in rank and the indent i s set before 
couplers, as shown in Fig. 19 (c). By introducing these rules, 
a l l thermodynamic calculations can be performed by a computer. 

On the other hand, when the binary processes are both 
exergonic, there are only two combinations, as shown in Fig. 20 
(a): One i s the combination of the mixing and refrigerant types 
and the other of the combination of the heat source and 
refrigerant types. A process system to cool a certain substance 
at 400 K to 300 K by a refrigerant at the temperature less than 
the reference temperature To i s an example of the l a t t e r 
combination. In such a process system, the summation of the 
exergy decrease -£A £ for both processes y i e l d the exergy 
destruction in the process system. Since the coupler in such a 
system usually plays the role of accelerating the rate of the 
target process, i t i s called the accelerator and denoted by a 
a double l i n e in SPEED, as shown in Fi g . 20 (c). 
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Multicoupler system. The target may be linked with plural 
couplers such as exergy donors, acceptors, and/or accelerators, as 
shown in Fig. 21 (a). Such a set of processes i s called a 
multicoupler system. An example i s seen in the e l e c t r o l y s i s of 
water. From the value of the direction factor of the target 
process, the temperature as high as 6000 K (T 0/T = 0.05) i s 
required when only a heat source i s selected as exergy donor. On 
the other hand, when an e l e c t r i c i t y source and a heat source at 
the ambient temperature To are selected as couplers, an ideal 
process system with no exergy destruction may theoretically be 
constructed as shown in Fig. 22. As seen in this figure, the 
required quantity of e l e c t r i c i t y corresponds to the change in 
Gibbs free energy A G of the target, and i t i s to be noted that 
the heat source at To supplies the rest of energy. In the SPEED, 
the couplers which are linked to the same target are typed in the 
same rank. 

Another example o
system, i t was mentioned in Fig. 19 ( a - i i i ) that the separation 
type has only one combination, namely with the mixing type, i t i s 
known that active transport of various kinds of ions may be 
achieved by the help of the hydrolysis of ATP of the mixing type. 
As shown in Fig. 23, we may synthesize a process of mixing type P 
by combining two vectors of different types. For d i s t i l l a t i o n , 
for example, the process in the reboiler i s of the heat source 
type (vector i - a in Fig. 23), and that i n the condenser i s of the 
heating type ( i - b ) . Addition of these two vectors results i n a 
vector of of the mixing type, P. Other examples are addition of 
the vector of the refrigerant type ( i i - a ) and that of the 
ref r i g e r a t i o n type ( i i - b ) or of the vector on the abscissa ( i i i - a , 
an extreme case of the heat source type) and that of the heating 
type ( i i i - b ) . The former may be observed for the case of 
low-temperature separation and the l a t t e r for el e c t r o d i a l y s i s or 
reverse osmosis. 

When two processes a and b are combined, the resultant 
process has the following properties. 

AHa+b - AH a + AHb (23) 

AH aD a + AHbDb 
Da+b (24) 

AH a + AHb 

The process system which contains several couplers for a 
single target may be converted to a binary process system by 
assembling a l l coupled processes into one coupler as schematically 
shown in Fig. 21. 

Multitarget system. Since a process i s tr a n s i t i o n of the state of 
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T 0 A S T Q A S 

(a-i) Heat eink (o-ii) t ©ink 
& Heat source &

(a-iii) Separation (a-iv) Refrigeration 
& Mixing & Refrigerant 

Figure 19 . Combination of enderdonic process 1 and exergonic 
process 2 . 

Figure 20 . Combination of two exergonic processes . 
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Unification 
\ £At!ci - AHC \ EASci = ASC 

* Breakdown 

COUPLER 3 

TARGET 

COMBINED 

(a) Multicoupler system (b) Binary system 

Figure 21 . The scheme of a multi-coupler system and i t s 
re l a t i o n to a binary system. 

T0AS 

Q = T AS 

H2O -> H2 + 0.5 02 
AH=242kJ, A8=229kJ, D» 0. 055 

•Electricity source 
AH=-229 kJ, A8=-229 kJ f D= 0 
•Heat source I TQ 

AH= -13 kJ, A6= 0 kJ f D= 1 
ToEASi=0 

Figure 22. Thermodynamic compass and SPEED for e l e c t r o l y s i s 
of water . 
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materials, the target may be decomposed into series of subtargets, 
in which the output of a subtarget may become the input of the 
next subtarget, as shown in F i g . 24. In order to convert A to B, 
A i s f i r s t reacted with M, giving r i s e to C. Then C i s converted 
to D. And f i n a l l y D gives B and M. Hence, the summation of 
changes i n enthalpy and entropy of the subtargets becomes 
equilvalent to those of the o r i g i n a l target. 

For example, for the target of decomposition of water into 
hydrogen and oxygen, we have subtargets such as 

H20 + Zn => ZnO + H2 
ZnO •> Zn +

On the thermodynamic compass, addition of the two subtarget 
vectors gives r i s e to the target vector as shown in F i g . 25. 

When a target i s decomposed into several subtargets, each 
subtarget and i t s coupled processes compose a process system of 
smaller scale, i . e . , a subsystem, as shown by the broken l i n e s in 
Fi g . 24. For each subsystem, Eqs. (16) and (17) hold and we can 
obtain the exergy destruction in i t , as shown in Fig. 26. Since 
the subtarget has the same characteristics as the target, the 
quotation mark i s used also for subtargets in the SPEED. 

By intoducing proper subtarget processes, each subsystem may 
be performed under milder conditions. In this example, the 
di r e c t i o n factor for the decomposition of zinc oxide i s 0.16 and 
hence the temperature should be as high as 2000 K. But this 
temperature i s much less than that of the target process, 6000 K. 

Looping multimediator system. Even when there i s only one target 
process, the process system may be decomposed to several 
subsystems by u t i l i z i n g mediators. These mediators function as 
ca r r i e r s of energy (enthalpy), entropy, and/or exergy. Figure 27 
shows the scheme of the mediator loop. In this example, the loop 
consists of three mediators, Ml «> M2, M2 •> M3, and M3 •> Ml. 
The f i r s t i s linked to the target process, and the others to the 
couplers. Mediators are denoted by a dotted l i n e in the SPEED. 

For a looping multimediator system, we have 

Hence, when a l l mediators are eliminated, i t may be reduced to a 
multicoupler system. 

When there are mediators i n the system, we may decompose the 
system into subsystems which are also enclosed by broken lin e s i n 
Fi g . 27. 

Also there are many hiera r c h i c a l structures which have 
multitargets and looping multimediators simultaneously. An 

Target process = E Subtarget process ( i ) (25) 

E Mediator processes ( i ) - 0 (26) 
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Figure 23. Synthesis of a mixing-type process P from two 
processes a and b . 

Figure 24. The scheme and SPEED for a multitarget system 
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TQAS 

H20 + Zn 
=> Zn0 + H2 
(SUBTARGET 1) 

(SUBTARGET 2) 
ZnO => Zn + 0.5 02 

H2O =
(TARGET) 

H2O => H2 + a 5 0 2 
A H - 2 4 2 kJ,M m A e - 229 kJ. D- a 055 

H20 + Zn -> ZnO + H2 
AH—222 kJ. A e — 1 6 4 k J , 0 - 0 . 2 5 8 

ZnO -> Zn + 0.502 
AH- 444 kJ, AS- 375 kJ, D« 0.155 

•HEAT SOURCE §2200 K 
AH—444 kJ, A6--384 kJ, D-0.136 

Figure 25, 
(TARGET) 

A multi-reaction system for decomposition of water-

H20 + Zn 
=> Zn0 + h*20 
(SUBTARGET 1) 

(SUBTARGET 2) 
ZnO -> Zn + 0.5 02 

(a) (b) 

Figure 26 • Thermodynamic compasses of two reaction subsystems 
for decomposition of water • 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



10. ISHIDA Hierarchical Structure of a Process System 205 

example i s Carnot cycle of which process scheme i s shown in F i g . 
28, where four processes, isothermal expansion, adiabatic 
expansion, isothermal compression, and adiabatic compression of 
ideal gas form a mediator loop and transform thermal energy into 
work. The process vectors for each subsystem in the Carnot cycle 
are shown in Figs. 29 (a) through (d). In the isothermal 
expansion, (a) in F i g . 29, the heat source gives entire energy to 
the work sink and the entropy i s stored in the expanded gas. In 
the adiabatic expansion, (b) in Fig. 29, the mediator plays the 
role of a donor to produce work. It accompanies no increase in 
entropy but the decrease in pressure and temperature of the gas. 
The next two stages are introduced to satisfy Eq. (26) by 
consuming a part of work produced in the previous two stages. 
Namely in the isothermal compression, (c) in Fig. 29, some work i s 
applied and the entrop
completely transferred t
In the adiabatic compression, (d) in Fig. 29, work i s applied 
again to raise the pressure and temperature of the gas t i l l the 
i n i t i a l state. 

As a whole, the Carnot cycle i s found to consist of a 
mediator loop shown in Fig. 30 (a) and a multicoupler system 
composed of a net work sink as an overall target and the two 
couplers: a heat source at high temperature and a heat sink at low 
temperature, as shown in Fig. 30 (b). Hence the mediators act as 
c a r r i e r of energy and entropy. 

Accomodated process system. It i s found in the previous sections 
that the hierarchical network of the SPEED i s constructed based on 
subtargets and looping mediators. In actual process systems, 
however, there may be subsystems to supply donor reactants or 
exergy-donating u t i l i t i e s such as e l e c t r i c i t y and steam. Such 
subsystems cannnot be c l a s s i f i e d into the previous groups because 
the product of the target in the subsystem appears i n the couplers 
of the main process system. Therefore they are called the 
accomodated process system and treated separately. Since each 
accomodated system has a target, we may construct a SPEED for each 
accomodated subsystem. 

Summary of SPEED analysis 

The exergy analysis of an existing process system by the SPEED and 
the thermodynamic compass may be performed by the following steps. 
1) Specify the target process. 
2) L i s t the coupled processes. 
3) Disclose the system structure. 
4) Output the exergy destruction. 

The f i r s t step i s generally easy. Note however that the 
target i s given in the form of a process in the SPEED. In the 
second step, main exergy donors, acceptors, and accelerators are 
l i s t e d . In the third step we may find subtargets and/or looping 
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•WORK SINK 
* •WORK SINK 

ISOTHERMAL EXPANSION iMl 
•HEAT SOURCE §T n 

•WORK SINK 
ADIABATIC EXPANSION |M2 

•WORK SOURCE 
VSOTHERMAL̂ COMPRESSION iM3 

•HEAT SINK ST 0 

•WORK SOURCE 
ADIABATIC COMPRESSION »M4 

Figure 28. The scheme and SPEED for Carnot cycle system. 
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ISOTHERMAL 
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(MEDIATOR 1) 

— A H 
WORK SINK 

HEAT SOURCE S T h
 ( S U B T A R G E T D 

(COUPLER 1) 
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TQAS 

ADIABATIC 
EXPANSION 

(MEDIATOR 2) 

WORK SOURCE 
(SUBTARGET 3) 

/ 
HEAT SINK 0 T Q 

/ (COUPLER 2) 
AH 

ISOTHERMAL 
COMPRESSION 
(MEDIATOR 3) 

WORK SOURCE 
(SUBTARGET 4) 

ADIABATIC 
COMPRESSION 
(MEDIATOR 4) 

(c) Isothermal compression (d) Adiabatic compression 

Figure 29 . Thermodynamic compasses of four subsystems i n 
Carnot cycle . 
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ADIABATIC 
EXPANSION 

(M2) 
ISOTHERMAL / u o > COMPRESSION ( M 3 ) 

(M4) 
ADIABATIC 
COMPRESSION 

o /U1NISOTHERMAL 
( M 1 ) EXPANSION 

HEAT SOURCE 
« T h 

(COUPLER 1) 

/ 
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> AH 
NET WORK SINK 

(TARGET) 

(a) Vectors for mediators (b) Vectors for overall system 

Figure 30. Mediator loop and thermodynamic compass for the 
whole Carnot cycle system. 
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mediators. The second and third steps are quite important, 
especially when the process system becomes complex. During these 
steps, the hierarchical scheme of energy and exergy transformation 
among processes may be c l a r i f i e d . When the SPEED i s completed, 
the computer w i l l read i t and the exergy destruction in each 
subsystem as well as the whole system may automatically be 
outputted. Namely, i n the SPEED, the thermodynamic calculations 
are performed by the computer based on the compiled data base, and 
the values of A H , A £, and D are outputted for each process and the 
exergy destruction To E S i for a process system ( 8 ) . 

On the other hand, synthesis i s a problem to construct a 
SPEED for a given target, i . e . , to find appropriate subtargets, 
mediators, exergy donors, exergy acceptors, and accelerators. 
Since the SPEED i s constructed based on top-down description, i t 
may be performed as follows
1) Specify the target process
2) Introduce appropriat  subtarget  looping

compose subprocesses. 
3) Judge whether the target may be realized by appropriate 

couplers. If impossible, jump to step 2). 
4) Take mixtures into consideration, i f necessary, and solve the 

separation and heat exchange tasks. 
5) Output the exergy destruction 
6) Modify the i n l e t or outlet conditions of the process and/or the 

system structure i f necessary. 

Conclusion 

1) On the thermodynamic compass, processes are c l a s s i f i e d into six 
types heating, separation, re f r i g e r a t i o n , heat source, 
mixing, and refrigerant from the viewpoint of thermo
dynamics. This c l a s s i f i c a t i o n can be applied to both physical 
and chemical processes. 

2) The d i r e c t i o n facctor D (=TQAS/AH) i s given as T 0/Tln for 
thermal processes, T 0/T eq for chemical reactions, and 
To[(cp/c m)Tln] for polytropic processes. Based on i t , 
a new c r i t e r i o n for processes to constitute a process system i s 
derived. 

3) Six basic system structures singular system, binary system, 
multicoupler system, multitarget system, looping multimediator 
system, and accomodated system are introduced from the 
viewpoint of exergy transformation and a top-down hierarchical 
description of the whole process system based on the SPEED i s 
demonstrated. 
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Appendix 1 E f f i c i e n c y of exergy transformation 

We have discussed two kinds of approaches based on absolute values 
and on derivative ones. Both approaches may also be applied to 
defining the e f f i c i e n c y of the exergy transformation in the 
process system. 

Based on absolute values. When the input and output of materials, 
heat, and work for the whole process i s considered, the effi c i e n c y 
of the exergy transformation from a l l inputs to the objective 
outputs i s obtained as follows. 

Exergy of objective outputs 

n £ = 
Exergy o

Exerg
= (27) 

Exergy of objective outputs + Exergy 
of wastes + Exergy destruction 

When we adopt this d e f i n i t i o n , the objective outputs must be 
declared e x p l i c i t e l y . 

Since a l l terms i n Eq. (27) are positive, the value of P, e 
ranges from zero to unity. For ideal ( i . e . reversible) process 
systems, r j e i s given as unity. 

Based on derivative values. When the exergy transformation among 
the target process and the coupled processes i s taken into 
consideration, the ef f i c i e n c y of the exergy transformation i s 
given as 

Exergy increase in the target process 

Exergy decrease in the coupled processes 

Exergy increase in the target process 
(28) 

Exergy increase in the target process 
+ Exergy destruction 

In this case, the target process should be specified c l e a r l y . For 
ideal process systems, Tl A e i s unity. When the numerater i s 
negative, however, i t becomes greater than unity. This i s because 

has the physical meaning only when the target i s endergonic. 
In any way, since there are some arbitrariness i n choosing 

either objective outputs or target processes, the value of the 
ef f i c i e n c y must be interpreted c a r e f u l l y . 
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(with D varying) 

(with 0 varying) 

(a) System of distributed-
parameter processes 

(b) System of multistaged lumped-
parameter processes 

Figure A l . Decomposition of distributed-parameter process 
into multistaged lumped-parameter process • 
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Appendix 2 Distributed parameter analysis 

In this paper, the direction factor D is calculated based on the 
changes in enthalpy and entropy between inputs and outputs. 
Namely we have regarded D as a lumped parameter. 

We may take another viewpoint by taking into consideration 
the variation of the direction factor in a process. A simple 
method to analyze the effect of the distribution of D to decompose 
the process into multistaged lumped-parameter processes in such a 
manner that each subsystem may satisfy Eqs. (16) and (17), as 
shown in Fig. A l . Therefore we have the following equation for 
the i-th subsystem. 

D h a ( i ) I D h d ( i ) (29) 

And the exergy destructio

ToEASi(i) = A H h a ( i ) [ D h a ( i ) - D h d ( i ) l (30) 

Then the exergy destruction for any process system may be obtained 
as the shaded area on the energy - direction factor diagram shown 
in Fig. A2. When the number of subprocesses is increased, the 
width of each AHha^1^ is decreased, resulting in continuous change 
in D h a ^ and D h d ^ . Of course the exergy destruction obtained 
in this method is the same as that in the text (9„), but Eq. (29) 
becomes now the sufficient condition for a process system to hold. 
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Strategic Use of Thermoeconomics 
for System Improvement 

Y. EL-SAYED and M. TRIBUS 

Center for Advanced Engineering Study, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Second Law analysi
helps to understan
energy intensive system. This understanding may 
guide to innovative conceptual system designs. 
Familiar examples in the steady state are used for 
i l lustrative purposes. 

A process engineer creating a conceptual design for an energy 
intensive system is expected to consider the extremization of 
two leading cri ter ia: an energy efficiency criterion and a cost 
criterion which includes competing material demands. Both are 
usually subject to constraints imposed for technical, environ
mental, economic or legal reasons. 

The options open to meet these cri ter ia include: 
• Choose another operating point (different pressure, 

flow rate, . . . ) 
• Redesign the flow chart (introduce new device, add 

or remove items of equipment, provide by-pass flows, 
. . . ) 

• Redefine the purpose (consider a dual purpose, find 
a use for a wasted stream, . . . ) 

• Modify environment (relax or control a boundary 
constraint, negotiate a legal constraint, . . . ) 

• Identify areas for R&D implementations 
With the help of computer programs and suitable strategy 

for their use, i t is possible to examine a great number of 
alternative solutions energy-wise and cost-wise and to enhance 
the evolution to competitive alternatives. 

A good strategy takes into account the evolutionary nature 
of design concepts, the appropriate level of detail of describing 
the system and the degree of accuracy of available and assumed 
data for properties, performance and cost. 

The purpose of this study is to develop such a strategy 

0097-6156/83/0235-0215S06.75/0 
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from a s o l i d theoretical base and to formalize what many good 
engineers appear to do informally. 

The basic idea i s to treat a system or a plant as i f i t i s 
embedded i n two environments: 

1) A physical environment described by a reference pressure 
Po» reference temperature T 0, and a set of reference 
chemical potentials [y c Q ] (or alternatively reference 
compositions [x c Q ] ) 

2) An economic environment described by a set of reference 
prices [c^] including that of c a p i t a l 

With the system embedded i n the physical environment a l l 
materials and energies of interest are evaluated according to 
their work potentials (exergies)• The c r i t e r i o n for the system 
i s a work measure. A t y p i c a l function rated per unit time i s 

• 0 f e - EEI - EEP (1

where the f i r s t term i s the sum of a l l input exergies, the 
second term i s the sum of a l l useful product exergies, and the 
function i s to be minimized. The c r i t e r i o n may also take an 
e f f i c i e n c y form to be maximized. 

With the system embedded i n the economic environment, a l l 
the energies and materials of interest are evaluated according 
to t h e i r economic potentials (costs). The c r i t e r i o n function 
i s a cost measure. A t y p i c a l function rated per unit time i s 

<f>o,c = E c f F + l z ' 2 c p p <2> 

where the f i r s t term i s the cost of major feed stocks, the 
second i s the cost of processing devices of competing material 
content and the t h i r d i s the value of useful products. The 
function i s to be minimized. 

Thermoeconomics makes the connection between these two 
evaluations v i s i b l e throughout the system;. 

The idea of coupling physical and cost streams i s not new. 
The e a r l i e s t example of which we are aware i s due to Manson 
Benedict i n an unpublished set of notes i n 1949 reported by 
Gyftopoulis (1). Other examples have been reported (10, 11, 12). 

Potential Work and Lost Work Functions 

The i r r e v e r s i b i l i t y accompanying a steady flow process may be 
computed for any zone by noting the fluxes of entropy into and 
out of the zone. Leaving aside the problems posed by semi
permeable membranes, which introduce ambiguities into the meanings 
of heat and work, (2), equation (3) provides such a balance: 

S c r= gmeSe-EmiSi-EQb/Tb (3) 
I D 

As de-Nevers has pointed out (3), equation (3) s u f f i c e s to 
compute the " l o s t work", T 0 S c r , of the process i n the zone, 
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requiring only knowledge of T Q, the reference temperature and 
of absolute entropies, which are usually computed anyway as 
part of cycle calculations. 

It i s easy to apply equation (3) to a l l the system or to 
a subsystem. However, i t i s also desirable to evaluate the 
los t work which accompanies the discharge of a stream into a 
reference environment or alternatively the maximum work which 
can be obtained i f the stream i s brought reversibly to the state 
of the reference environment. The function "Essergy" equation 
(4), derived and named by Evans (4) leads to such evaluations 

E = D + P o V - T QS - E y c > c N c (4) 

(see nomenclature). Equation (4) requires i n addition to the 
knowledge of T Q, the knowledg
reference compositions [x
to a flowing stream equation (5) for the "Flow Essergy  i s 
obtained 

E f = H - T GS - Sy N c (5) 
c * 

There seems to be an agreement to name equation (5) "Exergy". 
The l o s t work (called also dissipation), i n a system or a sub
system may also be computed from an "exergy balance" according 
to equation (6). 

T QS c r=EE f -EE f +EEQ -EEQ +EE* -EE W -dE _ ,/dt (6) 
0 i n out i n out i n out stored 

In using equation (6) work flux i s taken as equal to exergie flux. 
Heat flux i s multiplied by the Carnot r a t i o to obtain i t s exergie 
flux, i . e . 

E Q=Q(T-T Q)/T (6a) 

The dissipation i n a plant i s equal to the sum of the dissipations 
i n the separate zones of the plant. Therefore, i f the t o t a l 
dissipation i n the plant i s , T Q S c r , i t may be decomposed into: 

T S c r = E a k (6b) 
0 k k 

where, 0*̂ , represents the dissipation i n zone k. 

The Costing of Exergies and Dissipations 
There are mainly two reasons for attaching a price tag to an 
exergy or to a dissipation somewhere i n the system whether the 
c r i t e r i o n i s an energy e f f i c i e n c y c r i t e r i o n such as equation (1) 
or a cost c r i t e r i o n such as equation (2). The reasons are: 

• To obtain a d i s t r i b u t i o n throughout the system of the 
items involved i n the c r i t e r i o n function 
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• To change the d i s t r i b u t i o n i n a d i r e c t i o n extremizing 
the c r i t e r i o n function 

The f i r s t reason results i n a set of direct prices [y]. The 
second reason results i n a set of d i f f e r e n t i a l prices [6]. The 
two kinds of prices permit two different modes of analysis: 

Thermoeconomic accounting using algebraically determined 
prices permitting comparisons of subsystems and t h e i r 
costing items as though they were r e l a t i v e l y independent. 
Thermoeconomic optimization using d i f f e r e n t i a l l y derived 
prices, permitting the analysis of the system's l o c a l 
and global responses to well specified small changes i n 
the state of the system, and leading to s e n s i t i v i t y 
analysis and optimization techniques. 

Two subsets of the d i f f e r e n t i a l prices [6] are most conven
ient i n directing to improve
Marginal prices [0] and
i s the change of the c r i t e r i o n function per unit change of a 
free variable. A shadow price X i s the change per unit change 
of a dependent variable. Exergy and dissipation prices follow 
by the chain rule. 

For example considering the energy c r i t e r i o n , equation (1), 
for a single exergy input EI and a single fixed produce EP, a l l 
direct prices are unity, i . e . 

and the d i f f e r e n t i a l price of a d i s s i p a t i o n o*j due to a change 
of a free variable y, i s 

Performance-Cost Modeling 
The computation of exergies and dissipations and t h e i r costing 
requires a mathematical description of the system's performance 
and cost. 

A suitable l e v e l of d e t a i l for the purpose of comparing 
alternative design concepts i s the description of the performance 
and the cost of each subsystem by o v e r a l l descriptors. A more 
detailed description may be achieved by subdividing the subsystems 
into smaller subsystems. 

Essential relations describing each subsystem are o v e r a l l 
equations for mass balance, for energy balance, for performance, 
and for costing i n terms of performance. Presently available 
cost trends (17) i n terms of capacity parameters (e.g. area, 
mass rate, power, ...) are suitable costing equations to s t a r t 
with. They may be implemented to include the influence of 
variables such as pressure, temperature or e f f i c i e n c y whenever 
s u f f i c i e n t data are available. 

(7a) 

e j ^ - O E I / a y ^ / O a j / B y ^ (7b) 
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Thermoeconomic Accounting 
Thermoeconomic accounting usually involves a cost c r i t e r i o n . In 
this mode of analysis the effect of the economic environment i s 
traced by following each input stream and assigning monetary 
values i n accordance with the exergie content. For example, the 
pressure portion of the exergy may be followed from a pump to 
the f r i c t i o n a l dissipation i n a heat exchanger. The cost to 
produce the f l u i d mechanical exergy at the pump can be assigned 
to the pressure drop process. This assignment makes i t evident 
at what cost per unit of pressure loss i t pays to change the 
heat exchanger. The exergy i n f l u x with stream " i " may be 
apportioned to either an exiting useful stream ("j"), an exiti n g 
wasted stream ("£") or a dissipation process ("k"). In the 
accounting mode the engineer simply studies the process diagram 
and assigns values to

The prices of exergies [EP] and [ER] and of dissipations [o] are 
obtained by multiplying each input EI^ by i t s boundary price and 
summing over a l l inputs. Consider for s i m p l i c i t y a plant with 
only one input and one product stream, with the objective to 
reduce the cost as much as possible. For such a system the 
objective function i s : 

$0=aEI+Ezk-gEP (9) 
k 

a and 3 are the boundary prices for input and product exergies. 
I f the exergie output i s fixed, EI, may be eliminated between (8) 
and (9) to give: 

$ 0 =E (aa k+z k)+EaER£+(a-g) EP (10) 
k % 

On the other hand, i f the input were fixed, as i n rationing, the 
value of EP would have been eliminated to give: 

*o" Z (^+z k) +^BER i l+(a-B)EI (11) 
k % 

The f i r s t terms i n equations (10) and (11) are the cost of 
amortization and dissipation i n each zone. In (10) the di s s i p a 
t i o n i s " p r i c e d " at the cost of the extra f u e l required to make 
up for the losses. In (11) the price r e f l e c t s l o s t revenue 
through loss i n production at fixed input. 

When there are several inputs and outputs, the assignment 
of the x's i n equation (8) may become arbitrary. When the prices 
per unit of exergy i n the input streams are not too di f f e r e n t , 
i t i s useful to define an average price a* and use this average 
i n the calculations. This kind of accounting allows the 
comparison of the cost of dissipators with the cost of th e i r 
dissipations* 
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Another accounting approach i s proposed by Gaggioli (11) 
by which the cost of input energy and the cost of processing 
devices are allocated to a set of useful product exergies within 
the system. The price of a dissipation i s the price of i t s 
immediate exergy input. This kind of accounting permits the 
comparison of alternative subsystems producing the same product 
exergy. The accounting approach i s the simplest to use and often 
reveals opportunities for improvement which are not otherwise 
obvious. The accounting method, however, does not use knowledge 
of system behaviour. It does not reveal how a c a p i t a l investment 
i n one part of the plant may affect the entropy generation i n 
another. In the accounting method, entropy generation i s a 
number not a function. Thermoeconomic accounting i s demonstrated 
i n example 1. 

Thermoeconomic Optimizatio

Direct prices do not take into account the effect a decision i n 
one part of a plant may have on the i r r e v e r s i b i l i t i e s i n another. 
Marginal and shadow prices do this but are more complicated to 
compute. They depend upon the system of equations (and t h e i r 
f i r s t derivatives with respect to the variables of interest) 
rather than upon only the states of various zones. The mathemati
c a l description of a thermodynamic process requires the s p e c i f i 
cation of a set of "equations of constraint", represented here 
by the set, [fc^O]. The thermodynamic performance and stream 
variables are divided into two sets, state and decision variables, 
represented by [x.] and [y^]* and each of the defining functions, 
[$.], i s expressed i n terms of these variables. I f the objective 
function, $ , (whether i t i s an energy objective or a cost 
objective) i s s i m i l a r l y expressed, a Lagrangian may be defined 
according to: 

L=<1> +EA.$. (12) 
j 3 3 

The way Lagrange's method of undetermined multipliers i s i n t e r 
preted here i s not conventional. The approach i s described i n 
Appendix A. To guarantee that L i s independent of the set [ X J ] , 
set: 

3L/3xj=EAibi..+boj=0 (13) 

The solution of the set of l i n e a r equations represented by (13) 
determines the shadow prices. In terms of these prices the 
marginal prices are given by: 

e k=3L/3y k=EX i a i k +a o k (14) 

When the functions $ Q and [$.] are analytic, the optimum i s 
defined by 6k=0. 
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As proposed by Fax and M i l l s (6), i t i s easier to keep track 
of the various derivatives i f they are put into a matrix as 
shown i n Table (1). In the general case, the shadow and 
marginal prices may be found from: 

^ k ^ ^ o k i - ^ J ^ i j i " 1 ^ ^ ( 1 5 ) 

I f the basis matrix can be diagonalized, the marginal and shadow 
prices may be found i n a direct way. 

The matrices indicated i n equation (15) are known as 
Jacobians. The properties of Jacobians have been of interest 
to thermodynamicists for many years and may be used to fin d an 
interesting interpretatio
Using the methods describe

J[A]=J 

J[B]=J 

J[C]=J 

L x l , - - # V l , X i , x i + l f - ' - x n J 

*n] 
X-.... x I 

. 1 n J 11 J 
$ , $ | 

1' n ! o I 
j v V y k J 

(16) 

With these d e f i n i t i o n s , the shadow and marginal prices are found 
to be: 

v- J M / J I B W {ftl"!;i;r.lj=-< w w ^ - o ] ( i 7 ) 

*~T^J=< 3V 3V[yo] (18) 
When the state variables s a t i s f y the equations of constraint, the 
Lagrangian i s equal to the objective function. Since the 
Lagrangian i s then independent of the state variables, there are 
only three ways i n which the objective function can be changed: 

1. Change a decision variable ( i . e . , change the operating 
point) 

2. A l t e r a constraint 
3. Change something i n the reference environments (physical 

or economic) 
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Table 1. System Matrix (n+1) (n+f) 
Derivatives 

• • X j • • • • • 
3$i/3y k=a i k 

Yk v f 
*1 b n . . 

• 
•• by••• • • D l n a l l - - a l k . . . . a l f 

* i b ± 1 . . • • b i j b i n a i o - - •• a i k - * ' * a i f 

*n b n l " • * b n j bnn •• ^k'* * # a n f 

Objective 
*0 b o l " • , b

0 j b o n a o l " •• aok*• • # a o f 

For fixed environments, we have: 

S$ 0=£ 0$ Q/3y k)dy k+i:(3$ /3$ ) 6$ (19) 
k j 

But i n view of the previous equations, 

6$ =Ee,dy.-SX.6$. (20) 
° k j 3 3 

Not ing that $± =$1. -x., we have: 
J 3 

6$ =i:e,dy,+i:x,6x, (21) 
k fc j 3 J 

We have found that shadow prices are easier to interpret i f they 
are expressed as multiples of exergy prices by using the equation: 

A j = V x j / 8 E j ( 2 2 ) 

Marginal prices are more informative i f expressed i n non-dimen
sional form, 0^, using: 

< W k / $ o ( 2 3 ) 

Once the sets of prices, [ 6 k ] , [X^], are kitown, the prices asso
ciated with a change i n an exergy or a dissipation may be 
obtained from the corresponding 6 k or Xi by the chain rule. I f , 
for example, an exergy stream E g , has y k and x-̂  as variables, 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



11. EL-SAYED AND TRIBUS Thermoeconomics for System Improvement 223 

then the prices associated with the changes of E s through the 

Both modes of thermoeconomic analysis, accounting and optimiza
t i o n , are i l l u s t r a t e d i n example 2, considering a cost c r i t e r i o n 
function. The case of an energy c r i t e r i o n function may be 
included as a specia l case. 

The Derivation of costing equations 

When the cost of a devic
geometrical variables,
of essential performance variables determining the performance 
of the device i n a system. Geometrical and performance variables 
are generally related by design rela t i o n s . The variables and the 
design relations determine together the design degrees of freedom. 
Three cases arise 

1) Essential performance variables determining the perfor
mance of the device i n a system are equal to the design degrees 
of freedom. In this case the problem i s a problem of exchange 
of variables. 

2) Essential performance variables are less than the design 
degrees of freedom. In this case, the cost i s minimized with 
respect to the excess degrees of freedom and the envelope of 
minimum costs i s the costing equation. 

3) Essential performance variables are more than the design 
degrees of freedom. In this case additional constraints are 
imposed on the essential performance variables. 

Since the second case arises often i n practice, i t i s 
treated i n the th i r d of the example problems. 

A Thermoeconomic Strategy 

In conceptual designs the concern i s as much with c r e a t i v i t y as 
i t i s with analysis. Creative approaches are apt to introduce 
s i g n i f i c a n t changes i n flow charts, thereby a l t e r i n g the analyses. 
As options are discovered or created, changes i n plans occur. 
Therefore a strategy, rather than a plan i s required. Figure 1 
presents the flow chart for a strategy which conforms to the 
general outline of a design process as described by Rosenstein 

To s t a r t the process, the engineer defines as accurately 
as possible the inputs, outputs and energy and cost objective 
functions. Then the reference environments, both physical and 
economical are defined. These are not necessarily straight
forward steps, as for example when dealing with high rates of 

(24) 

(25) 

(9). 
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Conceptual Design Detailed Design 

Define purpose 

Define Environments 
Physical (P 0,T 0 {uc,o}) 
Economic ({cf},{c p},{c z}) 

Define system 
Energy criterion *o,e <x>y) 
Cost criterion *o,c (x»y) 
Mathematical model <J>j (x,y)=o 

Find a solution 
{y} — » {x} — » * o>e, o.c 

Accounting 
Exergies {E}, Dissipations {o} 
Direct prices {v} 
Processing devices {Z} 

Optimizing 
Shadow prices {X} 
Marginal prices {6} 
Accounting distributions 

Yes-t-Go to start 

Optimum specifications 

1 
Design hardware 

No^-Go to start 

Figure 1. System matrix (n+1) (n+f). 
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i n f l a t i o n or defining the chemical potential of a rare substance 
i n the environment. 

The next step i s to develop a mathematical description of 
the system. From the perspective of mathematical analysis, the 
set of equations describing the constraints i s the system. An 
algorithm which permits the computation of the performance of 
the system ( i . e . , solves the equations of constraint simultan
eously) i s a means to satisfactory solutions. 

If the description of the system requires m variables, and 
there are n equations of constraint, there w i l l be (m-n) degrees 
of freedom. The designer may choose these as "decision v a r i 
ables". The remaining n variables are cal l e d "state variables" 
and are found using the algorithm. 

As indicated i n the strategy, a f t e r the system has been 
defined, i t i s necessar
to the set of equations
has at least one operating point. For that operating point the 
energy and cost objective functions may be computed. According 
to the strategy, accounting methods are f i r s t employed i n 
tracing the exergie flows from the various i n l e t s to the dis s i p a -
t i v e processes. This step leads to a comparison between the 
ca p i t a l costs and exergy destruction costs i n each zone. While 
such a picture does not reveal the system's behaviour, and 
therefore i s not always accurate (as for example when a d i s s i -
pative process merely gets displaced from one part of the system 
to another), nevertheless, because this i s the least costly form 
of analysis and i t often suggests f r u i t f u l avenues to pursue, 
from a strategic perspective, i t i s the most attractive f i r s t 
step. I t may also be the only possible analysis i n the absence 
of s u f f i c i e n t data. See the f i r s t example at the end of this 
paper for a case i n which the analysis reveals a useful set of 
opportunities. Other examples are available. 

Based upon th i s analysis the designer may decide either to 
change the configuration or to change the operating point. 

As indicated i n the strategy, i f the flow chart i s not to 
be changed, the next step i s to compute the shadow, [X^], and 
marginal, [9^]* prices. The marginal prices form a vector which 
points to dir e c t i o n of an improvement i n the existing design 
by changing the decision variables. (This step i s e s s e n t i a l l y 
the same as conventional optimization.) Alternatively, the 
designer may use the shadow prices to investigate, approximately, 
the benefit of a sought configuration modification. 

In each i t e r a t i o n with a new marginal price vector, the 
distributions by thermoeconomic accounting are always accessible 
i f needed. 

These elements of the strategy and the technique of develop
ing the costing equations are i l l u s t r a t e d i n the following three 
examples. 
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EXAMPLE 1; Manufacture of an Industrial Chemical 
At the time the analysis was undertaken, information on the 

system performance was available for only one operating point and 
cost information consisted of i n i t i a l i n s t a l l a t i o n costs plus 
estimates of l i f e times. Equipment costs were not related to 
operating conditions. Under these circumstances only the 
accounting approach could be used. The available information 
i s summarized i n Table I I . (For more d e t a i l s , see reference 
10) 

The exergy flow diagram, Figure 2, shows the results of 
the exergy balances on the various zones of the system. The 
reference state of zero exergy was taken as PQ=1 atm, TQ=528 R, 
mass fra c t i o n water=0.3, mass fr a c t i o n sodium palmitate=0.7. 
The feed condition i s a convenient reference state to take when 
the analyst i s not intereste
i n other environments
(8) i s r e l a t i v e l y simple since a l l exergy inputs by heat may be 
assumed to be converted to f l u i d thermal exergies or to be 
dissipated i n entropy generation. There i s , however, some 
ambiguity i n the f l a s h tank where the input mechanical and 
thermal exergies are converted to chemical exergy, thermal 
exergy and dissipation. Since the costs of the input exergies 
are not too different from one another, i t is convenient and 
reasonable to assign an average price to the dissipation and 
consider that the input exergies contribute i n proportion to 
t h e i r presence. The resulting direct prices, [y], dissipation 
values, [y.O]9 and amortizations, [z], are given i n Table I I I . 

The data suggests that improvements should be made as 
follows: 

Substitute a b o i l i n g type heat exchanger (new zone 3) i n 
place of the separate heater and f l a s h tank (zones 3 and 
4). 
Use the latent heat of the exhaust steam i n the preheater 
(zone 1). 
Substitute ordinary cooling water at 68 F for the brine 
i n zone 7, using a larger heat exchanger with much 
greater agitation. 
Table I I I presents the results of the analysis and a 

comparison of three cases: 
The perfectly reversible process 
The o r i g i n a l system 
The modified system 

EXAMPLE 2: A Simple Open Cycle Gas Turbine 
This example treats a simple open-cycle gas turbine for 

which the cost objective function, equations of constraint and 
costing equations are a l l available i n analytic form. Figure 
3 shows these functions along with the fixed and variable 
decision variables. Since the set of equations i s diagonalized, 
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Table II. Available data, example 1 

Matter Thermodynamic Variables Energy Thermo. Var. Zones Cost Variables 
Streams m P T Streams T Rate Capital Maintenance L i f e 

lb/hr psig F XH 20 
(mass) 

F kw k$ k$/yr yrs 
External 20 

F l 5000 35 68 0.3 w l - 4.5 z i 20 0.2 20 

F2 20 0 180 - w2 - 0.67 
Z 2 15 3.5 14 

P l 4500 0 158 0.22 W3 - 6.0 Z3 46 0.2 25 

R l 520 0 217 1.0 w4 - 9.0 Z4 12 0.0 20 
Internal 

S l 5000 30 180 0.3 

S2 5000 570 182 0.3 2 
S3 5000 350 353 0.3 Q3 14-18 -92.4 Z7 18 0.5 14 

S4 4480 0 212 0.22 
Reject 

J i 180 2.25 

S5 4480 90 212 0.22 
J 2 212-217 4.27 

s 6 
4500 50 212 0.22 J 3 212 0.34 

J4 212 5.9 

150 psig st. 

Preheater 

14/18F Brine Elect. 

— p l - 7 
C h i l l e r 

4 
k- s6-l 

Elect. 450 psig s t . 

Pump - S 2 - 3 
Heater 

Elect. 

iw, 
6 

Mixer hi 
J 3 i 

Flash Tank 

Elect. 

"5 
Pump 

Input Energy Prices 
150 psig steam 2.7 $/I000 lb 
450 psig steam 3.05 $/l000 lb 
E l e c t r i c a l energy 4.37 C/kwhr 
14/18 F Brine 1.9 $/kwhr cooling load 
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i t 54.5 4. 5+ ; • V 78 
37.93 1.5 29.33 9.7 

0.15 16.68^ 19.29 67 93 , 35.57 
37.9 -0.735 28.41 9.74 

0.07 0.025 16.56 2.245 16.91 0.92 66 45 1.47 34.33 
0.15 0.0 0.12 0.0 2.38 0.0 1 47 -1.51 0.0 
0.0 i 1 

; Pre- | 0.0 , j 
; Pump * 

0.0 ! Heater! 0 0 i 
JFl.Tank! 

1.25 
heater" 0 .39 

.6.52 

6.26 
0.0 
0.26 

34.5 

25.3 
9.19 
0.0 

10.1 6.pJ_ 

[Chiller-

21.47 
0.19 
0.36 T 

4.86 
22.07 

Components 
S 

0V67 \ 
0.186 

Thermal 
Mechanical kw 
Chemical 

Mixer ^ 

.W 

0.26 i 
1.285 
,Q 

J Pump | 0.26 
0.928 

Figure 2. Exergy flow diagram, example 1. 

Table III. Dissipation vs. amortization, example 1 
Current System Modified Current System 

{EI} {EI} @ {a] {a, EP , E J } @ { Y ] vs{z} 
Stream 

kw C/kwhr kw C/kw kw C/kw C/hr C/hr 
hr hr 

W l 4.5 4.37 4.5 4.37 a l 37. 93 3.00 114 20 
W2 .67 4.37 0.67 4.37 °2 1. 5 4.37 6.56 21.42 
W3 6.0 4.37 6.0 4.37 03 29. 33 3.24 94.94 36.8 
W4 9.0 4.37 9.0 4.37 °4 9. 7 3.39 32.88 12 
Q l 54.5 3.0 1.26 3.00 °5 0. 186 4.37 0.81 18.58 
Q2 78 3.2 55.86 3.00 °6 0. 486 4.37 21.24 64.28 
Q3 10.1 17.4 0 0 °7 34. 5 7.62 262.8 25.72 
F l ^ 0 - - - ER X 35. 57 3.21 114.2 0 
F2 ^ 0 - - - E J 1 0. 39 4.37 1.7 0 

E J 2 0. 928 3.2 2.97 0 
E J 3 0. 144 4.37 0.63 0 
E J 4 1. 29 4.37 5.62 0 
E J 5 - - -

Modified System 
{a,... <a{Y> {ya,. . }vs{z} 
kw <Vkw 

hr 
C/hr «/hr 

19 3.1 59 54 
1.5 4.37 6.56 21.42 
16.92 3.13 53 73.6 

1.86 4.37 0.81 18.58 
4.86 4.37 2.24 64.28 

23.5 3.535 83.0 25.72 
4.1 3.11 12.75 4.0 
0.39 4.37 1.7 0 
0.927 3.0 2.78 0 
0.144 4.37 0.63 0 
1.29 4.37 5.62 0 
0.29 3.0 0.86 0 

exergy requirement 1.5 
current 162.8 
modified 77.3 

Net Values 
a* C/kwhr EaEI C/hr Iz C/hr 

4.37 
4.16 
3.36 

6.6 
677.2 
259.7 

198.8 
261.6 

EaEI+Ez C/hr 

876 
521.3 
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the basis state variables, [x^], shadow prices, [Xj], and 
marginal prices, [ 8 k ] , may a l l be found e x p l i c i t l y , as indicated 
in Figure 4. 

The heat exchanger costing equation i s the costing equation 
derived i n Example 3. The other costing equations were suggested 
to us by experienced engineers and are i l l u s t r a t i v e only. 

The f i r s t step i n the strategy uses the accounting method, 
with the results shown i n Table I V . In general, since the 
cap i t a l costs are small compared to the i r r e v e r s i b i l i t y costs, 
i t appears to be advantageous to increase the ca p i t a l investments 
i n each zone. 

The marginal prices support this conclusion. The incremental 
changes i n decision variables, Ay^, required to improve $ Q 

result i n increased c a p i t a l investment. Table V shows the 
results of a stepwise change

A configuration modificatio
subset of the constraining equations. The shadow prices adjoint 
to the modified constraints give the approximate r e d i s t r i b u t i o n 
of the objective function resulting from the modification. The 
approximation i s due to the assumption that the shadow prices 
remain constant. One change, suggested by the accounting method, 
i s to add a heat exchanger to recover the exergy wasted i n the 
exhaust stream. 

For a given set of decisions, [y^], 

d$ =-EA.d<2>. (E2-1) 
o 3 3 

Adding a heat exchanger to the cycle w i l l require a change i n 
constraints $5, $7 and $g. For a given set of expressions, 

these changes are represented, as shown i n Table V I , 
by: 3 

A$ =X1Ax1+X.Ax-+X.7Ax-7+XQAxQ (E2-2) 0 I I 3 3 / / 0 0 
or 

A$ =X,AP . ,+XcAPu +X_,AEI+X0Z (E2-3) o 1 cold 5 hot 7 8 x 
If there i s to be a net improvement, this change should be nega
t i v e , i . e . , the cost of the exchanger, (Z x) , should not exceed 
the value of the energy saving, (XyAEI), reduced by the cost of 
the pressure losses on the cold and hot sides of the exchanger 
< X l A P c o l d t X 5 A p h o t > -

For example, a heat exchanger with n=0.6, A P U Q ^ O . 0 5 atm, 
A p c o l d = 0 * 0 5 atm, should not cost more than 211 k$/yr. 

Examination of costing equation reveals that exchangers 
i n this range should cost about 3.6 k$/yr., so that there i s 
obviously an opportunity to improve the system through addition 
of a heat exchanger. The re d i s t r i b u t i o n of cost given i n Table V I 
shows that the pressure loss penalty i s high on the hot 
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Fixed decision variables {y^} = {WQ, c f , e f, P ^ 
hr,Y , R, c p} 

Variable decision variables {yR} = {r^, r 2 , n 3, P 3, ma} 
Basis state variables {x.} = {P„, T„, W , VL 3 i 3 c t 
Thermodynamic Constraints 
P 2 = P 3 / r 2 = 
T 2 = T x ( l + ( ( P 2 / P 1 ) ( y _ 1 ) / y - l)/ n ] L> = * 2

f 

W = W + W 
t 0 c 
P = P 
V V W ! 1 ' - " ^ ! ) " " " " ' EI = n. ac p(T 3- T j ) 

Costing Constraint 
z,+z0+z. = 2.0 

i»f 
(Feed) 

3 comb. 
z2 

"O a t Cn 

Air at P 1, T1 

(Feed) 

4 Exhaust 
(Reject) 

ma (0.9 - n 1)" 1P /P JlnP /P  + 1.4 m  (0.995 - r ) _ 1 ( l + 5exp(.01T - 28)) 
+ 14 ma (.92 - n 3)' 1

Objective Function 

Figure 3. Problem d e f i n i t i o n , example 2, 

Direct Prices 
iy) = a 

Shadow Prices Marginal Prices 
1 81 = 3/3^ (z 1+X 2* 2

l) 

h - a 92 = 3/3r2 (z 2+X 1* 1«) 

\ - 3/3T3 ( z 2 + z 3 +X 7* 7') e3 = 3/3n3 < V W > 
X 
5 •-

3/3Pl4 ( X 6 * W 64 3/3P3 (z 3 +X 1« 1' +X 6* 6') 

X4 = 3/3V̂  95 = 3/3ma ( z i + z 2 + z 3 + X 3 * 3 ' + X 6 « 6 

A3 = 3/3W 
c 

+ x ? V ) 
X2 = 3/3T2 (X 3<t» 3«^ 7*7 , ) 

X l 3/3P2 (z 1 +X 2« 2«) 

W =2500 Btu/sec. o 
hrs/yr 

{yF}-

{0k} 
<ek>/VJo+7 

25 lb/sec 

c f = $36/Barrel, ef=16000 Btu/lb, P1=latm, T1=520R, hr= 
=.243, R=0.07 Btu/lbR, y=l.H 

+ 0.28 
.6 

-0.584 
-502 
0.8 

?1 

-0.375 
-274 
0.94 

-0.168 
-11.6 
10 atm 

-1.72 
-1392 
0.85 

{yF} 

{x.}-

{X.}/ot 
{A. }/a 

<Y} 200 $/yr(Btu/sec) 
2.37 </kw hr '. 

I 
\ 1 i i \ I J i 1 

P2 T2 W EI c T3 w t P4 Ez 
... ... atm R Btu/sec R Btu/sec atm k$/yr 

10 63 1138 3760 8465 2532 6260 1 25.2 
. . . --- 310 8.95 2.47 1 6.11 2.47 4720 0.005 

. . . . . . -•-3.69 2.7 2.47 1 1.27 2.47 5.28 -
• Q = 1718.68 k$/yr 

T4 = 1501 R, n 0 = 0. 295, {Ef} = {0, 3300 , 9200 2600 Btu/sec} 
to, ER} = {300, 2500 , 400 , 2600 Btu/sec}, {z}= {13, 0.8, 11.8 k$/yr} 

Figure 4. Prices and numerical i l l u s t r a t i o n , example 2. 
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Table IV, Results of the Accounting Analysis, example 2 

Compressor Combustor Turbine Exhaust 

YD k$/yr 60 500 80 560 
z k$/yr 13.1 0.85 11.8 0 

Table V. Improving using marginal prices, example 2 
Decision Variable 

y^: (compressor) 0.8 -0.584 +0.085 0.885 +3.14 
y 2: r 2 (combustor) 0.94 -0.375 +0.04 0.98 -0.168 
y 3: n 3 (turbine) 0.85 -1.72 +0.06 0.91 +3.77 
y 4: P 3 atm 10 -0.168 + 1.0 11 -0.088 
y 5 . ma lb/sec 25 +0.28 -2.2 22.5 +0.254 

Corresponding changes in * 0 k$/yr 

Variable Value Change New Value 

*0 1718.68 -232.78 1485.9 
a EI 1693.0 -369.5 1323.5 
21 13.1 + 71.6 84.7 
Z2 0.85 + 1.31 2.16 
23 11.8 + 63.7 75.5 

Table VI. Evaluating regeneration using shadow prices, 
example 2 

Affected Vj 
X j AXj (estimated individually x 10" 3 *jAx. k$/yr 

• l P2 A P c o l d = 0 ' 0 5 a t m 62 3.1 
*4 P4 A P h o t = ° ' 0 5 a t m 944 47.2 
*7 E l " nx m a c p ( T 4 ~ T 2 ) = ~ 1 3 2 3 Btu/sec 0.2 -264.6 

(n x = 0.6) 
8 Zz z x = 3.64 k$/yr 1 3.6 

I = -210.7 

A*0 k $ / v r u s i n 9 Shadow Prices = IX.Ax. = -210.7 
A*0 k$/yr without using Shadow Prices = -236 
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side, indicating more saving may be achievable by reducing the 
hot side pressure losses on the expense more costly exchanger. 

It may be noticed that the analysis considering the energy 
c r i t e r i o n $ 0 e i s s i m i l a r but with a=l and z]j=Z2=Z3=o. However, 
the improved point for a given configuration i s not an i n t e r i o r 
point, as i n the case of a cost c r i t e r i o n . 

EXAMPLE 3 

Translating a Cost Equation for a Heat Exchanger to an Optimized 
Costing Equation. 
Table VII describes the class of heat exchanger chosen and 
summarizes the design equations and the ca p i t a l cost equation . 
The cost of the heat exchanger, expressed i n terms of geometric 
variables, (measured i

Z ^ l S O D 1 - 0 ^ 0 - V - ^ N N J - ^ -  N $ 
N i ' e s p 

As indicated i n Table VII, there are 32 variables constrained 
by 23 equations, leaving 9 degrees of freedom. On the other 
hand, the cycle analysis, requires a costing equation using four 
variables, i . e . , 

Z=Z(M, PL., PL e, n) 

Therefore the heat exchanger cost should be minimized with 
respect to the remaining 5 degrees of freedom. Table VII shows 
the set of equations as diagonalized, i . e . , ready to be solved 
without i t e r a t i o n s . Since three of the four variables i n the 
costing equation are i n the basis state variables (as the equa
tions are displayed i n Table VII), i t i s necessary to rearrange 
the equations to make these variables part of the decision set. 
When the equations are rearranged to exchange these basis 
variables for decision variables, as shown i n Table VIII, i t 
i s no longer possible to solve for the basis set e x p l i c i t l y . 
Instead i t e r a t i v e methods must be used. Because the variables 
representing f r i c t i o n factors and unit thermal conductances 
vary slowly, the system of equations converges rapidly i f t r i a l 
values of these variables are inserted as part of the i t e r a t i v e 
process. In this way the envelope of least cost designs i s found 
as a function of the decision set, [M, PL^, PL e, r|]. In con
structing the set, a systematic search was made i n which 64 
optimal designs were used to define the envelope of least cost 
solutions, as given i n Table IX. A f i n a l costing equation 
(for n< 0.6 i s : 

z=o.02m 1- 0 6(n/i-n) 0- 5Ap:°- 3 8Ap- 0- 1 1 $ 
l e 
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Table VII. Design and cost relations of a shell-and-
tube heat exchanger, example 3 

D = Outside tube diameter 
N = S h e l l s i n a s e r i e s 

Tube length N = Tube/pass 
= S h e l l s i n p a r a l l e l P = P i t c h 

= Tube passes 
N = S h e l l passes 

V a r i a b l e * i 

1. H.T. A r e a / S h e l l a • 
2. T o t a l H.T. area A • 
3. I n t e r n a l Diam. = 
4. Tube s i d e flow area A. 
5. Tube s i d e v e l o c i t y V
6. S h e l l diam. D 

7. S h e l l s i d e flow area A g 

8. S h e l l s i d e v e l o c i t y V g 

9. Tube s i d e Reynolds R^ 
10. S h e l l s i d e Reynolds R g 

11. Tube d i r e c t i o n r e v e r s e F d 

12. Tube s i d e f r i c t i o n F^ 
13. S h e l l s i d e f r i c t i o n F 

e 
14. Tube s i d e H.T. c o e f t . H. 

Design R e l a t i o n • i 

D L N N. 
l 

N N 
S p 

= (n/4)Df N N 

 L(1-D/P)S p e 
M/pA e 

pV.D./M 

pV eD/p 
(0.1 + 0.125(N i 

0.046R."'2+ F^ 
n r r „ x-.15 

1)/N.)D./L 
-1 

- 16R, 
or 1.5Re 

-t6 
3000 
2000 

15. S h e l l s i d e H.T. c o e f t . Hfc 

16. Tube s i d e p r e s s u r e l o s s P L i ~ 
17. Number of s h e l l rows N = 

r 
18. S h e l l s i d e p r e s s u r e l o s s PL = 
19. O v e r a l l H.T. c o e f t . U = 
20. Number of H.T. u n i t s NTU= 
21. E f f e c t i v e n e s s ( f o r 1-2 

and c r o s s flow types) 
22. Counter flow f a c t o r 
23. E f f e c t i v e n e s s 
Assumptions 

or - 0.75(k/D)R" 
4F iLN.N spV i 

D s/P 
4 F e N r N s N e V 
(1/H. + 1/H 
UA/M C 

'/2gD. 

>2/2g 
; + 1/H d)" 

0.6(1 • 
1.58(1 

Exp(-1.5 NTU)) 
- Exp(-.5(1 + N 

(H, d i r t c o e f t . ) a 

+ I(N - 1))) 1=0 i f N.> 2 

equal s h e l l and tube s i d e mass r a t e s , 
l i n e tube arrangement 

constant p r o p e r t i e s and square i n 

C a p i t a l Cost $ 

01. C o s t / s h e l l z' 
02. Cost (D,L,P,{N>) 

03. A p p l i c a b i l i t y 
. X l S O D 1 - 0 ^ 0 - ^ 0 - 7 5 ^ ) 0 - 9 7 * ! ; - 1 ! ! ^ 
3'<L<30', 3/8''<D<1.5'', 1.25D<P<1.5D, 250<a<5000Ft 
Fi x e d tube sheet type 
M a t e r i a l 316 SS 
Operating p r e s s u r e s <300 p s i g 

(References 13, 14, 15, 16) 
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Table VIII. Decision and state variables for minimizing 
cost, example 3 

Design R e l a t i o n s {*!> ( y k ) {y F> 
{«,>- <r> X l X 2 x 3 N L P R iR eF iF eH.H eU D N p N i N s N e PLjPLgH M 

x =0.95(l-Exp(-0.5(ltN s+I(N e-l))) 
I = 0 i f N. > 2 

Xj=LN= (Mc p/1. 5TTDNsNpNiU) in (x/x-n) 

x 2=N 2/L=4 3F i-N iN sM 2/2TT 2pgNpC^D

Xj=LN= (Mc p/1. 5TTDNsNpNiU) in (x/x-n) 

x 2=N 2/L=4 3F i-N iN sM 2/2TT 2pgNpC^D

X3=N* 5 a (P-D) ) 2 =TT° * 5F eN gN 3M 2/pgN

X 4 = N = ( X 1 X 2 ) ° * 3 3 

x 5=L=x 1/N 

x 6 = P = ( x ° - 5 / L N 0 - 2 5 ) + D 

x?=Ri=4M/TiuNNpD 

Xg=R e=Tr° * 5N eDM/2uN p (NN i) 0 * 5 L (P-D) 

x 9=F i=0.046RT 0 , 2 + Rd(N i #D,L) (or Laminar) 

x 1 0 = F e = 0 . 6 6 R e ~ 0 , 1 5 (or Laminar eqn) 

x 1 1 = H i = 0 . 0 2 3 ( k / C l D ) R . 0 * 8 P r ° * 3 3 ( o r Laminar) 

x,-=H = 0 . 2 6 ( k / D ) R ° * 6 P 0 , 3 3 (or Laminar eqn) 12 e e r 
x 1 3=U=(l/H.+l/H e+l/H d)" 1 

Table IX. The costing equation, example 3 

z ^ k m n l ( n / l - n ) n 2 ( P L . ) n 3 ( P L e ) n 4 $ 
m l b / h r , PL., P L g i n atm. 

n,k range range of c o r r e 
s p o n d i n g v a r i a b l e 

Trend Weighted 
averaqe 

n l 1.038- 1.085 0. 1-1000 l b / s e c no trend 1.06 
n 2 n<0 6 0.495-0.51 0. 1-0.6 no trend 0.5 

n>0 6 0.994-1.027 0. 6-0.9 no trend 1.0 
n 3 (-0.336)-(-0 4) 0. 1-1000 p s f highe r |n| at lower -0.38 

PL. 
n4 (-0.082)-(-0 154) 0. 1-1000 p s f higher |n| at lower -0.11 

P L e 
k 0.0145-.026 no trend 0.02 
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Conclusions 

The examples given here represent a small sample of po tent ia l 
appl i ca t ions . In test comparisons with some p r a c t i c i n g engineers 
i t was found that the strategy was useful i n d i r e c t i n g t h e i r 
attent ion to possible improvements that had not been obvious. 
Of course, once they were pointed out, they became obvious, even 
without analys i s . We bel ieve that the technique should be 
extended to take into account time varying inputs and outputs 
and systems i n which various parameters are uncertain . The 
methods should be incorporated with the techniques of dec is ion 
analys i s , for example. 

Nomenclature 

a i k = 3 $ i / 3 y k 
a o k = aV 3 y k 

Cf=market p r i c e , unit feed 
Cp=market p r i c e , unit product 
ef- exergie content, unit feed 
e p= exergie content, unit product 
a=Cf/ef= exergy based feed pr ice 
ot*=price averaged over a l l i n l e t streams 
3*Cp/ep= exergy based pr i ce per unit product 
Yfc=unit p r i c e , exergy d i s s ipa t ion i n zone z 
6=a d i f f e r e n t i a l pr ice 
Xj=shadow pr ice for $j 
Aj= exargy based shadow pr ice for $j 
6k=marginal pr ice ( sens i t iv i ty ) of 
0| c=dimensionless marginal pr ice of y^ 
Z * c a p i t a l cost 
z^annualized c a p i t a l cost 
E-essergyWP 0V - T 0 S - E y c Q N C 

E f=flow essergy=exergy=d-TQS-Eli c 0 N Q , EI input , EP output, ER 
reject 

EQ=heat exergy=W 
© ^ d i s s i p a t i o n ( lost work) zone k 
K=cost factor 
m=mass f lux , m a=air mass f lux 
P=pressure 
Q*heat f lux 
r=pressure r a t i o 
S^Entropy f lux 
s=specif ic entropy 
S c r =rate of entropy creat ion 
T^absolute temperature 
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t=time 
V=variable 
W=work flux 
yc=chemical potential, species c 
ry=adiabatic efficiency 

=thermal effectiveness 
=exergy based efficiency 

xc=mass fraction, species c 
x ij=fraction of exergie content of stream i going to j 
yj^decision variable 
x^=basis state variable 
Yp=design parameter (fixed decision) 
xL=state variable, not in basis 

Functions 

Objective function: $
Constraint expression: $ f j ([x i],ly^]) 
Equation of constraint $J=XJ-$'J=0 

Subscripts 

o,e,i,Dereference state, exhaust, inlet , boundary 
t,s,p-thermodynamic, stream, performance 
d9g>r,-design, geometric, rate 
c,m,a=cost, manufacture, amortization 
i= l , 2 , . . . I feeds 
j= l ,2 , . . .n constraints, basis variables 
j = l , 2 , . . . J products 
k=l ,2 , . . .K zones 
k=l ,2 , . . .F degrees of freedom=number of decision variables 
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Appendix A 

Lagrange's Method Revisited 

The mathematical description of a system is determined by a set 
of equations of constraint, [$j=0], j=l ,2 ,3 , . . .n The expressions, 
$j , are functions of two sets of variables: 

Decision variables, y^, which, within l imits, may be set 
by the designer, and 
State variables, Xj , which are determined by the equations 
of constraint, once the decision variables have been chosen. 

If the total number of variables is m, the number of equations 
of constraint is n, the degrees of freedom wi l l be f=m-n, equal 
to the number of decision variables. 

If the performance of the system is defined by an "objective 
function", denoted by $Q, the task of the designer may be stated 
as follows: 
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Extremize $Q - * 0 < [ x ± l , [ y k D (A-l) 

Subject to ^ - ^ ( [ x ^ , ^ ] ) - ! ) (A-2) 

I f i t were poss ible to do so, the equations of constraint would 
be solved for the i n d i v i d u a l values of x^, and these would be 
subst i tuted into the object ive function to produce a new function 
which d id not depend upon the set [x.^]. C a l l th is new function 
L ( [ y i l ) . The extremum could then be found by d i f f e r e n t i a t i n g 
the function L with respect to each of the independent dec is ion 
variables and se t t ing each derivat ive equal to zero. 

Unfortunately, i n most instances i t i s not poss ible to solve 
the set of equations of constraint e x p l i c i t l y for the s tate 
v a r i a b l e s . A method for constructing the funct ion, L , ca l l ed 
the Lagrangian, i s due
L i s defined by: 

L=$ +EX.*. (A-3) 
0 3 3 

In the above equation X i s ca l l ed a Lagrangian m u l t i p l i e r and 
i s considered to be a function of the sets [y^] and [x^]. 

*-fV [ x i ] ' [ y k ] ) ( A ~ 4 ) 

To guarantee that L , as defined above, w i l l not be a function 
of [x^], d i f f erent ia t e L with respect to each Xj_, and set the 
der ivat ive equal to zero. 

3L/3x ± -(a# / a x ^ + E X . O ^ . / B x J + E O . O X . / a ^ - O (A-5) 
j 3 1 j 3 3 

I f the set [$.s=0] i s s a t i s f i e d , the set of derivat ives i n the 
equation above should not be interpreted as determining an 
extremum, but rather as guaranteeing that L does not depend 
upon [x^]. 

With [$j=0] s a t i s f i e d , Equation (A-5) becomes 

3L/3x. = (3$ /3x )+EX.(3$./3x.)=0 (A-6) 
1 ° j 3 3 1 

Equation (A-6) i s l i n e a r i n the Lagrangian m u l t i p l i e r s and can 
be solved as indicated i n equation 13. 

The f i r s t der ivat ive of L with respect to y^, provided the 
set [$j=0] i s s a t i s f i e d , i s the der ivat ive of $ Q . This resu l t 
i s t rue , even i f the set of decis ion variables does not define 
the extremum. Therefore, these derivat ives may be used to 
point the way towards the extremum. Of course, the usual 
caveats apply with respect to the p o s s i b i l i t y of a saddle point 
or l o c a l extremum. 

RECEIVED July 12, 1983 
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E s s e r g e t i c Functional Analysis 

for Process Design and Synthesis 

ROBERT B. EVANS and PRASANNA V. KADABA 

School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332 

WALTER A. HENDRIX 
Engineering Experiment Station

The concept of essergetic functional analysis is 
introduced as a tool for approaching a condition 
known as "thermoeconomic isolation" of the inter
dependent equipment components of a system or 
process. If an interdependent component is thermo-
economically isolated, then that component may be 
suboptimized with respect to many new, underlying 
variables. The required essergy analysis proce
dures are illustrated by considering the synthesis 
and design of components of a large steam power 
plant. 

The origin of essergetic functional analysis began mainly with 
work by Tribus (1) in 1956 in which he balanced the cost of lost 
work against the capital cost of the equipment required to prevent 
this lost work, resulting in the optimum design of this equipment. 
The concept of essergetic functional analysis is introduced as a 
tool for approaching a condition known as "thermoeconomic isola
tion" of the interdependent equipment components of a system or 
process. If an interdependent component is thermoeconomically 
isolated, then that component may be suboptimized with respect to 
many new, underlying variables which cannot be treated by any 
other existing optimization procedures (without unacceptable cost 
in computer programming manpower (7)). The required essergy 
analysis procedures are illustrated by considering a large steam 
power plant. 

Many terms for potential work, such as thermodynamic 
"availability," "exergy," "exergetic," etc. are used in different 
senses by different authors, so that i t is not possible to t e l l 
precisely what is meant by these terms without referring to an 
author's framework of definition (9,10,15,16,17,18,19,20,21,22). 

0097-6156/ 83/0235-0239S06.50/0 
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240 SECOND LAW ANALYSIS OF PROCESSES 

The writers' framework of d e f i n i t i o n i s based upon the work of 
Gibbs (4) who i n 1878 presented the following measure S of the 
potential work of any system: 

g = E - T S + P V - Ey. M. ESSERGY (1) o o ^ I O i 

where E i s the system's energy including a l l k i n e t i c and potential 
energy i n addition to internal energy, S i s the entropy, V i s 
the volume, i s the mass (or moles) of species i , while T, P, 
and \x± denote the absolute temperature, pressure, and Gibbs 
potential of species i respectively, with "o" denoting the 
reference state used to represent the environment of the system. 
Gibbs never named the quantity S, but he did i n effect usually 
refer to i t as essential energy ( i . e . , energy i n the form 
essential for power production
( i . e . , essential energy
corresponding flow Y o  essergy (excluding ki n e t i c and potentia
energy) for any uniform mixture of masses (or moles {M.}) i s given 
by (2,5,6,7), 

¥ - K - T S - Ey. M, FLOW ESSERGY (2) o £ io i 
where H i s the enthalphy of the uniform mixture. 

A Description of Essergetic Functional Analysis 

As an example, l e t us consider a feedwater heater, such as 
i l l u s t r a t e d by Component No. 6 i n Figure No. 1. Let Z represent 
the annualized c a p i t a l cost (say i n dollars per year) of owning 
and operating the feedwater heater (including maintenance, over
head, etc., as well as in t e r e s t ) . Also, l e t X represent the unit 
cost of each type of lo s t work, while TQ& represents the l o s t work, 
where & represents the rate of entropy creation (or production) 
corresponding to each type of l o s t work i n the feedwater heater 
(2^6,7). Then l e t X^, Xg, and XH represent the unit costs of 
los t work T 0 & A , TQ&B* and T Q &H, due respectively to head loss 
(pressure drop) i n the feedwater A, head loss i n the condensing 
steam B, and heat transfer (temperature drop) from the condensing 
steam #to the feedwater, denoted by H, so that the t o t a l annualized 
cost T attributable to the feedwater heater i s , 

f = Z + X AT 0& A + X BT o& B + X HT o& H (3) 

In order to determine the costs of essergy X for each i n t e r 
connecting stream between components, i t was found necessary to 
assign a p r i n c i p a l purpose of function to each component (or 
device, unit, etc.) which would be paid for by a pr i n c i p a l 
product, measured by i t s essergy content. This scheme which we 
now c a l l essergetic functional analysis (25), worked f a i r l y well 
for d i rect sea water conversion (11,12,13,14,23,24), but i t 
seemed to f a i l for a simple steam power plant cycle (which was 
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Figure 1. An abbreviated representation of a steam power 
plant cycle. The numbers 1,2,3,4,5,6, and 7 correspond 
respectively to the b o i l e r , f i r s t turbine stage, second 
turbine stage, condenser, f i r s t feedwater pump, feedwater 
heater, and second feedwater pump. This f i r s t and second 
turbine stages may both l i e inside a single-turbine 
(viewed as a single piece of equipment) with steam being 
tapped from a point near the middle of the turbine. 
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at that time considered i n co-generation with sea water conversion) 
because a unique function or purpose could not be found for the 
main condenser. 

Thus the concept of essergetic functional analysis was 
abandoned for many years i n favor of more t y p i c a l thermoeconomic 
decomposition techniques introduced by El-Sayed (3). El-Sayed 
found the required unit costs of essergy X to be equal to 
Lagrange multipliers for essergy balances on the component i n 
question—such balances being taken as constraining equations for 
minimizing the t o t a l cost of owning and operating a power system 
with fixed product outputs C3,7). El-Sayed 1s decomposition 
techniques have yielded many useful results (3^7,8). 

Recent contributions by Smith (26) and Boteler (27) have 
served to revive essergetic functional analysis as a viable 
method for finding the
how to quantify the condenser'
by having the condense  s e l  a for  o  "absolute essergy  know  as 
negentropy (28,29,30). Fig.2 shows results similar to Smith's for a 
t y p i c a l power plant (owned by the Wisconsin E l e c t r i c Power Co., 
with thermodynamic data being taken from e a r l i e r publications by 
Gaggioli (20)). Smith's results include the effects of turbine 
c a p i t a l costs (Gaggioli considered these to be sunk costs). The 
unit cost of the essergy i n the steam i s seen to have the same 
value at a l l feedwater heater tap points (plus or minus a few 
percent—an "error" acceptable for basic design purposes). This 
r e f l e c t s the fact that the essergy content of the steam decreases 
by a corresponding amount with lower temperature and pressure. 
This near constancy of the unit cost of essergy vs. steam 
temperature and pressure led naturally to Boteler's " U t i l i z a t i o n 
Function" (27), which appears i n Requirements 2 and 3 of the 
following paragraph. In view of these contributions by Smith 
and Boteler, a description of essergetic functional analysis may 
now be presented which i s expected to be applicable to process 
design and synthesis i n general: 

Essergetic Functional Analysis i s a procedure for finding 
unit essergy costs X v i a the following three requirements: 

1. Components (or devices, units, etc.) of the system being 
analyzed are to be defined i n a manner such that each 
component has one and only one function (or purpose). 
Should a device have more than one function, further 
analysis must be carried out to meet this single 
function requirement—for example by subdividing 
the device into subcomponents each having only one 
function. 

2. Each component's function (or purpose) i s to be 
measured by an output flow of #essergy &, such that 
for any given fixed value of £, the t o t a l annualized 
component cost f (given by an expression such as 
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AMP=.732 e/KWH 
FROM HIGH 
PRESSURE 

TO FWH 7 

T„p=839°K 

TO REHEAT 

FROM REHEAT 

_ y.735 e/KWH 
TO FWH 6 

TO FWH 5 
X5=.714 */KWH T5=591°K 

,A4s.724 */KWH 
TO FWH 4 

TO FWH 
A^.735 e/KWH 

,A2=.751 */KWH 
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Ws 

^ = 391°*^^-^-
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Figure 2. Useful energy costs AJJ of bleed steam for feed-
water heaters. 
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Equation (3) above—or more generally by Equation 
(13) of Reference 7 — i n c l u d i n g any required 
" u t i l i z a t i o n function costs" as described i n 
Requirement 3 below) i s a minimum with respect to 
a l l decision variables of that component—including 
stream parameters such as M, T, or P upon 
which the essergy 8 may depend (say v i a Equation 
2, through the familiar dependence of 
enthalpy and entropy upon temperature T and 
pressure P — i f M, T, or P are not state variables, 
in which case their value would result from decisions 
in another component). 

3. If necessary, u t i l i z a t i o n function costs are to be 
i d e n t i f i e d which w i l l  both t  s a t i s f  Require
ment 2 above
that the margina  df/38 (wit
variables of that component held constant) i s equal 
to the average unit cost Tjt (with an arbitrary 
constant subtracted from f ) t o within an accuracy 
bounded by the percentage degree of flatness of the 
minimum of V prescribed by Requirement 2. 

It i s to be understood that these three requirements are to be 
met without s i g n i f i c a n t l y a l t e r i n g the optimum point of the 
ove r a l l complex system. With u t i l i z a t i o n function costs 
appropriately defined, this procedure i s expected to apply to 
complex systems i n g e n e r a l — y i e l d i n g unit essergy costs which 
are approximately constant, as outlined i n the remainder of this 
section. 

An example of a u t i l i z a t i o n function cost i s the effect 
upon the l i f e of the high pressure turbine due to the creep rate 
of the turbine blades as a function of temperature. Figure 3 i s 
a graph taken from work by Boteler (27) on the same power plant 
considered by Smith (26), where the cost f/8 for the b o i l e r i s 
minimized with respect to the output steam temperature T. The 
increasing component of r/S(with respect to T) represents a high 
temperature u t i l i z a t i o n cost which the b o i l e r pays to the high 
pressure turbine as compensation for decreased blade l i f e . It 
i s seen that the minimum of f/8 occurs at X = 2.12$/106 BTU, at an 
optimum steam temperature of 1040 °F, a value which agrees with 
the value of $2.09 $/106 BTU found by Smith (26) as shown i n 
Figure 2. 

However, this result i s based upon sparse cr e e p - l i f e data 
for Timken 35-15 Stainless Steel (31), so that Figure 3 should be 
regarded merely as a qualitative guide to such temperature 
dependence. Considerably more material on creep-life-cost 
relations must be gathered before r e l i a b l e design values of the 
optimum steam temperature can be obtained. 
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But even as a qualitative guide, the result shows that the unit 
cost X for the essergy of steam from the b o i l e r i s nearly constant 
at about $ 2 . 1 / 1 0 6 BTU over the range from 1000F to 1 0 7 0 F , due to 
the r e l a t i v e flatness of the curve of 17S vs. T over this range. 

Assuming that f/S complies with a l l three requirements of 
essergetic functional analysis, then X w i l l be nearly constant over 
a wide range of both temperature and pressure, provided of course 
that the surface i s r e l a t i v e l y f l a t i n the region of the optimum 
(should this region not be s u f f i c i e n t l y f l a t , then more detailed 
u t i l i z a t i o n functions should be introduced). Thus, i n view of 
Requirement 3, the marginal cost X of the essergy i n the steam 
could be considered to be constant with respect to the magnitude 
of S, irrespective of whether a change i n £ i s caused by T,P, or M. 

Returning to Equation ( 3 ) for a feedwater heater, i f a l l the 
unit essergy costs X^, Xg
constant i n the manner describe
the feedwater heater would be thermoeconomically isolated as 
discussed i n Ref. 7 — meaning that minimizing f thus defined 
would automatically coincide with optimizing the ov e r a l l system 
as a whole — without having to pay any attention whatsoever to 
variations i n the rest of the system — since such variations 
would be correctly represented by the constant values of XA, XB, 
and XH* 

The significance of thermoeconomic i s o l a t i o n i s discussed i n 
the conclusions below. Let us now turn our attention to the 
treatment of thermal components such as a feedwater heater as 
represented by Equation ( 3 ) , on the assumption that the unit 
costs XA, XB, XH w i l l be constant as prescribed above over the 
range of s i g n i f i c a n t variations. 

Preliminary Second Law Analysis of the Main Thermal Components 

Since our purpose i s limited to introducing essergetic functional 
analysis, only simplified models w i l l be considered. Let us f i r s t 
r e s t r i c t our attention to closed feedwater heaters for which 

Q - M c p ( T 2 - T x) (4) 

where M i s the feedwater rate. 
The rate of entropy creation &H due t o n e a t transfer i s ( 1 4 , 

3 2 , 3 3 ) , 
T 9 T 9 - T-

& = M c (In - ^ 1 ) ( 5 ) H p T x T c 

where i t i s assumed that a l l heat leaves the condensing steam at 
the constant bulk temperature T c. 

The right side of Equation ( 5 ) i s related to the heat transfer 
area A v i a ( 3 3 , 3 4 , 3 5 ) : 

- UA 
M c p 

(6) 
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-*- ^ = 1 - e" x (7) 
T c - Ti 

Here, χ denotes the number of transfer units (often denoted by 
"NTU") and U i s the overall heat transfer c o e f f i c i e n t (or ov e r a l l 
conductance) while the r a t i o (T£ - Τχ)/(Tc - T^) i s the tempera
ture "effectiveness." Substitution of Equation (7) into Equation 
(5) y i e l d s , defining y = T^/T^ 

& = M c ( y " X ) + M c (y - 1 - In y) (8) Η ρ χ ρ J J 

e - y 
In addition to the entropy creation &g due to heat transfer, 

there are entropy creations &A and &B due to viscous f r i c t i o n i n 
the f l u i d i n the tubing
respectively. For exampl

i * _ L y l _ ( 9 ) 

A T B D 2g c 

where T B i s the log mean bulk temperature of the feedwater. The 
entropy creation rate &g i s given by a similar expression, the 
detailed consideration of which i s beyond the scope of this paper. 
The right side of Eqn. (9) w i l l be recognized as being the product 
of the mass rate ή times the head loss dissipation per unit mass 
divided by the bulk temperature Τ β — i t being noted that the average 
bulk v e l o c i t y ν i s to be evaluated at this temperature. 

The entropy creation &A due to head loss i n the tubes i s 
related to the heat transfer area A v i a the hydraulic diameter 
D = 4AcLN/A. Since the mass rate M i s given by M = pvAcN = mAcN, 
Eqn. (9) yields 3 

i = A (10) 

And f i n a l l y , one may use a ty p i c a l empirical expression for the 
f r i c t i o n factor f (33) to obtain 

• _ 0 ^ ( i ) - 2 . 2 . 8 A ( n ) 

Boilers may be treated i n a similar manner, with M considered 
to be the mass rate of hot exhaust gas, as shown by Shen (36). 

Let the unit costs of the useful energy (essergy) consumptions 
T 0& H, T 0 & A , and T 0&g be denoted by constants XH, XA, and λβ respec
t i v e l y ; t y p i c a l values l i e i n the range of 1 to 6ç/KW-hr. The 
or i g i n of these constant values was considered above i n the 
discussion of thermoeconomic i s o l a t i o n . In addition to the con
sumption costs X H T 0 & H » ^AIO&A». and λ Β Τ 0 & η , the t o t a l cost of owning 
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and operating the feedwater heater, condenser, or bo i l e r must of 
course include i t s annualized c a p i t a l cost Z. Letting K include 
any other associated costs, the t o t a l cost f of owning and opera
ting the feedwater heater, condenser, or boi l e r i s 

f = Z + X.T &A + X^T &A + X„T &„ + K (12) A 0 A B 0 A H 0 H 
The t o t a l cost T may be expressed i n dimensionless form v i a 

dividing Eqn. (12) by XflT 0Mcp—leading to dimensionless costs which 
are far less sensitive to the effects of external economic condi
tions than are the actual cost magnitudes. In order to simplify 
the resulting expression, l e t the cost per transfer unit Yx D e 

defined as follows, • . . 
E A o A B o B (13) 

x UA 
U t i l i z a t i o n of this d e f i n i t i o
sionless expression fo

1 - X x + -A- + k (14) 
X HT Qftc p X HT C Mc p 

where k = K/X HT 0ftc p. 
The following definitions are also convenient: 

ay = y - 1 - In y = t/\TJicp (15) 
For lake-cooled condensers, Oy must include the essergy wasted v i a 
the rejection of the warmed effluent cooling water, which from 
Eqn. (2) i s given by 8 = Mc p T Q ( I - 1 + In y) so that 2 
Oy = y - 1 - In y + (jL-l+ In y j which reduces to Oy - y

 y——. 

With these d e f i n i t i o n s , substitution of Eqn. (8) into Eqn.(14) 
g i V e S , Y x (v - l ) 2 

= — ^ - x + & ^ - + o + k (16) D X T «x x r y H o e - y J 

Under certain assumptions (discussed below), the cost per transfer 
unit Y x i s independent of the number of transfer units x, as shown 
following Eqn. (20) below. Figure 4 displays the minimum of this 
dimensionless t o t a l cost for a feedwater heater with constant 
parameters Y x, y, X H, T Q, M, c p , and U. Similar curves result for 
condensers and b o i l e r s . The values used for the dimensionless 
parameters y and ̂ x/^H^o a r e s n o w n * n t n e figure. From the 
de f i n i t i o n x = UA/Mcp, i t i s seen that x i s d i r e c t l y proportional 
to the heat transfer area A (since U, M, and c p are constant). 
Thus the optimum value of x (that i s , the value of x which mini
mizes the t o t a l cost V) corresponds to the optimum value of the 
heat transfer area A, which for these parameter values i s 556 
square meters. This optimum value x Qpt m a Y D e expressed 
e x p l i c i t l y v i a setting d(f/XHT 0Mc p)/dx = 0, which yields the 
solution, 
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X _ opt = In {y[l + f (1 + / l + | )]} (17) 

A T (y - l ) 2 

w h e r e , q = (18) 

This result r e f l e c t s the optimum trade-off between the excess use
f u l energy consumption cost (y - l ) 2 / ( e x ~ y) a n (* the c a p i t a l cost 
(YXAHTO)X. The corresponding optimum savings i n useful energy i s 
given by (y - l ) 2 / ( e

X L - y) - (y - l ) 2 / ( e
X ° P t - y), where x L de

notes a t y p i c a l low-capital-cost value of x such as the one shown 
in Figure 4. 

The independence of y x and x may be easily demonstrated, for 
a linear cost model which neglect  th  tw  phas  head los d 
resistance, by substitutin
(setting &fi - 0), ^ 2 

z. + K m 
y - — - (19) 

x U 
where for the linear model, z^ i s a constant defined by, 

0.046 X T , -.2 
while, K = =^-2- ( 5. ) (20) 

Since the right side of Eqn. (19) i s independent of the heat trans
fer area A, i t follows that Yx a n ^ x a r e independent of each other 
with respect to the var i a t i o n shown i n Figure 4—since U, M, and c p 

are constant i n this v a r i a t i o n . The inclusion of two-phase correc
tions does not s i g n i f i c a n t l y a l t e r this r e s u l t , as pointed out i n 
the following section. 

The optimum trade-off between the c a p i t a l cost zA/TJ and the 
useful energy consumption cost (via head loss) K^^'^/U may, for 
this model neglecting the two-phase side, be found by expressing 
U i n terms of m i n Eqn. (19)—i.e., U i s taken equal to the tube 
side heat transfer c o e f f i c i e n t h, thus neglecting the resistances 
from the two-phase side and tubing wall — these being reinstated 
i n the corrections given i n the following section. With this 
simplication, the overall conductance U may be expressed v i a 
Colburn's r e l a t i o n (33) 2 

TT yc N3" . , -.2 
J L = o.023 ( —E- } ( 2-^ ) (21) 
mcp k y 
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Thus one may write, ^ 

U = [ 0.023 ( ̂  ) ( 1 ) 8 | ] m
0 - 8 = Kjm 0- 8 (22) 

Substitution into Eqn. (19) y i e l d s , 

ZA .-0.8 , Km .2 / 0 N 

Now from Eqn. (16), i t i s seen that for any given value of x 
that the t o t a l cost T w i l l be a minimum when Yx * s minimized. And 
since Yx i s independent of x as shown following Eqn. (20), i t 
follows that Yx a s given by Eqn. (23) should be minimized with 
respect to .the feedwater mass rate m i n order to minimize the 
t o t a l cost I\ Setting the derivative dY / d m = 0 thereby yie l d s 
the following expressio

.4z A J ^ -
V " < T T * > 2" 8 (24) 

m 
This optimum point i s displayed i n dimensionless form i n 

Figure 5 where the minimum of Yx/^ATo i s s n o w n with respect to the 
Reynolds number NR v i a the following dimensionless form of Eqns. 
(23) and (24): 

Y v z A ( d / u ) ' 8
 8 K W/y)' 2 , 

X " A K +~T N 2 (25) 
XA To ^ o K h

 R Vô h R 

4z - i -

NR,opt = t ( " V > 2 ' 8 ( 2 6 > 

The values used for the constant dimensionless parameters z^(d/y)* 8/ 
XATQK^ and K m(d/]i)" 2/XAT QKh are shown i n the figure. The resulting 
value for v o p t i s 1.453 meters/sec. This result r e f l e c t s the o p t i 
mum trade-off between the excess useful energy consumption cost 
[ K m ( d / y ) - 2 / X A T 0 K H ] ( N | - 2.5 x 10 7) and the c a p i t a l cost 
[ z A ( d / u ) ' 8 / X A T 0 K H ] N £ - 8 — i t being noted that 2.5 x 10 7 i s the 
square of the value 5000 for the Reynolds number—a value which 
marks a t y p i c a l lower bound for f u l l y developed turbulent flow i n 
smooth pipes. The corresponding optimum savings i n useful energy 
i s given by [ K m ( d / y ) - 2 / X A T 0 K H ] ( N 2

> L - N ^ o p t ) , where N R > L denotes a 
t y p i c a l low-capital-cost value of NR such as the one shown i n 
Figure 5. 

The method used by Hendrix (32) and Smith (26) to find the 
unit essergy costs shown i n Figure 2 i s an extension of the tech
nique employed by Gaggioli and Fehring (37). Hendrix (32) extended 
their technique by introducing turbine c a p i t a l costs to find the 
unit costs X for a l l of the useful energy flows i n a Wisconsin 
E l e c t r i c Power Co. Plant (37). Figure 2 shows his results for the 
steam flow through the eight turbines stages of this plant. 
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Figure 5. Determination of the optimum feedwater v e l o c i t y 
for the feedwater heater. 
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Since Feedwater Heater No, 5 consumes steam at 591°K, i t i s 
seen from Figure 2 that the unit cost XJJ for heat transfer essergy 
i n Eqn. (12) w i l l be X H = X 5 = 0.714c/KW-hr. And as demonstrated 
i n Ref. 7, this feedwater heater w i l l thus be thermoeconomically 
isolated, so that the unit costs X A, Xg, and XJJ are each constant 
i n Eqn. (12) with respect to a l l possible design or synthesis 
variation i n that equation. Focusing our attention upon XH = X 5 
i n Figure 2, i t i s seen that this unit cost does not vary greatly 
from the unit costs of essergy found by Hendrix for the steam going 
to each of the other feedwater heaters—the t o t a l v a r i a t i o n l y i n g 
between 0.711c/KW-hr for FWH No. 7 and 0.780c/KW-hr for FWH No. 1. 

This suggests the p o s s i b i l i t y that for o r i g i n a l design and 
synthesis purposes, unit costs such as XH - X 5 may indeed be 
kept constant with respect to temperature variations of the 
steam extracted for component h  Feedwate  5 
v i a introducing primar
would be insensitive t  temperatur  pressure—wit y 
inaccuracies i n these primary costs being offset through the use 
of u t i l i z a t i o n function costs (similar to the one introduced by 
Boteler, as discussed above) which would account for any 
anomalies i n the effect of the steam temperature and pressure 
upon turbine cost and performance. 

Through the use of such u t i l i z a t i o n function costs, the 
turbine costs are separated into primary turbine costs, which by 
de f i n i t i o n are insensitive to the temperature and pressure of the 
steam, and secondary turbine costs which are automatically paid 
for by neighboring components v i a requiring their purchase of 
u t i l i z a t i o n functions. The primary turbine cost formulae then 
result i n equal units costs XH of the bleed steam essergy for 
a l l of the feedwater heaters. Thus XH i s then constant with 
respect to temperature, thereby meeting the condition of thermo
economic i s o l a t i o n of the feedwater heaters with respect to the 
turbines. 

Further detailed consideration of the turbines and pumps i s 
beyond the scope of this paper, other than to point out that the 
optimum number of turbine and pump stages i s determined by finding 
the optimum number of feedwater heaters v i a the method outlined 
i n a following section. 

Internal Correction Factors 

In addition to the secondary corrections for component i n t e r -
dependencies discussed at the end of the preceding section, 
introductory thermoeconomic equations such as Eqns. (13) through 
(26) require internal corrections ( i . e . , corrections internal to 
the component) before complex systems can be accurately syn
thesized and designed. These internal corrections may be 
incorporated into correction factors which leave the basic form 
of the introductory equations unchanged—thus preserving the 
insight gained from the introductory equations. 
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For example, the cost per transfer unit Y x i n Eqn. (13) 
might i n general include dissipations T Q&j other than just the 
head losses i n the two streams so that i n general, 

m 
Z + E X.T & 

y = 3 O J ( 2 ? ) 

x UA 

The two-phase term j ^ 2 ^ j T o ^ j w a s neglected i n the introductory 
expression for y x given by Eqn. (19). The numerator of Eqns. (19) 
and (23) may be corrected by defining an area cost factor f A as 
f o l l o w s ' * + i I / j V j 

f = J = 1 J ° 3 (28) 
A 1.4 z AA 

i t being noted from Eqn
r e l a t i o n , a result which agrees with well-known results for similar 
heat exchangers (40,41). 

Also, the o v e r a l l thermal resistance 1/U must include a l l 
thermal resistances, so that the denominator of the introductory 
expression for y x given by Eqn. (23) must be corrected (since U 
as modeled by Eqn. (22) neglects the thermal resistances of the 
tubing wall and the two-phase side). The denominator of Eqn. (23) 
may be corrected by defining a thermal conductance factor fjj: 

f u ~ " V ( 2 9 ) 

where the subscript " r " denotes the reference value of m given by 
Equation (24). 

The factors f A and fu are not constant w.r.t. va r i a t i o n i n m, 
as shown below, so that they are not convenient for d i f f e r e n t i a t i o n . 
For that purpose, the following factors, introduced by H. Slack 
(38), are useful: 
— m 

i + J=2 X J T o * j 
f a_ = J 1 (30) 

(31) 

(32) 

Ar z AA 

f = m 
m 

Ur " f u + 1 
f0.8 
m 

Comparison of Eqns. (29), (31), and (32) shows that the factor f U r 

represents the following thermal resistance r a t i o , 

f u r H K h \ 8 ( F T 1 M + 7 i o X ) ( 3 3 ) 

while Eqn. (30) reduces to, 
f 4 = 1.4 f A - 0.4 f 2 , 8 (34) Ar A m 
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Noting that, - , , 
v = ZA (35) 
r x r " T, .0.8 

one has for y x , i n view of Eqns. (27) through (35), 

^ y - f A f ~ 0 , 8 + 0.4 f 2 + (f„ - 1)(0.4 f 2 , 8 + f A ) (36) Y x r x Ar m m Ur m Ar 

For the case where fAr a n d % r a r e n o t perfectly constant w.r.t. 
f m , correction factors for their variation may be introduced i n 
the simple manner of Appendix C of Chapter 1 of Ref. 24. Also, i n 
view of Eqn. (9b), i t w i l l be observed that va r i a t i o n of m 
corresponds to variation of the number of tubes per pass N (at 
fixed M and A c ) , so tha
non-differentiable ste
d i f f e r e n t i a b l e function of m, since as pointed out i n Ref. 7, a l l 
quantities involved are actually s t a t i s t i c a l expectations or 
averages of the physical quantities represented, because of the 
uncertainties inherent i n such thermodynamic and economic 
parameters (39). With th i s understanding the minimum of y x/Yxr 
occurs at d ( y x / y x r ) / d f m = 0, which yields 1 

f. "278 
F . ( A * ) (37) 
~ " x • i.« <f„ r - i> t o i p c 

Equation (37) i s expressed in a form for direct i t e r a t i o n — a 
form which converges very rapidly v i a the well-known Newton-Raphson 
technique. For example, with f A r = 1.8 and f y r = 2 one finds 
fm-opt = 0.9155, which yiel d s a s t a t i s t i c a l expected value of 570.4 
for the optimum number of tubes per pass, so that either 570 or 
571 tubes would be optimum. However, due to the flatness of the 
t o t a l cost curve i n Figure 5, values of either 550 or 600 tubes per 
pass would make very l i t t l e difference i n the t o t a l cost, so that 
for the purpose of saving useful energy 600 tubes would be a more 
l i k e l y optimum design figure. The corresponding value of the over
a l l conductance (for 600 tubes per pass) i s 518.1 BTU/hr f t 2 F , down 
from 1097 BTU/hr f t 2 F for the case where the two-phase head loss 
and resistance were neglected. Such a drop i n o v e r a l l conductance 
r e f l e c t s the value of f y r which was used (fjjr = 2 ) — a value which 
r e f l e c t s a large amount of fouling ( i t being recalled that for f i l m -
wise condensation, the two-phase convective c o e f f i c i e n t i s well-
known to be several times higher than the convective c o e f f i c i e n t 
for fully-developed turbulent flow of l i q u i d water i n smooth pipes. 

Additional corrections are of course necessary. These include 
load factors, and cost corrections such as entrance and exit head 
losses and the manufacturing cost of the headers or water boxes. 
These l a s t corrections must be included i n order to find the o p t i 
mum diameter of the tubing (via minimizing f ^ Q t % o p t ^ x r w * t n 
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respect to the tubing diameter). Also, the corrections for non-
constancy of the factors f A r and fur must not be overlooked. The 
mode of correction i s outlined i n Appendix C, Chapter 1 of Ref. 24, 
where sizable non-linearities are superimposed upon a linear base. 
In addition, the single pure evaporator model of a boi l e r must 
include a large correction for preheat as well as superheat—such 
corrections being applied by Boteler (27), and Hendrix (32). 

And f i n a l l y , the scope of the model i t s e l f must be enlarged 
to include such complexities as the exact pricing of co-generated 
steam for chemical processes such as paper making or d i s t i l l a t i o n 
of alcohol. For land based plants, evaporation cooling towers 
should be included, the basic model for achieving the thermo
economic i s o l a t i o n of power plant cooling systems having been 
worked out by P.V. Kadaba and M.V. Smith (26) through the use of 
combined essergy-negentrop  balances

Optimum Number of Feedwate

In order to find the optimum number of feedwater heaters, the 
optimum value of y = T^/T2 should f i r s t be found by minimizing f/Q 
where Q and f are given by Eqns. (4,15, and 16). Letting T i be 
constant, one may achieve this minimum by minimizing YD> defined 
b y> r v 

y D - — ( 3 8 ) 

In terms of YD> Eqn. (16) becomes, 

Y . ^ ( 3 E L ) + Z < W ) + J L ( a + k ) (39) 
X H T Q 1-y e x-y 1-y ? 

The parameter (l-y)/xy i s seen from Eqns. (4) and (6) to be 
equal to Q/UAT^, where (J/UA i s often expressed as a corrected long-
mean temperature difference i n heat transfer texts (33,34,35). 
Considering y and (l-y)/xy to be the key design variable (at con
stant T^), the optimum value of xy/(l-y) i s found by multiplying 
xopt i n E CI N- 0 -7 ) by y / ( l - y ) , while y Q p t i s found by minimizing YD 
at constant x y / ( l - y ) — f o r which case, the f i r s t term of this l a s t 
equation i s seen to be constant (since XJJ and T Q are constant 
inputs, while Yx * s a t t n e constant minimum value determined by 
Eqn. (37). For large values of x o p t , variation of the second term 
may be neglected, so the base model for finding y 0 p t m a v D e taken 
as, 

Y n - — (a + k) + k (40) 
u 1-y y r 

where k r represents the f i r s t two terms of Eqn. (39), considered as 
constant, with corrections for smaller values of x Qpt being i n 
corporated into a correction factor obtained from d i f f e r e n t i a t i n g 
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the neglected second term of Eqn. (39), using x = x Qpt as given by 
Equation (17). 

Equation (40) may be applied to lake-cooled power plant con
densers as well as feedwater heaters. For the condensers, 
0"y - ( y - l ) 2 / y so that Eqn. (40) reduces to, 

Y_ » 1-y + — - k + k (41) 
D 1-y r 

Minimizing YD v i a ^Yp/dy = 0 gives the following basic result for 
lake-cooled condensers: 

U - r f o p t = ( 4 2 ) 

This result must o
xopt using the correctio
heaters, a similar result i s obtained by expanding the logarithm 
in Eqn. (15) to obtain a value of a y = ( y - l ) 2 / 2 y which needs 
another correction factor to conform to Eqn. (15) exactly. This 
merely introduces a factor of two into Eqn. (42) so that for feed-
water heaters, the corresponding basic results i s 

( 1 - y > 0 P t - ( 4 3 ) 

As indicated when K = kXHT0MCp was f i r s t introduced just 
before Eqn. (12), K i s constant with respect to decisions within 
each feedwater heater or condenser, but i s a variable with re
spect to associated costs. Thus, for example, the dimensionless 
cost k includes the cost of cooling water i n l e t f i l t e r s i n the 
case of the condensers—while for feedwater heaters i t includes 
the cost of the bleed steam duct and tap required for the addition 
of a new heater. It also includes the cost of end effects (such 
as headers and water boxes) which w i l l be added automatically to 
k when the non-linearity correction factors mentioned above are 
included. When a l l these corrections are considered, the results 
of Eqns. (42) and (43) appear to be i n good agreement with the 
values found i n well-optimized plants (such as the Wisconsin 
E l e c t r i c Plant from which the data for this work was taken), but 
i t i s beyond the scope of this paper to pursue this matter further. 

Further optimization rests primarily i n further minimizing 
the cost per transfer unit Yx> a well-known c r i t e r i o n f i r s t pointed 
out by Tribus over 25 years ago (1,14,23). This c r i t e r i o n (often 
called minimizing the cost of "UA") i s thus well-known by manu
factures of heat transfer equipment. However, unless the heat 
exchange component i s shown to be thermoeconomically isolated, 
this c r i t e r i o n has to be viewed with suspicion, and indeed i t i s 
currently used more as a "rule of thumb" than as a precise 
c r i t e r i o n . 
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But with the establishment of thermoeconomic i s o l a t i o n plus 
the use of the correction factors mentioned above, minimization 
of the cost per transfer unit Yx becomes a precise c r i t e r i o n . It 
has already been shown above how the optimum value of the length 
and diameter of the tubes i s obtained—as well as the optimum 
number of tubes per pass. Further synthesis of such heat ex
changers results from minimizing Yxr fAopt fUopt w i t n respect to 
material and geometric selection factors. 

After a l l of the thermoeconomic synthesis-design equations 
(such as the expression for Y Xr^Aopt^Uopt) have been expanded into 
relevant material and geometric selection factors, each component 
i s then synthesized v i a minimizing the cost w.r.t. these selection 
factors. Following that, the number of multiple components (such 
as feedwater heaters, pumps, and turbine stages) may be ascertained 
by considering the pump
systems" for mechanica
Equation (43) i s then applie  repeatedly
put thermal exergy i s the same for the highest temperature feed-
water heater as i t i s for the preheating of l i q u i d water i n the 
"economizer"—at which point the addition of another feedwater 
heater would produce no further savings. 

This l a s t step serves also to establish the optimum number of 
pumps and turbine stages, which completes the synthesis phase. The 
design phase i s then carried out by re-optimizing each component 
v i a minimizing the unit cost of i t s essergy output—a process which 
increases the degree of constancy of these unit costs, thereby 
increasing the degree of thermoeconomic i s o l a t i o n of the corres
ponding components. 

Conclusion 

It has been shown how essergetic functional analysis may y i e l d 
constant unit costs of output essergy from system components 
(devices, units, e tc.—over the s i g n i f i c a n t range of design 
varia t i o n s ) , providing that the three requirements l i s t e d on 
page 3 can be met. If a l l the components of a system meet these 
requirements, then a l l essergy unit costs w i l l be constants (over 
a s i g n i f i c a n t range of design variations) throughout the system as 
a whole. Under th i s condition, a l l of the components are said to 
be thermoeconomically isolated—meaning that the optimum design 
point of each component (which by d e f i n i t i o n optimizes the system 
as a whole) may be found by ref e r r i n g only to the constant unit 
costs at which that component buys the various types of essergy 
from the rest of the system. This i s , of course, a much stronger 
condition than i s implied by the well-known existing techniques 
for thermoeconomic decomposition of systems and processes, such 
as dynamic programming, Lagrange M u l t i p l i e r costing, e t c . — a l l 
of which must account for variations i n the rest of the system 
beyond what can be communicated v i a constant unit costs only. 
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It was then illustrated how a thermo-chemical process may be 
synthesized and designed i f i ts components are thus thermoecon-
omically isolated. The i l lustration was carried out on components 
of a large steam power plant, using simplified primary equations 
with subsequent corrections—the primary equations serving to 
i l lustrate clearly the tradeoff between useful energy costs and 
investment in equipment. 

It remains to be shown whether or not the three requirements 
of essergetic functional analysis are always consistent with proven 
thermoeconomic decomposition techniques such as El-Sayed1s method 
of Lagrange multipliers. It could be that the proof of this con
sistency could only be obtained at the expense of new, stringent 
conditions upon the definition of the uti l ization functions needed 
to guarantee compliance with these three requirements. 

If the problems implied i  th  precedin h  b
solved even to a good approximation
always be approximately isolated thermoeconomically. Being thus 
enabled to concentrate on a single component without having to 
account for the variations in the remainder of the system, one 
may investigate new variations (by permitting variations of 
previously constant quantities) which would otherwise l i e out of 
reach of one's capabilities—whether or not enforced by computer
ization. In other words, i f an interdependent component is thermo
economically isolated, then that component may be suboptimized with 
respect to many new, underlying variables which cannot be treated 
by any other existing optimization procedure, without unacceptable 
cost in computer programming manpower. 
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This paper present
economics to th  optimizatio  cycl
cogeneration system which supplies process heat 
in the form of hot water. The method described 
in this paper is well-suited for application to 
thermal systems. This technique does not require 
that available-energy (exergy) be used explicit ly 
in the optimization although the effects of 
available-energy dissipations are evaluated via 
the shadow and marginal prices. The design space 
for this cogeneration system consists of five 
independent variables and three parameters that 
reflect "market" conditions; fuel cost, 
electricity cost, and the required hot water 
supply temperature. Results (suboptimizations) 
are presented for several given sets of market 
conditions. 

Thermal systems can be completely described using balance 
equations for mass, energy, and entropy in conjunction with 
thermophysical property relations and/or equations of state, 
equipment performance characteristics, thermokinetic or rate 
equations, and boundary/initial conditions. With the thermal 
system adequately described, i t can be optimized by any current 
technique. Although the approach presented in this paper is not 
explicit in Second Law terms, i t never-the-less w i l l yield the 
optimal design and with the appropriate transformations, w i l l 
yield any desired Second Law quantity. 

The variables which are used to describe the system usually 
are not a l l independent since there exist many equations of con
straint. It may be possible to substitute the constraint 
equations into the objective function, leaving only independent 
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variables to be optimized. Unfortunately, i t i s not always 
mathematically desirable to eliminate a l l the dependent variables 
from the objective function. One alternative i s the use of 
Lagrangian m u l t i p l i e r s . 

The application of Lagrange's Method to large scale thermal 
systems i s well-known and wide-spread. Brosilow and Lasdon (1-2) 
and Gembicki (3) applied this technique to complex chemical pro
cessing plants. El-Sayed and Evans (4) developed a method whereby 
a complex thermal system i s decomposed into i t s component parts, 
each component buying and s e l l i n g available-energy with other 
components. This approach requires that the problem be cast i n 
terms of available-energy coordinates, that i s , the constraint 
equations representing the internal economic transactions (supply 
and demand equations) must be e x p l i c i t i n available-energy flows. 
The benefit of such a transformatio
p l i e r s represent price
purchases of available-energy ,  price
to show the economic trade-offs between c a p i t a l investment and 
available-energy destruction for each component of the system. 

In order to obtain the available-energy balance equations 
(the intercomponent available-energy sales and purchases), i t i s 
necessary to incorporate a l l the relevant thermodynamic con
s t r a i n t s . In general no guidelines exist concerning the selection 
of the form for these constraint equations. Furthermore, the 
r e s t r i c t i o n that a l l state variables (temperatures, pressures, 
mole fractions, mass flows ...) be transformed to available-energy 
functions i s d i f f i c u l t and quite tedious. As a rule, this trans
formation from state variables to available-energy flows results 
i n a set of highly non-linear algebraic equations which must be 
solved i n order to obtain the set of optimum decision variables. 

The technique to be described i n this paper follows that of 
Tribus and El-Sayed (5) i n that no transformation i s made to 
available-energy coordinates. Rather the problem i s optimized 
using thermodynamic and equipment coordinates. In this way any 
desired Second Law quantities can be obtained upon conclusion of 
the optimization using an appropriate transformation. 

Description of the Optimization Technique 

This method requires the objective function to be expressed i n 
terms of the dependent (or state) variables, {x^}, and independent 
(or decision) variables, {y^}. 

The equations of constraint are divided into two groups. One 
set of constraints, referred to as substitution constraints, are 
used to eliminate selective dependent variables from the objective 
function, <\>Q, and from the set of Lagrange constraints, <)>j . The 
other set, called Lagrange constraints are used d i r e c t l y i n the 
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optimization scheme, each having an associated Lagrange multi
p l i e r , Aj. The constraints are defined by equations of the form 

• j = h - X J ( 2 ) 

where <ta i s the equation of constraint to be used i n Lagrange's 
Method t a Lagrange constraint). The constraint must be equal to 
zero at the optimum. <j>j i s the defining equation that describes 
the r e l a t i o n between the associated state variable, {XJ}, and the 
other state variables, { x ^ j ^ - j , and decision variables {y^}. 

With these d e f i n i t i o n s , the Lagrange constraints are then 
expressed as functions of the state and decision variables 

* j = * j

Using this approach, th  proble

Extremize <f>Q = ̂  ({x j [},{y k}) (4) 

Constrained by <|> = <|> ({x ±},{y k}) j - l,n (5) 

With the selection of the objective function and Lagrange 
constraints, the Lagrangian, L, i s defined by 

L = (f> + E A. <)>. (6) 
° j J 3 

In accordance with the Method of Lagrange, to guarantee that 
L i s independent of the set of state variables, {x-ĵ } ( i . e . L i s 
unconstrained or i n other words, that the optimum of L i s equal 
to the constrained optimum of <J>0), we must have 

3L 
3x . 

I 

l,n (7) 

or 

3<j> n a*. 
+ £ A. ^ = 0 i = l,n (8) 3x ± j = 1 3 3x. 

This yields a set of n equations that are linear i n the 
unknown Lagrangian mult i p l i e r s , U j } . Equation 8 may be put i n 
matrix form and rearranged to y i e l d 

(9) 
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[ y - - h ^ l do) 

The Lagrangian multipliers may be interpreted as prices which 
reveal the economic value associated with a d i f f e r e n t i a l change i n 
the corresponding state variables, and are referred to as shadow 
prices (5). 

When the objective function and Lagrange constraints are 
well-behaved analytic functions, the optimum design i s defined by 

W • H ( I D 

or rewriting 

(12) 

The optimum design i s therefore located by solving the resulting 
simultaneous equations to obtain each optimum decision variable, 

When optimizing r e a l world problems i t i s often convenient 
to define a marginal price, 6^, associated with each decision 
variable, y^. The set of marginal prices are defined 

K = ikr (13) 

8cf> n 3<f>. 
^-°-+ Z A. - r - i for k - l,m (14) 
8 y k i-1 1 3 y k 

or i n matrix form 

(15) 

The physical interpretation of these marginal prices i s that they 
are prices associated with a d i f f e r e n t i a l change i n the corre
sponding decision variables, {y^}* a n c* m a y °e used to indicate 
the potential benefit of changing a decision variable. 

Equation 10 represents n linear equations i n the unknown 
Lagrangian multi p l i e r s and Equation 12 represents m simultaneous 
equations with the decision variables as unknowns. For many 
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p r a c t i c a l applications of this method, the n+m equations corre
sponding to Equations 10 and 12 are highly non-linear and quite 
unwieldy to solve. Consequently, a numerical solution may be 
necessary. One such procedure i s to obtain numerical values for 
the shadow prices, iM}^ from Equation 10 for a particular set of 
design variables, ( y ^ l ^ . These shadow prices are then introduced 
to Equation 15 and the marginal prices, Ofc}^ evaluated. The 
marginal prices represent the derivatives of the objective 
function, <\>Q9 at that particular design point, £. I t i s then 
possible to use the marginal prices to point i n the di r e c t i o n 
toward the optimum design. A new generation of design variables, 
^k-'£+1 *-s determined using 

= t ^ (16) 

where Ay^ i s some predetermine
When the marginal price, 0k,£, i s negative the derivative of 

the objective function i s negative. I f we wish to minimize the 
objective function, this indicates that the decision variable 
needs to be increased i n order to approach the optimum. Simi
l a r l y , i f the marginal price, 0^ £, i s positive, the decision 
variable needs to be decreased i n order to approach the optimum. 

In many cases i t i s informative to have Second Law based 
prices associated with a change i n thermodynamic value streams 
corresponding to 0^ or These Second Law based prices may be 
obtained by using the chain rule 

3x 
K -Kinr- K T ^ - V (17) i 3A 

3 y k 
s k d A k 4 

s 
ft) 

where A and 0 are prices associated with changes i n an 
available-energy stream, A s (which has y^ and x^ as variables), 
through changes i n y^ and x^. A non-dimensional marginal price, 
0k, i s often desired (5). This i s accomplished using Equation 19 

ek • ek < W ( 1 9 ) 

System Model 

Cogeneration has been u t i l i z e d by industry for many years but 
recent trends i n purchased energy costs and the enactment of PURPA 
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have s i g n i f i c a n t l y influenced the economics to a more favorable 
position. This method of producing low temperature heat has an 
advantage over the more conventional system of burning fuel for 
low temperature applications i n that a cogeneration system has a 
much lower available-energy consumption than the conventional 
system (6-9). In other words, cogeneration systems can provide 
low temperature heat at higher Second Law e f f i c i e n c i e s than the 
alternative of producing low temperature steam from a low pressure 
boiler or furnace. 

The optimization must focus on how much shaft work (or 
e l e c t r i c i t y ) the cogeneration system should produce, given a 
s p e c i f i c product heat requirement, for present and future market 
conditions. The optimization must simultaneously locate the 
optimal c a p i t a l investments, performance specifications, and 
operating characteristic  fo  th

The working f l u i d fo
properties of which are usually available  tabula  o  graphica
form. This suggests that a completely an a l y t i c a l solution i s not 
desirable and that a numerical technique should be employed. 

The cogeneration system studied i n this paper consists of 
four major components, boiler, turbine/generator, condenser and 
boi l e r feed pump (Figure 1). The system produces two products, 
e l e c t r i c i t y and base load hot water. The hot water produced i s 
the exiting cooling water from the condenser. This means that 
the steam must condense at a r e l a t i v e l y high temperature and 
pressure since i t i s the condensing steam which supplies the 
required energy to the hot water. 

The hot water i s supplied to process at a high temperature, 
TB, and i s returned at a lower temperature, TC. The supply and 
return temperatures are specified by the process and are therefore 
treated i n the optimization as constants. 

The approach selected to optimize the system i s that of 
suboptimizing the system at various fixed e l e c t r i c a l outputs. 
This w i l l y i e l d an optimal design for each specified e l e c t r i c a l 
output. These suboptimizations w i l l not be functions of the price 
of e l e c t r i c i t y and w i l l depend only on the r e l a t i v e costs of f u e l , 
equipment, and of c a p i t a l . Once the value of e l e c t r i c i t y i s 
known, the o v e r a l l optimum design can be selected from these 
suboptimizations. 

The problem must be set up such that the objective function 
and the Lagrange constraint equations are functions of the state 
and decision variables (Equations 4 and 5). A major deviation 
from the procedure outlined by Tribus and El-Sayed (5) i s i n the 
selection of the Lagrange constraint equations and state v a r i 
ables. The added complexity of having steam as the working f l u i d 
(compared to an i d e a l gas i n the gas turbine optimization per
formed by Tribus and El-Sayed) makes i t impractical to select 
state variables that correspond to available-energy flows. Con
sequently, this requirement was relaxed e n t i r e l y . This gives the 
designer the opportunity to use any variable as a state variable, 
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Figure 1. Rankine cycle cogeneration system. 
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thus allowing considerably more freedom i n the selection of state 
and decision variables which i n turn simplifies the objective 
function, Lagrange constraint equations, and subsequent 
derivatives. 

Objective Function. The objective of the optimization i s to 
minimize the t o t a l cost of owning and operating the system (at 
fixed product output). The objective function must be expressed 
i n terms of the system's costs (fuel, equipment, and capital) by 
using an amortized c a p i t a l investment, Z, for each component and 
the t o t a l fuel cost, CFUEL, written per operating hour. The 
objective function may be written as 

Minimize <f> - CFUEL + ZA + ZB + ZC + ZD (20) 
[{x ±}{y k}] ° 

Cost Estimation. The c a p i t a l costing equations used i n the 
cogeneration problem have been designed to y i e l d approximate 
c a p i t a l and maintenance expenditures and to r e f l e c t the conse
quence of changing the system's variables on these costs. The 
form of these equations expresses equipment costs i n terms of 
stream and performance variables. In a l l cases a c a p i t a l recovery 
factor i s used to account for the cost of c a p i t a l ( i = 15%) and 
estimated useful l i f e (n = 40 years). 

The approach taken to develop these costing equations was to 
single out the most important parameters that influence cost, and 
use them to y i e l d a base cost, designating them with a prime 
( i . e . Z'). This base cost i s then adjusted by mu l t i p l i c a t i o n 
factors so as to incorporate the influence of other factors. The 
form of these equations has been suggested i n the l i t e r a t u r e 
(10-12) and by experienced engineers, then curve f i t to available 
data. However, extreme care must be exercised when applying any 
of these equations i n the f i e l d . 

The interested reader should refer to Reference (13) for a 
detailed description of costing equations for the b o i l e r , turbine, 
condenser, and pump. The costing equations for t h i s system are 
l i s t e d i n Table I. 

Fixed Charges. The costing equations previously discussed 
determine the cost associated with each component of the system. 
The t o t a l system cost i s composed of the sum of the component 
costs (ZTOT) plus any other charges attributable to the system. 
These other charges, called fixed charges, include such costs as 
the piping between components, foundation charges, building 
charges, operating personnel charges, etc. Fixed charges are 
estimated at 1.5 times the sum of the component costs. These 
costs are considered constant for a specified heat and work output 
requirement. Because the Lagrange optimization scheme i s at fixed 
product, these costs need not be incorporated into this part of 
the optimization. However, these charges must be considered i n 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



13. GARCEAU AND WEPFER Rankine Cycle Cogeneration System 271 

Table I. Amortized Costing Equations for the Cogeneration System 

30ILER ZA = ZA(STM, PI, T l , AN, AR) 
ZA = X l l * FAP * FAM * FAT * FAN * FAR 

where X l l = CRF * C l l 
FAP = exp(Bll * PI) 
FAM = exp(B12 * alog STM) 
FAT - 1.0 + C12 * exp[(Tl-TlS)/B13] 
FAN = 1.0 + [(1.0-ANS)/(1.0-AN)]**B14 
FAR = 1.0 + [(1.0-ARS)/(1.0-AR)]**B15 

TURBINE & ZB = ZB(STM, PI, P2, T l , T2, BN) 
GENERATOR ZB =
where T1R = T l + 460 

T2R = T2 + 460 
X21 = CRF * C21 
FBI = B22 * BN * STM 
F2T = CPS * (TlR-T2R-T2R*alog(TlR/T2R)) 
F2P = R * T2R * alog (P1/P2) 
FBW = exp{B21 * alog [FBI * (F2T+F2P)]} 
FBT - 1.0 + (C22 * exp [(T1-T1S)/B23]) 
FBN =1.0+ [1.0-BNS)/(1.0-BN)]**B24 

CONDENSER ZC = ZC(CA, P3, P2, PB, PC, T2, TB) 
ZC = X31 * FCA1 * FCR * FCPW * FCP * FCB 

for 100 < CA < 3000 f t 2 

ZC « X31 * FCA2 * FCR * FCPW * FCP * FCB 
for CA > 3000 
where X31 = CRF 

FCA1 = CA * C31 * exp(B31 * alog CA) 
FCA2 - CA * C36 
FCR = [P3 * ((1/CR)-1.0)/C35]**B32 
FCPW = [(PC-PB)/C35]**B33 
FCP = C32 + C33 * P2 + C34 * (P2**2) 
FCB = exp(B34/(T2-TB-5)) 

PUMP ZD = ZD (STM, P4, P3, DN) 
ZD = X41 * FD1 * FDN 

where X41 = CRF * C41 
Y2 = B42 * STM * V34 * (P4-P3)/DN 
FD1 = exp[B41 * alog Y2] 
FDN = 1.0 + [(1.0-DNS)/(1.0-DN)]**B43 

FUEL CFUEL = CF * HF 
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order to select the optimum work/heat rati o from the set of sub-
optimizations (each at constant product). 

Constraint Equations. The selection of fixed parameters and 
decision variables i s given i n Table I I . The reason for this 
selection w i l l become apparent l a t e r . 

Table I I . Fixed Parameters and Decision Variables for the 
Cogeneration System 

{y f} FIXED PARAMETERS 

TB Condenser hot water outlet temperature 
TC Condenser hot water i n l e t temperature 
PB Condenser ho
PC Condenser ho
HWM Required hot water mass flow rate 
WA Net turbine shaft work output 
CR Condenser shell-side pressure loss c o e f f i c i e n t 
X2 Turbine exit quality 
U Condenser o v e r a l l heat transfer c o e f f i c i e n t 
CPW Sp e c i f i c heat of water at constant pressure 
CN Condenser F i r s t Law e f f i c i e n c y 

{yk> DECISION VARIABLES 

AN Boiler e f f i c i e n c y 
AR Boiler pressure drop coef f i c i e n t 
PI Turbine i n l e t pressure 
P2 Condenser i n l e t pressure 
DN Pump isentropic e f f i c i e n c y 

The equations of constraint l i n k the cost estimate through 
the system's thermodynamic performance to fuel costs. The thermo
dynamic analysis must relate the variables used to describe the 
system's performance to those used i n the cost estimate. In t h i s 
problem, costing equations are used which are generally i n terms 
of stream and performance variables. Thus the thermodynamic 
analysis need only be i n terms of these variables. Sixteen 
equations of constraint have been developed from a thermodynamic 
analysis of the cycle, and are given i n Table I I I . 

Some constraints, such as <f>2 use stream variables to describe 
the thermodynamic state of the working f l u i d . Numerical values 
for steam properties are generated using a computer subroutine 
called STEAM (14). Thus not a l l constraint equations are i n 
an a l y t i c a l form. 

The problem has now been reduced to f i v e independent 
variables. The form of the constraint equations has been arranged 
such that each state variable can be obtained e x p l i c i t l y and the 
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Table I I I . Equations of Constraint for the Cogeneration System 

Thermodynamic Constraints 
State Defining 

Variable Relation 
x. i 

1 H2 f (P2,X2) 
2 T2 f(P2, quality) 
3 P3 P2 * CR 
4 H3 f(P3, SAT. LIQ.) 
5 P4 Pl/AR 
6 H4 H3 + CF1 * V34 * (P4-P3)/DN 
7 STM HWM *
8 WP STM
9 HI (WA4WP) /STM + H2 
10 T l f ( H l , PI) 
11 H2S f(P1,P2,T1) 
12 BN (WA-WP)/(STM * (H1-H2S)) 
13 HF STM * (H1-H4)/AN 
14 T3 f(P3, SAT. LIQ.) 
15 TM {(T3-TC) - (T2-TB)}/alog{(T3-TC)/(T2-TB)} 
16 CA HWM * CPW * (TB-TC)/(TM*U) 

Such that Lagrange Constraints are of the form 

<\>. =<(>!- x. i = 1,16 

order selected such that the resulting matrix i s diagonalized. 
The next step i s to obtain equations for the solution of the 
shadow and marginal prices. This requires the evaluation of 
various derivatives of the constraint equation matrix. However, 
because not a l l the constraints are i n algebraic form (those 
constraints that are functions of steam table properties) 
numerical derivatives must be evaluated. One other note, there 
are two condenser costing equations. This means that two separate 
derivatives must be taken and the derivative corresponding to 
whichever costing equation i s v a l i d for that value of condenser 
area, i s the one that should be used. 

System Solution. The shadow prices, {Aj}, are evaluated using 
Equation 10. Table IV l i s t s the algebraic solution for the 
shadow prices (made very easy by choice of diagonalized constraint 
equations). The marginal prices {0^} are evaluated with Equation 
15. Again, the choice of fixed parameters and decision variables 
makes i t possible to solve Equation 15 e x p l i c i t l y for each 
marginal pric e . Table V l i s t s these expressions. 
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Table IV. Shadow Price Equations for the Cogeneration System 

SP(16) = (ZC/CA)*(B31+1) ? 

for 100 < CA < 3000 f t 
SP(16) = (ZC/CA) 
for CA > 3000 f t 
SP(15) - -SP(16)*CA/TM 
SP(14) = SP(15)*{(alog DUMl)-l+l/DUMl}/{alog(DUMl)}**2 
SP(13) = CF 
SP(12) = X21*FBT*FBW*[FBN*B21/BN+(FBN-1)*B24/(1-BN)
SP(ll) = SP(12)*BN/(H1-H2S) 

**SP(10) = SP(11)*DER1+Xl1*FAP *FAN*FAR 
*FAM*(FAT-1)/B13+X21*FBN 
*FBW*[(FBT-1)/B23+FBT*B21 
*CPS*(1-T2R/T1R)/(F2T+F2P)] 

**SP(9) = SP(10)*DER2-SP(12)*BN/(H1-H2S)+SP(13)*STM/AN 
SP(8) = [SP(9)+SP(12)/(H1-H2S)]/STM 
SP(7) = [SP(8)*WP-SP(9)*(WP4WA)/STM 

-SP(12)*BN+SP(13)*HF+ZA*B12+ZB*B21+ZD *B41]/STM 
SP(6) = SP(8)*STM-SP(13)*STM/AN 
SP(5) = SP(6)*CF1*V34/DN+ZD*B41/(P4-P3) 
SP(4) = SP(6)+SP(7)*STM/(H2-H3)-SP(8)*STM 

**SP(3) = SP(4)*DER3-SP(6)*CF1*V34/DN+SP(14) 
*DER4+ZC*B32/P3-ZD*B41/(P4-P3) 

***SP(2) = SP(15)*[-alog(DUMl)4DUMl-l]/[alog(DUMl)]**2+ZB*B21 
* [ -CPS*alo g (T1R/T2R) -rR*alog (P1 /P2) ] 
/(F2T+F2P)-Z C*B34/(T2-TB-5)**2 

SP(1) = -SP(7)*STM/(H2-H3)+SP(9) 

where 
**DER// = numerical derivative number #. 
***DUM1 = (T3-TC)/(T2-TB) 
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Table V. Marginal Price Equations for the Cogeneration System 

PM (1) = -S P(13)*HF /AN+X11 *FAP *FAM*FAT *FAR* (FAN-1) *B 14 / (1 -AN) 
PM(2) = -SP (6) * (H4-H3) /DN+X41 *FD 1 * [ -FDN*B41/DN+(FDN-1) 

*B43/(1-DN)] 
*PM(3) = SP (5) /AR+SP(10) *DER5+5P (11) *DER6+ZA*B 11+ZB*B21 * 

R*T2R/[P1*(F2T+F2P1) ] 
**PM(4) = DUM2+DUM3*FCA1 

for 100 < CA < 3000 f t 2 

**PM(4) = DUM2-H)UM3*FCA2 
for CA > 3000 f t 2 

PM(5) - -SP(5)*P1/AR**2+X11*FAP*FAM*FAT*FAN
(FAR-1)*B15/(1-AR

*DER# = numerical derivative number #. 
**DUM2 = SP(1)*DER7+SP(2)*DER8+SP(3)*CR+SP(11)*DER9 

-ZB*B21*R*T2R/(P2(F2T+F2P)) 
DUM3 = X31*FCP*FCR*FCPW*FCB*(C33+2*C34*P2) 

The solution procedure requires the designer to select a 
feasible set of decision variables {y^} for the f i r s t i t e r a t i o n . 
Once this i n i t i a l set of fi v e decision variables has been chosen, 
the entire design (for that iteration) i s fixed and the set of 
state variables {x^}, and cost estimates are determined. With 
values assigned to a l l the state and decision variables, the set 
of shadow prices {SP(i)}, i s evaluated, and i n turn, the set of 
marginal prices, {PM(i)}, i s determined. These marginal prices 
are then used to direct the i t e r a t i o n as described by Equation 16. 

This procedure i s repeated u n t i l the marginal prices are 
small. One such measure of smallness for the marginal price 
vector i s 

e = Z(w. (21) 

where the ŵ  are weighting factors. 

Results and Conclusions 

The computational procedure used to optimize this Rankine cycle 
cogeneration system operates i n one of two modes. When a 
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particular set of decision variables i s far from the optimal set, 
there w i l l be a large difference i n the t o t a l operating cost 
between two successive i t e r a t i o n s . This difference can be used 
as a measure of the distance from the optimum. When the d i f f e r 
ence i s large, the entire set of decision variables i s changed 
based on the input set of marginal prices. When the difference 
i s smaller than some pre-determined value, only one decision 
variable i s changed and a new set of state variables, shadow 
prices, and marginal prices are evaluated. Using this new set of 
marginal prices, another decision variable i s changed and a new 
set of marginal prices computed. This i s automatically repeated 
u n t i l a l l the decision variables have been changed. Each time a 
complete set of new decision variables i s generated, the program 
displays the parameters necessary to evaluate the system design. 

This procedure ca  b d t  generat  variet f data t 
i s possible to parametricall
decision variables. Th  parameter  (Tabl ) 
included fuel cost (CF), work/heat ra t i o (W/Q), and hot water 
temperature (TB). The strategem was to monitor the change i n the 
optimal design by changing fuel cost and work output for several 
hot water requirements. In this manner, given the economic 
conditions and hot water requirements, the optimal amount of shaft 
work can be selected from these suboptimizations. 

Table VI. Parametrically Varied Fixed Variables for the 
Cogeneration System 

Parameter Varied Range Varied Increment 

CF Fuel Cost 2-4 $/106 Btu 
W/Q Work/Heat Ratio 0.175 - 0.400 
TB Required Hot Water 225 - 300°F 

Temperature 

Results of Suboptimizations. The trends i n stream and performance 
variables associated with increasing f u e l costs are that of 
increasing the system's performance. As the cost of fuel rises 
the boiler e f f i c i e n c y , pump isentropic e f f i c i e n c y , and turbine 
isentropic e f f i c i e n c y a l l increase. The condenser's thermo
dynamic performance increases because the steam's condensing 
temperature (or pressure as can be seen i n Figure 4) decreases, 
approaching the required hot water temperature. This general 
increase i n performance allows the steam mass flow rate, boiler 
pressure, and pump work a l l to decrease. As an example of this 
increase i n the system's performance, Figures 2 and 3 cl e a r l y show 
the increase i n boiler e f f i c i e n c y and pump isentropic e f f i c i e n c y 
associated with the increasing fuel costs for different values of 
the work/heat r a t i o . 

1.0 $/106 Btu 
0.025 
25°F 
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W O R K / H E A T R A T I O , W / Q 

Figure 3. Optimum pump ef f i c i e n c y versus work/heat rati o 
for various fu e l prices for hot water supply temperatures 
of 250°F and 300°F. 
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This increase i n system performance i s not free. The incre
mental economic benefit of decreased fuel consumption i s balanced 
by the incremental increase i n the required c a p i t a l investment. 

The one decision variable that remains r e l a t i v e l y unaffected 
by the cost of f u e l i s the bo i l e r pressure drop c o e f f i c i e n t , AR. 
This decision variable seems to decrease s l i g h t l y or remain stable 
as fu e l costs r i s e . This seems to indicate that the effect of the 
boiler pressure drop, AR, i s dominated by the benefit which can be 
gained by al t e r i n g other system parameters. 

The magnitude of the change i n some system parameters associ
ated with increasing f u e l costs i s small. From a p r a c t i c a l stand
point, these changes i n the optimal parameters may even be of 
l i t t l e engineering significance. For example, when the required 
hot water temperature, TB, equals 250°F and the work/heat r a t i o i s 
0.175, the pump ef f i c i e n c y  fro  0.665 t  0.670  fuel 
costs go from two to fou
the same range, the condensing temperature, , change
262.2°F to 260.5°F which may be s i g n i f i c a n t i n the design of the 
condenser. 

More s i g n i f i c a n t trends occur as the work/heat r a t i o 
increases. Varying this parameter i s extremely important i n order 
to locate the optimal work output given a s p e c i f i c heat require
ment and fuel cost. Trends i n the system parameters and costs 
associated with changing work/heat r a t i o are plotted i n Figures 
2-8. 

The effect of the work/heat r a t i o , W/Q, on the optimal bo i l e r 
e f f i c i e n c y , BN, i s that of decreasing BN as W/Q increases. This 
i s an interesting trend because i t s j u s t i f i c a t i o n may not be 
immediately apparent. For low work/heat ratios the condenser (and 
hence i t s products) play a dominating role i n the design of the 
system. The condenser has a s p e c i f i c energy requirement which the 
boiler must supply. The energy supplied to the stream (hence the 
F i r s t Law efficiency) i s very closely t i e d to the condenser. The 
shaft work produced by the turbine i s dependent not only on the 
amount of energy supplied by the bo i l e r but also on the tempera
ture and pressure at which i t i s supplied. In other words, the 
shaft work i s dependent on the available-energy input to the 
turbine. Thus for larger shaft work outputs, one needs to 
increase boiler pressure and to a lesser extent temperature, that 
i s an increase i n the boiler Second Law e f f i c i e n c y . However, the 
boiler F i r s t Law e f f i c i e n c y i s predominately a function of temper
ature (assuming that the superheated steam behaves i d e a l l y ) . 
Therefore, for larger values of the work/heat r a t i o , the turbine 
dominates and requires a large available-energy input from the 
b o i l e r . This may be accomplished by an increase i n the boiler 
exit pressure and temperature (the Second Law efficiency) which i s 
not f u l l y reflected by bo i l e r F i r s t Law e f f i c i e n c y . On the other 
hand, when the condenser dominates i t requires a larger heat input 
to the working f l u i d and thus a maximum F i r s t Law e f f i c i e n c y 
regardless of the boiler outlet pressure. 
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Figure 3 shows the isentropic pump ef f i c i e n c y plotted versus 
the work/heat r a t i o . There i s an upward trend for pump ef f i c i e n c y 
as the work/heat ra t i o r i s e s . This i s because the increased 
pressure demanded by the turbine requires additional pump work. 
The pump's increased importance i n the system therefore c a l l s for 
improved performance ( e f f i c i e n c y ) . This same trend i s shown i n 
Figure 3 for several different fuel costs and for two different 
required hot water temperatures. 

Two ways of increasing the amount of shaft work produced (at 
fixed Q) are (1) to decrease the turbine outlet pressure, P2, and/ 
or (2) to increase the turbine i n l e t pressure, PI. These two 
effects are c l e a r l y demonstrated i n Figures 4 and 5. Figure 4 
shows how the optimum turbine outlet pressure decreases as the 
amount of work produced increases. These curves drop steeply 
u n t i l pressures are reached which d  condensin
atures near 255°F (TB+5°F)
prevents the temperatur  going  optima
values for the turbine i n l e t and outlet pressures are determined 
with the optimization balancing the incremental pump, bo i l e r , and 
turbine costs resulting from the increasing of PI against the 
incremental condenser and turbine costs associated with lowering 
P2. 

The boiler pressure drop coefficient increases as the work/ 
heat r a t i o increases. This i s c l e a r l y demonstrated i n Figure 6. 
As the shaft-work becomes more important i n the system, improved 
system design tends i n the di r e c t i o n of decreasing the pump work 
by lessening the pressure drop i n the b o i l e r . 

The system's Second Law ef f i c i e n c y rises as the work/heat 
rat i o increases (Figure 7). This i s p a r t i a l l y due to improved 
performance of the turbine, pump, and condenser and the higher 
temperature steam from the b o i l e r . This considerably decreases 
the available-energy destruction due to heat transfer i n the 
b o i l e r . Thus, the turbine can take advantage of this for the 
production of shaft work. 

Alter i n g TB (holding TC and HWM constant) changes the amount 
of heat, Q, which must be supplied to the hot water. When com
paring the thermodynamic stream and performance variables for 
various TB, i t i s then important that a comparison be made for the 
same value of the work/heat r a t i o . It must be kept i n mind that 
the scale of the systems being compared i s d i f f e r e n t . 

Increasing the required hot water temperature, TB, implies 
the turbine outlet pressure (temperature) must also increase. 
This means that for the same work/heat r a t i o , the turbine i n l e t 
pressure must also be higher as i s c l e a r l y demonstrated i n Figure 
5. Other trends associated with increasing TB include the de
creasing of the maximum temperature difference i n the condenser, 
an increase i n pump eff i c i e n c y (Figure 3), and an increase i n the 
system's Second Law e f f i c i e n c y . 
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Figure 4. Optimum condenser i n l e t pressure as a function 
of work/heat r a t i o for various f u e l prices. 

WORK/HEAT RATIO, W/Q 

Figure 5. Optimum turbine i n l e t pressure as a function of 
work/heat r a t i o for various hot water supply temperatures 
at a fixed f u e l price of $3 per m i l l i o n Btu. 
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Figure 6. Optimum boiler pressure drop coe f f i c i e n t as a 
function of work/heat r a t i o for a hot water supply temper
ature of 250°F at a fuel price of $2 per m i l l i o n Btu. 

Figure 7. System second law ef f i c i e n c y as a function of 
work/heat r a t i o for various hot water supply temperatures 
at a fuel price of $3 per m i l l i o n Btu. 
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Comparison with Alternative and the Selection of Overall Optimum. 
The alternative to a cogeneration system i s t y p i c a l l y taken as a 
low pressure boiler or furnace, and purchasing e l e c t r i c i t y from 
the u t i l i t y . I t i s when the economy of the optimally designed 
cogeneration system i s compared to the alternative, that a 
system's true potential can be shown. 

The amortized c a p i t a l cost attributable to the low pressure 
furnace i s estimated using the r e l a t i o n 

Z f = CRF * 153.964 * i 0
0 ' 8 9 4 7 6 L o S m (22] 

where the boiler horsepower i s given by 

Fixed charges for the low pressure furnace, FCf, are e s t i
mated i n the same manner as the cogeneration system, at one and a 
half times the equipment cost. The fuel cost of producing hot 
water, CFUELf, i s estimated using the unit cost of f u e l , CF, the 
heat input to the water, Q, and the estimated furnace e f f i c i e n c y 

CFUELf = C F * Q (23) 
f n f 

where the furnace e f f i c i e n c y , rif» i s taken to be 0.80. The t o t a l 
cost of producing the hot water by the low pressure furnace, 
CT0T f, i s estimated by 

CT0T f - CFUELf + FC f + Z f (24) 

The hot water (steam) produced from a cogeneration system i s 
charged with CTOTf, the cost of producing hot water from a low 
pressure b o i l e r . The balance of the cost of the cogeneration 
system i s then attributable to the shaft work (or e l e c t r i c i t y ) 
produced. The cost per unit of e l e c t r i c i t y produced, CE, can be 
calculated as the difference of the t o t a l cost of the cogeneration 
system and the cost allocated to the hot water, a l l divided by the 
amount of e l e c t r i c i t y produced, 

ZTOT + FC - ZTOT 
CE = ±- (25) 

where E = W * r|e and the generator e f f i c i e n c y , ru, i s assumed to 
be 95%. * * 

In order to select the e l e c t r i c i t y production that maximizes 
the p r o f i t returned from i t s sale, the market price of e l e c t r i c 
i t y , MPE, must be known. The net revenue generated by the sale of 
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Figure 8. Equipment cost as a function of work/heat 
ratio for various hot water supply temperatures. 
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the cogenerated e l e c t r i c i t y , NRG, i s then expressed as 

NRG = (MPE-CE) * E (26) 

For a particular hot water requirement the optimal work 
output w i l l correspond to the point where net revenue generated i s 
a maximum. Figures 9-11 i l l u s t r a t e net revenue curves as a 
function of the work/heat r a t i o for a required hot water tempera
ture of 250°F and for various market conditions. 

Examination of these curves shows an increase i n the optimal 
amount of e l e c t r i c i t y as the market price of e l e c t r i c i t y 
increases. Also, as fuel costs r i s e , the optimal amount of 
e l e c t r i c i t y production decreases. 

Closure 

The optimization method presented i n this paper i s uniquely suited 
for application to thermal systems. Its matrix notation and 
adaptability to numerical methods are easi l y programmed for 
computer solution. This method requires no prior knowledge about 
the economic value of the interconnecting streams nor about the 
commodity of value being transferred. 

Second Law quantities such as available-energy and negentropy 
need not be introduced e x p l i c i t l y into the optimization although 
the i r effects are evaluated (indirectly) by the shadow and 
marginal prices. Furthermore, any required Second Law based 
prices can be obtained by using Equations 17 and 18 or by way of a 
thermoeconomic accounting technique (5,15) . 

In the application of this method to a Rankine cycle cogener
ation system, generalized costing equations for the major 
components have been developed. Also, the u t i l i t y of the method 
was extended by relaxing the rule that each state variable (and 
hence each Lagrange constraint) must correspond to an available-
energy flow. The a p p l i c a b i l i t y was further extended by the 
introduction of numerical techniques necessary for the purpose of 
evaluating p a r t i a l derivatives of steam table data. 

The design space for the cogeneration system described i n 
this paper consists of f i v e independent variables and three key 
parameters that r e f l e c t the "market" conditions; f u e l cost, 
e l e c t r i c i t y cost, and the required hot water temperature. Then, 
for each set of market conditions the system was suboptimized. 
Each suboptimization r e f l e c t s the optimum thermodynamic system 
configuration for a given set of market conditions. The net 
result of this approach i s the reduction from an eight-dimension 
to a three-dimension design space. This makes the task of 
choosing the optimal design substantially easier. 
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Figure 9. Net revenue generated as a function of work/ 
heat r a t i o for various market prices of e l e c t r i c i t y , a 
hot water supply temperature of 250°F, and a fuel cost of 
$2 per m i l l i o n Btu. 
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Figure 10. Net revenue generated as a function of work/ 
heat r a t i o for various market prices of e l e c t r i c i t y , a hot 
water supply temperature of 250°F, and a fu e l cost of $3 
per m i l l i o n Btu. 
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Figure 11. Net revenue generated as a function of work/ 
heat r a t i o for various market prices of e l e c t r i c i t y , a hot 
water supply temperature of 250°F, and a fuel cost of 
$4 per m i l l i o n Btu. 
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Optimization to Mass Transfer Processes 
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This paper provides a framework for the application 
of Second Law base
systems. A relationshi
available-energy destruction in a binary separation 
column as a function of the reflux ratio and the 
feed and product mass fractions. This derivation 
is limited to separations in which the entropy pro
duction is predominately due to mass transfers. 
This relationship is used in an application to a 
simple binary system to balance the trade-offs 
between inefficiency (fuel costs) and capital invest
ment. The Second Law optimization yields results 
identical to those obtained from a traditional direct
-search technique. 

In general thermoeconomic optimization requires the derivation of 
expressions for entropy production, via nonequilibrium thermo
dynamics, due to each independent extensive property transport. 
In order to obtain such expressions i t is necessary to apply 
thermodynamic property relations for multicomponent systems in 
conjunction with material and energy balances, heat, mass, and 
momentum transport equations. 

Once the necessary expressions for the entropy productions 
are developed, the thermodynamic variables must be transformed 
into the relevant process design variables. These various 
equations can then be coupled with capital cost expressions to 
allow system optimization by any current technique (Lagrange 
multipliers, surrogatic worth trade-off, . . . ) . 

Specifically this paper describes an expression for the 
entropy production due to the mass fluxes in binary mass transfer 
systems with application to continuous differential contactors. 

'Current address: Fibers Operations, Celanese Corporation, Box 32414, 
Charlotte, NC 28232 

0097-6156/ 83/ 0235-00289S06.00/ 0 
© 1983 American Chemical Society 
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A stagnant f i l m model i s used for two-phase boundaries (1-2)> 
which i n e f f e c t , isolates the mass transfer process to a thi n 
region at the interface stagnant f i l m . Once the expressions for 
entropy production i n terms of pressure, temperature, and compo
s i t i o n are available a transformation i s made to process variables 
such as reflux r a t i o , column height, packing or tray geometry, 
column diameter and column e f f i c i e n c y . Results of this design 
optimization model are compared with the results obtained v i a 
t r a d i t i o n a l methods. 

Derivation of the Entropy Production Equation 

Consider a two-phase, binary mass transfer system as shown i n 
Figure 1. It i s assumed that a stagnant fi l m region exists such 
that 1) the vapor and l i q u i
transfer of component A
net transfer of componen  vapo  l i q u i d , )
flow of vapor and l i q u i d i n the z-direction within the stagnant 
fi l m i s n e g l i g i b l e . As the derivation proceeds, the constant 
molal overflow assumption w i l l be invoked (2). In addition, a 
form of the Gibbs equation w i l l be used to eliminate the time 
derivatives. F i n a l l y , heat transfer induced entropy productions 
within the column w i l l be neglected. The resulting expression for 
steady-state entropy production ar i s i n g from mass transfer i n a 
binary system w i l l be cast i n terms of the process variables. 

Thermodynamic Governing Equations. Derivation of the expression 
for entropy production a r i s i n g from mass transfer requires 
application of the fundamental balance equations. Potential and 
kinet i c energy effects as well as momentum effects are neglected. 
With these assumptions the governing equations are given as 
follows: 

Mass 

0 (1) 

Energy 

3(pu) 
at + V»u o (2) 

Entropy 

3(ps) 
3t + V»s s P (3) 
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BULK LIQUID FLOW 

„ INTERFACE 

d z 

STAGNANT 

FILM REGION 

BULK VAPOR FLOW 

Figure 1. Two-phase stagnant-film, binary mass transfer 
system. 
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Entropy Current Density (3-4) 

s (4) 

Time Derivative of the Gibbs Equation (3-4) 

(5) 

Taking the divergence of Equation 4 and solving for 
T(V«S) yields 

T ( V * S ) = v«u - s-vr -y^y ±(v«n ±) - (6) 

Substitution of Equatio

Equation 7 can be further simplified by substitution of the mass 
and energy balance equations 

However, a form of the Gibbs Equation, Equation 5, can be factored 
out of Equation 8 to give 

Equation 9 relates the basic extensive properties, the respective 
driving potentials, and the entropy production i n the d i f f u s i o n 
process. The f i r s t term, s»VT, arises from heat transfer effects 
while the second term i s due to mass transfer. For processes 
wherein the entropy production due to column heat transfer i s 
small r e l a t i v e to the mass-transfer, the s»VT term i s negligible 
and Equation 9 simpl i f i e s to 

P (7) 

(9) 

(10) 

Employing the geometry of Figure 1, Equation 10 i s reduced to a 
one-dimensional form 
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To obtain the t o t a l entropy production i n the tower, Equation 
11 must be integrated over the t o t a l d i f f u s i o n volume 

dV (12) 
p i I J\ ax D ax I 

The volume d i f f e r e n t i a l , dV, can be expressed i n terms of carte
sian coordinates dxdydz. The mass flux normal to the interface i s 
a function of the concentration difference between the bulk f l u i d 
and the interface (at which the l i q u i d and vapor are i n e q u i l i b 
rium) which i s a function of tower height, z, i n the column. 
Integration of Equation 12 over dx yields 

-TS Jib p J J p ( z ) A l iA - V ^ J dydz ( U ) 

where Ay A = y A - y ^ and Ayg = y B - y f i E. The actual l i m i t s of 
integration i n the y d i r e c t i o n are arbitrary because the integrand 
i s Ja function of z only. Integration of Equation 13 over an 
arbitrary distance 6y gives 

= y ^ A u A n A ( z ) 6 y - A U g A ^ z ^ y J -TS p = / |Au An A(z )6y - Ay 1 3n 1 J(z)6y | dz (14) 

The t o t a l mass transfer i s equal to the integration of the 
mass flux over the i n t e r f a c i a l area 

H A = / n A(z)dydz (15) 

Since the mass flux i s independent of y, taking the derivative 
of Equation 15 gives 

dN 
= n(z)6y (16) 

Substitution of Equation 16 into 14 yields 

- i s p = j A y A d N A - JAV^ ( 1 7 ) 

Assuming constant molal overflow (2), the mass flow rate of 
component A must be related to the mass flow rate of component B 
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dN. = d l L (18) A i> 

Equation 17 can now be simplified to 

S p = / ^ P A - A u B j dN̂  -TS_ = /|Ay A - A u J dN A (19) 

The differences i n chemical potential, at constant pressure 
and temperature may be expressed as (5) 

yA 
Ay A = RT £n-^ (20) 

yAE 

Ay = R
B y

Equation 19 can now be rearranged to y i e l d 

r r y E ( i - y A > i • 
S = R lln * . A . dN. (22) 

P J LyA(1-yAE>J 
where the i d e n t i t i e s y A + y^ = 1 and x A + x^ = 1 have been used 
to simplify the r e s u l t . 

A mass balance on component A of the bulk vapor flow gives 
(2) 

dN A = Vdy A (23) 

where V i s the bulk vapor molar flow rate and d y A i s the change 
of component A of the bulk vapor. Substitution of Equation 23 
into 22 produces the needed equation for the t o t a l entropy 
production due to mass transfer i n a binary system i n which heat 
transfer entropy productions within the column are small 

(24) 

The parameters controlling the rate of entropy production i n 
the tower are now obvious; the vapor flow rate V (a function of 
the reflux r a t i o ) , the i n l e t and outlet mole (or mass) fractions, 
and the relationship between y A and y ^ (a function of the reflux 
r a t i o and the r e l a t i v e v o l a t i l i t y ) . 
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Two important points need to be mentioned. F i r s t , as the 
mole fraction, y A , approaches the equilibrium mole fraction, y^g, 
the integrand approaches zero. Thus the point of minimum entropy 
production coincides with that of minimum reflux. Second, 
y^£ > y A guarantees that the argument of the logarithm cannot be 
less than unity, which means that S p > 0. F i n a l l y Equation 24 i s 
only applicable to cases wherein the d i f f u s i o n processes represent 
the dominant mechanism for entropy production. 

Application to Simple Tower Design 

Consider a simple d i s t i l l a t i o n system (Figure 2) designed to 
process 700 lbm/hr (318 kgmol/hr) of feed (6). The unit i s to 
operate continuously for 8500 hrs/yr at a t o t a l pressure of one 
atmosphere. The feed contain  45 l % benzen d 55% toluene
The feed i s saturated a
The objective of this separatio  proces
into two product streams; an overhead product consisting of 92% 
benzene and a bottoms containing 95% toluene. Table I l i s t s 
additional information about this system. The d i s t i l l a t i o n tower 
i s a continuous contactor having a packing material cost of 
$38/ft^. The purchase costs for tower s h e l l , condenser, and 

Table I. System Design Information 

Relative v o l a t i l i t y , a 2.5 
Molal heat capacity of the 

l i q u i d mixture, C 40.0 Btu/lbmol°F 
Molal heat of vaporization 

of mixture, h 13700 Btu/lbmol 
Heat transfer c o e f f i c i e n t of 

the reboiler, h r 80 Btu/hr f t °F 
Heat transfer co e f f i c i e n t of o 

the condenser, h c 100 Btu/hr f t °F 
I n i t i a l AT of condenser 

cooling water 50 °F 
Inlet cooling water temperature 90 °F 
Inlet state of steam saturated vapor at 60 psia 
Heat of condensation of steam 915.5 Btu/lbm 
Boiling temperature of feedstock 201 °F 
Overhead product purity 92% benzene 
Bottoms product purity 95% tolvene 
Feed composition 45% benzene 
Feed flow rate 700 lbmol/hr 

reboiler were obtained from manufacturer's data based on weight 
for the s h e l l and area for the heat exchangers. The sum of 
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CONDENSER 

i A A y - 1 . 3 5 

\ 

Coollng Water . \ 
- A= O \ 

TOWER 

DISTILLATE, 322 mol/hr 

FEED 

T O S P=027 
A A ^ =0.34 

BOTTOMS, 378 mol/hr 

/AA = 1.96 &Kt= 2.64 
J _ 

REBOILER 

^ 4 ^ = 1 2 

Figure 2. Simple d i s t i l l a t i o n system for the separation 
of a 45%-55% benzene-toluene feed into 92% benzene 
d i s t i l l a t e and a 95% toluene bottoms product. Available-
energy flows and destructions are given i n 10 Btu/hr. 
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piping, insulation, and instrumentation etc, are taken to be 60% 
of the cost for the i n s t a l l e d equipment. The steam supplied to 
the reboiler i s saturated at 292°F and i s priced at $0.75/103 lbm, 
and the cooling water i s priced at $0,045/10^ gal. 

Available-Energy Analysis. Using standard techniques (7-8) an 
available-energy analysis was performed on the system operating at 
a reflux r a t i o of 1.2, and shows the o v e r a l l Second-Law e f f i c i e n c y 
to be 12.9% (9). The relevant equations for this analysis are 
given i n T a b l e I I . The reboiler has a Second-Law e f f i c i e n c y equal 
to AAi/AA g t or.74.2%. The tower e f f i c i e n c y , defined as 
AAf^ p/(AA^ + AAr>) i s 55.7%. Note that i t i s of l i t t l e use to 

Table I I . Available-Energ  Balanc  Equation

A Ast = W 

I = T c _ Vrblr [Tst " Tpr] 
T),rblr 0 p,rblr T T 

r st pr 
AA = AA . - A_ U 1 1 st T),rblr 

. . f I3 T 3 - T 0 1 

Vcond Vp.cond mcwCcwT0 £ n T Q " T c o n d J 

[Tout , „ Tout I 
1 - *n — 

xn i n J 
A = m c T. 

3 cw cw 0 

AA„ = - A„ + A^ 
3 D,cond 

f
yA,out r y ^ a - y ^ l 

A- ~ = T nS , = VRT I In W 
"D,col 0 p,cond 0 J y A ( 1 - y ^ ) ! 

y A , i n 
= A A 1 + A A 2 - A D > c o l 

evaluate a condenser e f f i c i e n c y without consideration of the 
system as a whole inasmuch as the role of the condenser i s to r i d 
the system of low-temperature heat (entropy). The tower 
available-energy destruction was computed using Equation 24. 
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Calculations showed that the thermal contribution to 
AAfeed-*product i s only 8% of the t o t a l . It i s also interesting 
to note that the value of A A f e e c | . ^ p r o ( j u c t computed above compares 
closely to the calculated value for the isothermal minimum work 
of separation, 0.36(10°) Btu/hr, (2). Therefore this column 
q u a l i f i e s as one i n which the mass transfer process dominates over 
the heat transfer processes. 

Thermoeconomic Governing Equations. The objective of design 
optimization i s the selection and/or s p e c i f i c a t i o n of system 
hardware which minimizes the t o t a l expenditure for c a p i t a l , f u e l , 
and other costs (10-11). The use of an e x p l i c i t Second Law design 
strategy enables a large complex system to be s p l i t into much less 
complex parts. Each subsystem can then be optimized i n d i v i d u a l l y . 
The primary advantage o
insight gained by dealin

The basis of any thermoeconomic analysis i s the application 
of a money balance to the system or subsystem of interest 

^product = Z^$fuel + Z^eapital, etc. ^ 2 5^ 

The cost of the product of an energy conversion system must equal 
the sum of fu e l expenses and c a p i t a l (and labor....) charges. I t 
i s often convenient to express the product cost i n terms of the 
average.unit cost of product, X p, and the t o t a l amount of product, 
Pp, Bor $ p r o ( i u c t = • Similarly the fuel costs may be expressed 
as $ f u e i = XfPf. Equation 25 may now be written as 

A _ X f ? f , ]£Z c a p i t a l , 9 , x 
Ap P + P ( 2 6 ) 

P P 
The f i r s t term i n this equation r e f l e c t s f u e l costs and alterna
t i v e l y could be expressed i n terms of the system i n e f f i c i e n c i e s 
and the system u t i l i t y costs. The second term i s indicative of 
the c a p i t a l investment. However, the system i n e f f i c i e n c i e s and 
the c a p i t a l investment are functions of the design variables. 
Thus minimization of the unit cost of product involves a function 
that i s dependent on only the u t i l i t y or fuel costs and the 
design variables. 

The strategy to be employed i n this paper requires the 
application of a money balance to each system component. That i s , 
each system component i s viewed as an energy converter which 
processes fuel from one form to another and sends i t s product 
along to the next system component for further processing. Then, 
beginning with a "working design" each system component i s 
optimized for minimum unit product cost. These suboptimizations 
are done successively for each component i n an i t e r a t i v e fashion 
u n t i l the design converges. This procedure requires the use of 
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available-energy as the measure of thermodynamic value for fuel 
Inputs and product outputs (10). 

In the system of Interest the reboiler transfers some of the 
available-energy i n steam to the bottoms stream. The column uses 
the increase in available-energy of the bottoms to transform feed 
into products. The condenser processes the reflux for subsequent 
re-use in the column. In the reboiler and column available-energy 
is supplied i n one form and converted into a product. However, 
the condenser exists for the sole purpose of decreasing the 
available-energy of the reflux. Or, in other terms, the condenser 
serves to eliminate entropy from the system. 

This however complicates the optimization procedure. The 
problem can be alleviated by using an entropy penalty function P g, 
which serves to properly apportion the total condenser costs to 
the reboiler and column
Evans describes as "negentropy
commodity or product which the condenser sells to the tower and 
reboiler. The entropy penalty function leaving the condenser i s 
given by (9, 13-14) 

• . • • 
P B Q — T S — A (27) s,cond ycond 0 p,cond net exit, cond 

The entropy penalty function attributable to the reboiler i s given 
by (9) 

Ps,reboiler * * Q r b l r ( 2 8 ) 

and the entropy penalty function attributable to the column i s 
found by difference 

P - P , - P (29) s,col s,cond s,rblr 

Thus by requiring the reboiler and column to purchase P 8,rblr a n <* 
P s > C o l from the condenser, the condenser costs are properly 
included in the optimization procedure. However, the money 
balances w i l l need to include the money flows associated with the 
entropy penalty function transactions. 

Essentially the column i s viewed as a system through which 
the circulating process stream is converted to product streams. 
The circulating process stream passes through the reboiler and 
condenser extracting and depositing available-energy. From this 
perspective i t i s only reasonable to price the process stream at a 
constant cost X, which is analogous to the extraction method (15). 
This constant price X, obtained from the reboiler money balance, 
is used to cost the inefficiencies i n both the tower and the 
condenser. 
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A money balance on the reboiler yields 

AAA, = A AA + Z U 1 + A P , (30) 1 st st r b l r s s, r b l r 

where A represents the cost of the c i r c u l a t i n g process stream, A g t 

i s the unit cost of steam, Z r ^ r i s the c a p i t a l cost of the 
reboiler, and A s i s the unit cost of the entropy penalty function. 
S i m i l a r l y a money balance on the condenser gives 

A P « AAA 0 + A m + Z , (31) s s,cond 2 cw cw cond 

However with the aid of an available-energy balance (see Table II) 
Equation 31 can be rearranged to y i e l d 

A P = ATs s,cond 0

cwmcw cond (32) 

where A represents the cost of the c i r c u l a t i n g process stream 
flowing between the column and condenser and T 0 S p > C o n ( j i s the 
available-energy destruction i n the condenser. 

Equations 31 and 32 can be solved for A and A g 

p 
A AA + Z , - + (A m +Z ,) . S , R B L R 

st st r b l r cw cw cond' p 
A = - . S - C O n d (33) 

AA, - I T„S , + A , . J P s , r b l r 1 ["*"0^p,cond + ^cond,exit| -
J P Ps,cond 

and 

A m + Z , + ATnS . + AA , ^ _ cw cw cond 0 p,cond cond,exit (34) 
p 
s,cond 

A money balance on the tower yields 

A(AA, + AA 0) + A P - + Z . ^ _ 1 2 s s,col c ol ^35) 

f+p 
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Equations 33-35 are the basic thermoeconomic governing equations 
for the Second Law based optimization. I t should be noted that 
although column entropy productions due to heat transfer are 
neglected, the analysis nevertheless includes the fact that the 
column "buys" thermal available-energy from the reboiler i n the 
thermoeconomic governing equations. 

Optimization Procedure. Given a set of design variables (a 
working design), c a p i t a l cost equations as functions of the design 
variables (9), the unit costs of u t i l i t i e s , and Equations 33-35, 
the Second-Law based optimization may be performed. 

The f i r s t step i n this procedure i s to perform an analysis of 
a working design of the system i n order to obtain values for the 
unit cost of the process stream, X, and the entropy cost penalty 
function, X g . In turn

The f i r s t subsyste
set of specified product p u r i t i e s and column pressure the reflux 
ratio remains as the only column variable, that i s , X p i s a 
function of reflux r a t i o . Using values for X and X g obtained from 
the analysis of the working design, X p i s computed from Equation 
35 for several values of reflux r a t i o (Table I I I ) . The optimal 
reflux r a t i o i s obtained v i a a search of these values. 

The next component to be optimized i s the r e b o i l e r . The 
reboiler area i s fixed once the values for steam temperature, T g t , 
and process stream temperature, T j , are fixed (assuming a constant 
heat transfer conductance). The process stream temperature i s 
fixed by the column pressure and the product p u r i t i e s . Thus only 
T g t remains as a variable. The unit cost of the process stream, 
X, i s then optimized v i a Equation 33 with respect to the steam 
temperature (Table I I I ) . 

The last component to be optimized i s the condenser. The 
condenser area i s fixed once the process stream temperature, T£» 
and the exit cooling water temperature, Tg, are fixed. However, 
the process stream temperature i s fixed by the column pressure 
and the product p u r i t i e s . Thus the condenser i s optimized by 
minimizing the unit cost of the entropy penalty function, X s , with 
respect to T3. 

The result of these procedures i s a new set of design 
variables as well as a new set of unit product costs, X p , X, 
and X s . The above procedure i s then repeated u n t i l the design 
variables and unit costs converge. It i s the author's experience 
that convergence i s usually attained i n two or three iterations 
for simple systems• 

Results and Conclusions 

The pri n c i p l e results of applying t h i s Second Law based design 
methodology to the previously described separation system are 
contained i n Table I I I . In addition, the results of applying a 
t r a d i t i o n a l method - that of a direct search through the design 
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space - are also presented i n Table I I I . As can be seen, both 
methods y i e l d an optimum reflux r a t i o equal to 1.20. More 
detailed results are given i n (9). 

The results presented i n Table III show that as the c a p i t a l 
investment i n the tower ( Z t o w e r ) increases at larger tower 
heights, the available-energy destruction decreases. Thus the 
optimal design r e f l e c t s the c l a s s i c a l trade-off between c a p i t a l 
investment and f u e l cost. It i s important to note that heat 
exchanger design plays a major role i n separation systems (16). 
At the optimum reflux r a t i o , the reboiler and condenser represent 
21% and 12% of the t o t a l c a p i t a l investment. Similarly, at 
optimum design, the fuel costs, steam and cooling water, represent 
64% and 8% of t o t a l system costs. 

The fundamental advantage of the Second Law methodology i s 
the fact that the optimizatio
simplified by decomposin
nents and i n d i v i d u a l l y suboptimizing each one i n order to achieve 
a global optimum. 

The number of variables i n this simple system i s not large 
enough to preclude t r a d i t i o n a l methods. The three optimizing 
variables are the steam condensing temperature, the reflux r a t i o , 
and the cooling water exit temperature. The product p u r i t i e s were 
assumed fixed by market demands and the column pressure was fixed 
at one atmosphere. In the separation of multicomponent mixtures 
(more than two components) there are multiple d i s t i l l a t i o n 
columns and many different configurations are possible. Because 
of the complexity of multicomponent separation systems t r a d i t i o n a l 
optimization techniques are very tedious and therefore h e u r i s t i c 
methods (sometimes involving many rules-of-thumb) are employed to 
choose the best configuration. The application of the Second Law 
design methodology promises to reduce the number of variables 
involved as well as to provide the designer with greater insight 
because one i s working with each system component on an individual 
basis. 

Closure 

This paper has provided a framework for further application of 
Second Law based design methodology to separation systems. It has 
done so by providing a relationship that gives the available-
energy destruction for a binary separation as a function of the 
process variables for the case i n which the entropy production i s 
primarily due to mass transfer effects. The Second Law method
ology has been described and applied to a simple binary separation 
system. The method yields results i d e n t i c a l to those obtained 
from a t r a d i t i o n a l direct search technique, and accurately 
indicates the respective trade-offs between fuel costs and c a p i t a l 
investment. 
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Legend of Symbols 

A Available energy 
m Mass flow rate 
n^ Mass flux 
p Pressure 
R Gas Constant 
5 Entropy per unit mass 
s Entropy flux 
Sp Entropy production 
t Time 
T Temperature 
u Internal energy per mass 
u Internal energy flux 
V Volume 
V Bulk vapor molar flow rate 
x,y,z Cartesian coordinates 
A Difference, output minus input 
6 Thickness 
X Unit cost 
X Unit cost of cooling water cw & 

X^ Unit cost of feed 
Xp Unit cost of product 
X g Unit cost of entropy penalty function 

Chemical potential of component i 
Mass density of component i 

$ Money flow 

Legend of Subscrips 

A Component A 
AE Component A i n the equilibrium state with B 
B Component B 
BE Component B i n the equilibrium state with A 
col Column 
cond Condenser 
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cw Cooling water 
Ε Equilibrium 
f Feed 

i Component i 
Ρ Product, production 

Pr Process 
rblr Reboiler 

S Entropy penalty function 
0 Dead state 

Acknowledgments 

The authors would like to express their appreciation to the 
Engineering Foundation and the Gulf O i l Company for their support 
of this work. 

Literature Cited 

1. Sherwood, T. K . , Pigford, R. L., Wilkie, C. R. , "Mass 
Transfer," McGraw-Hill, New York, 1975. 

2. King, C. J., "Separation Processes," 2nd ed., McGraw-Hill, 
New York, 1980. 

3. Callen, H. B . , "Thermodynamics," J. Wiley, New York, 1960. 
4. DeGroot, S. R., "Thermodynamics of Irreversible Processes," 

North Holland Publ. Co., 1951. 
5. Denbigh, Κ., "The Principles of Chemical Equilibrium," 3rd 

ed., Cambridge University Press, 1971. 
6. Peters, M. S., Timmerhaus, K. D . , "Plant Design and Economics 

for Chemical Engineers," 3rd ed., McGraw-Hill, New York, 1980. 
7. Gaggioli, R. Α . , et. al., Proc. American Power Conf., 1975, 

37, 671-679. 
8. Gaggioli, R. Α . , Petit , P. J., Chemtech, 1977, 7, 496-506. 
9. Moore, Β. Β . , M. S. Thesis, Georgia Institute of Technology, 

August, 1982. 
10. Reistad, G. Μ., Gaggioli, R. Α . , in "Thermodynamics: Second 

Law Analysis;" Gaggioli, R. Α . , Ed . ; ACS SYMPOSIUM SERIES 
No. 122, American Chemical Society: Washington, D .C . , 1980, 
pp. 143-160. 

11. Wepfer, W. J., in "Thermodynamics: Second Law Analysis;" 
Gaggioli, R. Α . , Ed . ; ACS SYMPOSIUM SERIES No. 122, American 
Chemical Society: Washington, D.C. 1980; pp. 161-186. 

12. Evans, R. Β . , Energy-The International Journal, 1980, 5, 
8-9, 805-822. 

13. Smith, M. S., M. S. Thesis, Georgia Institute of Technology, 
March 1981. 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



306 SECOND LAW ANALYSIS OF PROCESSES 

14. Evans, R. B. ; et. al., "Essergetic Functional Analysis for 
Process Design and Synthesis," Paper No. 28c, A.I .Ch.E. 
Annual Meeting, Detroit, MI, August 1982. 

15. Wepfer, W. J., Crutcher, B. G . , Proc. Amer. Power Conf., 
1981, 43, 1070-1082. 

16. Benedict, M . , Gyftopoulos, E. P., in "Thermodynamics: Second 
Law Analysis;" Gaggioli, R. A., Ed.: ACS SYMPOSIUM SERIES 
No. 122, American Chemical Society: Washington, D .C . , 1980; 
pp. 195-203. 

RECEIVED July 12, 1983 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



15 

Multiobjective Optimal Synthesis 

L. T. FAN and J. H. SHIEH 

Department of Chemical Engineering, Kansas State University, Manhattan, KS 66506 

Conventionally
system has bee
only one objective of economic efficiency (profit 
or cost), although i t is often diff icult or even 
impossible to express variables and parameters 
associated with such a system in a monetary unit. 
For example, the available energy is invaluable to 
a nation where the energy resources are seriously 
depleted, because the available energy once lost 
in a process cannot be recovered by any means; yet 
the cost of energy resources can be unreasonably 
low because of the a r t i f i c i a l or manipulated world 
market condition. Furthermore, the excessive loss 
of available energy may result in severe 
pollution, which in turn, may lead to destruction 
of the environment or of human life. Again it is 
diff icult to assign monetary values to such 
destruction. It is therefore, natural that the 
concept of multiobjective analysis should be 
introduced in synthesizing a chemical or biochemi
cal process system. This paper discusses the 
basic concepts and terminologies of a multi-
objective problem and reviews methods for solving 
it. The methods are illustrated with an example 
of the milk evaporation process. 

A chemical or biochemical process system has been designed 
conventionally by considering only one objective function of 
economic efficiency (profit or cost). However, many of the 
objectives are often diff icult or even impossible to express in 
a common monetary unit. It i s , thus, natural that the concept 
of multiobjective optimization be introduced in synthesizing a 
chemical or biochemical process system. 

0097-6156/ 83/ 0235-0307S07.25/ 0 
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308 SECOND LAW ANALYSIS OF PROCESSES 

A multiobjective optimization problem can be mathematically 
stated as: 

Optimize (minimize or maximize) 

= [ f ± ( x ) ] , i = 1, 2, ... (1) 

subject to 

x e X 

gj <. 0, j - 1, 2, ... 

where the underline denotes the vector, X indicates the design 
variables space, and g. fs represent inequality constraints 
characterizing physical and p r a c t i c a l limitations and equality 
constraints which are the governing mathematical models of the 
process system and i t s subsystems; i = 1 corresponds to the case 
of a single objective function. 

There are b a s i c a l l y two approaches for solving a multi-
objective optimization problem. The f i r s t i s to attempt to find 
the optimal or preferred solution d i r e c t l y , and the second i s to 
generate the so-called non-inferior solutions (set) and then 
locate the preferred solution among them. The l a t t e r approach 
i s widely adopted and w i l l be used i n this work. 

A variety of methods are available for solving a multi-
objective function problem. These methods include the weighting 
method (1, 2) , e-constraint method (_2,3) , a n a l y t i c a l approach 
(4,5), goal programming (6-8), surrogate worth trade-off method 
(9), and others (10,11). These approaches take into account 
interactions among different objectives (requirements) and 
resolve c o n f l i c t s among them i n decision making. 

In this work, the e-constraint method (2) i s employed for 
generating a trade-off curve (or non-inferior s e t ) , and the 
surrogate worth trade-off method (9) for selecting the preferred 
decision. A milk evaporation process i s optimized for 
i l l u s t r a t i o n . 

^ ( 2 0 

f 2 ( x ) 
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Generation of the Non-Inferior Set 

309 

The e-constraint method used here i s based on the Kuhn-Tucker 
condition for non-inferior decision (2). The f i r s t equation of 
the Kuhn-Tucker condition can be rewritten as 

3f. 
3x 

n 
w, + I 

i=2 

3 f < 
T T 

1 
8x w. + 

l 3x X = 0 (2) 

Since only r e l a t i v e values of the weights are s i g n i f i c a n t , we 
can assume that ŵ  i s 1 without loss of generality. Thus, 
Equation 2 becomes 

3^ 
3x 3x~ w + 

where 

£ = [ f 2 ( x ) , f 3 ( x ) , .., 

* r ,1 w = [w2, w3, w nJ 

, f n ( 5 ) l 

This equation allows us to interpret w i n the second term as a 
Lagrangian m u l t i p l i e r vector. This interpretation implies that 
a non-inferior decision s a t i s f y i n g the above equation can be 
obtained by solving the optimization problem: 

Minimize 

subject to 

?(x) < e 

^(x) £ 0 (or x e X) 

(4) 

(5) 

where e_ i s an (n-1)-dimensional constant vector. e_ i s varied 
parametrically to y i e l d the set of non-inferior decisions. Note 
that each e. must not be smaller than a certain value i n order 
to render the feasible decision set defined by constraint (5) 
to be non-empty. To i d e n t i f y the minimum value of e^, the 
following a u x i l i a r y problem with a single objective must be 
solved. 

subject to l 
x e X 

f ± ( x ) 
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where other objectives f. (x) , j ^ i , are e n t i r e l y neglected. 
The optimal value of J. i s the minimum value of e^. Although 
the e-constraint methoa i s somewhat i n t r i c a t e compared with the 
weighting methods, i t i s widely used because of i t s 
a p p l i c a b i l i t y to non-convex problems. 

Selection of the Preferred Decision 

The algorithm of the surrogate worth function method (9,12) 
consists of two parts. One i s the generation of the non-
i n f e r i o r set which forms the trade-off surface i n the objective 
space. The other i s the search for the preferred decision i n 
the non-inferior set. The feature of this method i s that the 
preferred decision i s located by the use of the surrogate worth 
function introduced by Haime d H a l l (9). Th d t i
used here. 

The so-called trade-of  (curve) represent
i n f e r i o r solution obtained i n the preceding section, and the 
trade-off r a t i o between the i - t h and j - t h objectives i s defined 
as 

T i j • - af i 

The surrogate worth function, ^, estimates the d e s i r a b i l i t y of 
the trade between a decrease of T.. units i n the i - t h objective 
and an increase of one unit i n t h e J j - t h objective; the other 
objectives remain at their current values. Thus, Ŵ , i s a 
function of the trade-off r a t i o , T.., and the non-inierior 
objective, f.(x). Haimes and H a l l (9) have defined W i n such 
a way that J 

W±j > 0 (6) 

when the trade i s desirable, i . e . , T^ units of f ^ x ) are 
preferred over one unit of f^(x) for a given £(x); 

Wtj - 0 (7) 

when the trade i s even; and 

W±j < 0 (8) 

when the trade i s undesirable. The larger the absolute value of 
., the greater the d e s i r a b i l i t y or undesirability of the 

trade. The numerical value of W w i l l depend on the decision 
maker's response to the question:** Is i t desirable to reduce 
f.(x) by T.. units when f.(x) i s increased by one unit and other 
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objectives are maintained at their current levels? It should be 
r e l a t i v e l y simple to answer this question, since the attained 
levels of a l l objectives are known (12). 

The surrogate worth function, W^, can be more e a s i l y 
understood i n terms of the marginal rate of substitution, M... 
M^. i s defined as the slope of the indifference curve, v ( f ) , 
i . e . , M^. units of f.(x) i s equivalent to one unit of f.(x) 
according to the decision maker's preference. If the 
difference, (T^. - M^.) , i s positive for a non-inferior 
decision, an inirease^of one unit i n f.(x) w i l l result i n a 
further decrease i n f^Cx) than that required to maintain the 
decision at the same value of v ( f ) . Thus, such change i s 
desirable, and W.. must be positive at the decision. 
Consequently, Ŵ . i s essentially i d e n t i c a l to the difference, 
( T _ - M_), asHllustrated

T i j " M i j = °» 3 = 1, 2, i = l , i+1, i - 1 , ...,n (9) 

at the preferred decision, i . e . , 

W±j = 0, j = 1, 2, i - 1 , i+1, ...,n (10) 

The computational scheme for this method i s as follows: 
1. Determine the relationship between the trade-off 

r a t i o , T.., and one of the objective functions, f.. 
2. Select trie marginal rate of substitution, M... 1 

3. Obtain the preferred solution by equating the 
trade-off r a t i o , T.., and the marginal rate of 
substitution, M... J 

Example 

The procedure for solving a multiobjective optimization problem 
i s demonstrated here by applying i t to the optimal design of a 
milk evaporation process shown i n Figure 2. From the standpoint 
of energy conservation, we wish to minimize the dissipation of 
available energy. However, an e f f o r t to reduce the dissipation 
of available energy tends to increase the heat transfer area or 
size of the evaporator and vice versa. Because of this con
f l i c t i n g relationship, they are considered to be two objective 
functions of the system to be minimized (14). [Those interested 
i n the thermodynamic basis for evaluating the dissipation of 
available energy are referred to numerous a r t i c l e s and treatises 
available on the subject (14-25; also see Appendix A).] 

According to the e-constraint method, this problem can be 
formulated as (see Appendix B): 

Minimize 
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Figure 1. Trade-off curve, indifference curve and surro
gate worth function. 
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Compressor 

V . 

« f . i 

Figure 2. Sketch of the milk evaporation process. 
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subject to £ > 0 (12) 

f± £ e (13) 

where A represents the contact area of the evaporator, and 
Equation 12 the entire set of equality and inequality 
constraints (see Appendix B). The trade-off curve i s obtained 
by solving this optimization problem by parametrically changing 
e. Note that e cannot be less than a certain value which i s the 
minimum value of f^. 

This problem contains 31 variables and 29 equality 
constraints (or governing equations) including the objective 
function. This gives r i s e to 2 variables as independent (or 
decision) variables. For a p r a c t i c a l reason, the saturation 
pressure for steam, P,
the evaporator, which i
as the independent variables. A random search technique (26) 
i s adopted to locate the optimal point for each given e. The 
results are tabulated i n Table I, and the trade-off curve i s 
plotted i n Figure 3. The relationship between these two 
objectives i s obtained by the least square method as 

f 2 = 9.0336 - 43.0112 x l O * 2 ^ 

+ 7.0598 x 1 0 ~ 4 f 2 + 192.7518 x 10" 6f^, f± > 22 (14) 

f 2 = 4.6244 - 20.9404 x l O * 2 ^ 

- 0.95197 x 1 0 ~ 4 f 2 + 178.6031 x 10" 6f^, 7.15 < f± < 22 (15) 

f 2 = 3.41565 - 1.33327 x l O " " 2 ^ ( 1 6 ) 

+ 0.511598 x 1 0 ~ 4 f 2 - 345.9425 x 10" 6f^, 1.15 < f± < 7.15 

f 2 = 19.97505 - 2392.055 x l O " 2 ^ 

+ 10548.842 x 1 0 ~ 4 f 2 + 6389034.56 x 10" 6f^, 0 < f < 1.15 

To select the preferred solution according to the computa
ti o n a l scheme presented, we f i r s t determine the relationship 
between the trade-off r a t i o , T 2 > and each of the f-'s of the 
four regions represented by Equations 14 through 17, respec
t i v e l y , as 
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Table I. Heat Transfer Area, Available Energy Dissipation and 
Independent Variables 

Heat Transfer 
Area, A 

2 
m 

Available Energy 
Dissipation,(T Qa) 

kcal 

Pressure i n 
the Evapor
ator, P 

atm 

Fraction of the 
Generated Steam 
Reused, 

1.7416 30.3734 0.0475 0.4411 

1.7441 27.410

1.7587 25.4023 0.0470 0.9829 

1.7614 25.1468 0.0470 1.0 

1.7930 23.8349 0.0470 0.9518 

1.9197 21.3418 0.0470 0.8163 

2.1315 14.3121 0.3822 0.0474 

2.9062 9.0298 0.047 1.0 

3.1873 7.1516 0.7289 0.439 

3.3949 1.4807 0.047 0.5353 

3.4185 1.0485 0.949 1.0 

16.8646 0.1314 6.0 1.0 
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Figure 3. Trade-off curve for the milk evaporation 
process. 
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Table II. Preferred Decision of the Milk Evaporation System 

f± = 9.029829 kcal/s 

f 2 = 2.9062 m2 

T . = 450 K s , i 
T = 450 K s,e 
M . = 0.4084 kg/s s, 1 
M - = 1.4175 kg/s s ,± 
Mf ± - 1.88996 kg/s 

M. = 0.4725 kg/s t ,e 

a Q 1 = 1.0 

T = 305.16 K 

P = 0.047 atm 
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and 

T = 
21 3f 

0.430112 - 14.1196 x l O " " 4 ^ - 578.2554 x 1 0 ~ 6 f 2 , 

f1 > 22 (18) 

3 f 2 T = -
L21 3f 

T = -
L21 3f 

1 

0.209404 + 1.90394 x l O " 4 ^ - 535.8093 x 1 0 ~ 6 f 2 , 

7.15 < f  < 22 (19) 

3 f2 
1 

0.0133327 - 1.023196 x l O ' 4 ^ + 1037.8275 x 10*" 6f 2, 

1.15 < f ± < 7.15 (20) 

Hi 
T21 " 3 f 1 

- 23.92055 - 21097.684 x l O " 4 ^ - 19167103.68 x 1 0 ~ 6 f 2 , 

0 < f ± < 1.15, (21) 

Second, for simplicity and i l l u s t r a t i o n , the marginal rate of 
substitution, M^^, i s selected as 

M 2 1 = 0.167435 

Third, from Equation 9, i . e . , 

T21 " M21 = °» 
we have, from Equations 18 through 21, respectively, 

0.430112 - 14.1196 x 10" 4f, - 578.2554 x 10" 6f? = 0.167435 (22) 

0.209404 + 1.90394 x l O " 4 ^ - 535.8093 x 1 0 ~ 6 f 2 = 0.167435 (23) 

0.0133327 - 1.023196 x l O " 4 ^ + 1037.8275 x 1 0 ~ 6 f 2 = 0.167435 (24) 
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and 

23.92055 - 21097.684 x l O " 4 ^ - 19167103.68 x 1 0 ~ 6 f 2 

= 0.167435 

Equation 22 gives 
(25) 

f± = 20.127391 kcal/s (26) 

and 
f, = -22.5692 kcal/s (27) 

Since these two values of f^ are not i n the feasible region 
defined by Equation 14
gives r i s e to 

f± = 9.0298 kcal/s (28) 
and 

f± = -8.674458 kcal/s (29) 

The second of these two values i s negative and thus, i s i n the 
infeasible region; i t should be discarded. The f i r s t of these 
two values i s i n the feasible region defined by Equation 15. 
From Equation 24, we obtain 

f - 12.2348 kcal/s (30) 
and 

f± = -12.1363 kcal/s (31) 

Since both values are not i n the feasible region defined by 
Equation 16, they should be discarded. Similarly, from Equation 
25, we have 

f1 = 2.42955 kcal/s (32) 

f± = -2.5396 kcal/s (33) 

Again both values are i n the infeasible region and should be 
discarded. Substituting Equation 28 into Equation 15 yiel d s 

f 2 - 2.9062 m2 (34) 

This i s the optimal solution for the second objective function, 
corresponding to Equation 28, which i s the optimal solution for 
the f i r s t objective function. The values of the objective 
functions and design variables for the preferred solution are 
tabulated i n Table II. The resultant optimal configuration of 
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the system i s shown i n Figure 4. The energy and exergy of each 
stream i n the optimal design are summarized i n Table I I I . 

Discussion and Conclusion 

As i l l u s t r a t e d i n Figure 1, the surrogate worth trade-off method 
provides a means of locating the preferred (or optimal) solution 
by determining the point of tangency between the trade-off curve 
(function) and the so-called indifference curve (function). 
This i s also demonstrated numerically i n the example presented 
i n the preceding section. An indifference surface (or curve) i s 
defined as a locus of different conditions i n the objective 
space, any two of which cannot be distinguished by the 
preference c r i t e r i o n of the decision maker. An indifference 
curve or sVirface can b d i  term f th  valu
function, v ( f ) , as 

{f_ | v(f) = constant} (35) 

A di f f e r e n t value of the constant gives r i s e to a separate 
indifference surface. These indifference surfaces do not 
intersect each other, and, therefore, every point i n the 
objective space l i e s on one and only one indifference surface. 
The trade-off surface i s tangent 
surfaces at the preferred point, 
marginal rate of substitution of 

to one of the indifference 
As mentioned e a r l i e r , the 

f. for f 

f3 v ) 

i s expressed as 

(36) 

Since the trade-off and indifference surfaces are tangent to 
each other at the preferred point, f*, we have 

T ± j ( f * ) = M..(f*) (37) 

Note that the indifference surfaces are obtained without knowing 
the function form of the value function, v(.f). They are 
generally determined by d i r e c t l y comparing many sampled points 
i n the objective space based on the decision maker's preference. 

Figure 3 indicates that i n the example, the trade-off curve 
(or the non-inferior solutions) i s not completely concave i n 
shape and that the feasible region i s not exactly convex; how
ever, the two objectives, c a p i t a l investment, f^, i n terms of 
the heat transfer area and available energy, f^, are always i n 
c o n f l i c t with each other i n the region under consideration. A 
reduction i n the heat transfer area w i l l always give r i s e to an 
increase i n the dissipation of available energy. 

The resultant optimal configuration, Figure 2; i n other 
words, the generated steam i s t o t a l l y reused. 
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Table I I I . Energy and Exergy of Each Steam i n the 
Optimal Design 

f . i = 

578.7506 kcal/kg, 
£ f , i = 

589.3042 kcal/kg 

B , i = 
636.5436 kcal/kg, £ s , i = 120.6537 kcal/kg 

8,1 = 
609.0213 kcal/kg, e s , l = 

116.0266 kcal/kg 

f , e = 
2360.9779 kcal/kg, f ,e 2362.6292 kcal/kg 

s,e 151.85 kcal/kg, e = s,e 29.1163 kcal/kg 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



322 SECOND LAW ANALYSIS OF PROCESSES 

The t r a d i t i o n a l single-objective (or scalar) optimization 
problem, corresponding to the multiobjective optimization 
problem under consideration, can be stated as: 

or 

Minimize 

J2 Wj^Cx) + a> 2f 2(x) 
(38) 

subject to 

J2 " f l t e ) + w ! 2 f 2 ^ 

x e X 

where and w0 are th
of o>« to 0) 
m u l t i p l i e r 

« tO U)- . WOtice tha
Jp-i —L 11 

For s i m p l i c i t y , suppose that u>̂  and u>2 are such that 
u>12 = 5.972 

i n the scalar optimization problem corresponding to the example 
considered i n the preceding section. Minimization of J„ over x 
can be accomplished by any c l a s s i c a l optimization technique. 
For convenience, the adaptive random search technique (26) i s 
used here. The optimal solution obtained i s located at 

x, = 

where 

V = 0.0475 

a Q 1 = 1.0 

26.48 

(39) 

and 
9.1 kcal/s (40) 

f 0 = 2.91 Hi -

Notice that the optimal f- and f~ are e s s e n t i a l l y i d e n t i c a l to 
those obtained i n the multiobjective optimizaton problem. In 
f a c t , i t i s known (9) that, for the system with a convex 
feasible region, 

"12 - T12 - u12 ( 4 1> 
The value of u> 2̂ selected here for i l l u s t r a t i o n i s equal to T^ 2 

which i s the inverse of T2_ or 0.167435. The feasible region of 
the system under consideration i s not exactly convex; however, 
the relationship given i n Equation 41 i s apparently s a t i s f i e d . 
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As can be seen from the values of f ^ and f« i n Equation 40 
and Figure 4, the optimal scalar objective function i s located 
on the trade-off curve. In other words, as long as Equation 41 
i s s a t i s f i e d , the search for the scalar objective function, 3^* 
need be carried out only along the trade-off curve. Thus, we 
see that under the optimal condition the appropriate cost of the 
dissipation of available energy, o> ,̂ and that of the evaporator, 
u>2 should be such that t h i s r a t i o , w-^* D e equal to o r 

reversibly, the value of be equal to 

Nomenclature 
2 

A contact area of the evaporator, m 

BR1 available energy t
compressor 1, kcal 

BR2 available energy to the evaporation system through 
compressor 2, kcal 

E b o i l i n g point elevation, K 

e allowable l e v e l vector for the objective function vector, f̂  

_f objective function vector 

1? objective function vector defined as i^2y ••••» 

f ^ scalar function associated with the i - t h subsystem 

£ constraint function vector 

g i vector function associated with the i - t h subsystem 

J scalar objective function 

v l vector objective function 

j - t h objective function 

Mj. . mass flow rate of the aqueous milk solution at the i n l e t , 
t , X kg/s 

M- mass flow rate of the aqueous milk solution at the e x i t , 
f , e kg/s 

M - mass flow rate of the vapor, kg/s s, J. 

Continued on next page 
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M. . marginal rate of substitution of f. for f. 

M . mass flow rate of steam at the i n l e t , kg/s s, 1 
M mass flow rate of condensate at the e x i t , kg/s s ,e 
P pressure i n the evaporator, atm 

T temperature of the aqueous milk solution and vapor at the 
e x i t , K 

T f . temperature of the aqueous milk solution at the i n l e t , K r, 1 
T. . trade-off r a t i o between the i - t h and j - t h objectives 

1 >3 

T . temperature of steas ,1 
T temperature of steam at the e x i t , K 
s ,e 

2 
U heat transfer c o e f f i c i e n t , kcal/s, m , K 
i< T w weighting c o e f f i c i e n t vector defined as [w^, ŵ , w^] 

ŵ  i - t h component of the weighting co e f f i c i e n t vector, w 

ŵ . surrogate worth function associated with the i - t h and j - t h 
objectives 

x decision vector 

x^ ^ concentration of the milk i n the aqueous solution at the 
' i n l e t i n mole fraction 

x^ concentration of the milk i n the aqueous solution at the 
' exit i n mole frac t i o n 

Greek Symbols 

3 s p e c i f i c enthalpy measured i n reference to the dead state, 
kcal/kg 

e - s p e c i f i c exergy for the steam generated i n the evaporator, 
8 , 1 kcal/kg 

e s p e c i f i c exergy, kcal/kg 

X Lagrangian m u l t i p l i e r 

_X Lagrangian mu l t i p l i e r vector 
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OL^ structural parameter from unit 1 to unit 2 

structural parameter from unit 1 to unit 1 

a n i structural parameter from unit 1 to unit 0 
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Appendix A: Thermodynamic Background 

327 

In carrying out the thermodynamic f i r s t - and second-law analyses 
of a process system, the c a l o r i f i c thermodynamic functions of 
material species involved i n the process are necessary. 
Conventionally the enthalpy, the entropy and the Gibbs free 
energy are evaluated on the basis of a reference state where a l l 
are known elements are i n their pure states, the temperature i s 
25°C (298.15 K) and the pressure i s 1 atm. An adoption of such 
a reference state often yields negative energy and Gibbs free 
energy, and these, i n turn, render the analysis of process 
systems d i f f i c u l t , i f not impossible. To circumvent such a 
d i f f i c u l t y a great deal of e f f o r t has been spent for determining 
the thermodynamically meaningful reference state that tends to 
y i e l d a positive c a l o r i f i c function. One of the frequently 
employed reference state
reference material specie
essentially the products of complete combustion, the reference 
concentrations (datum l e v e l concentrations) are the environmental 
concentrations of these products, the reference temperature 
(datum l e v e l temperature) i s the environmental temperature, and 
the reference pressure (datum l e v e l pressure) i s the environ
mental pressure (14,18,19,22,23,25). This reference state has 
been adopted i n this work for evaluating the energy and 
available energy contents for carrying out the thermodynamic 
f i r s t - and second-law analyses. 

The s p e c i f i c enthalpy r e l a t i v e to the dead state, 3, i s 
defined as (14 9 19,24) 

where h i s the s p e c i f i c enthalpy at any state and h^ that at^the 
dead state. By adding the enthalpy at the standard state, h , 
into and subtracting i t from Equation A - l , we have 

6 5 h - h Q (A-l) 

(h - h°) + (h° - h Q) (A-2) 

Since 
h (A-3) 

Equation A-2 becomes 

e = (h° - h 0) (A-4) 

By defining (14) 

(A-5) 

T 
BT E T ° ' C P d T 

(A-6) 
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P -
B P E J I v " T © p l d P ' ( A _ 7 ) 

Equation A-3 can also be expressed as 

3 = 3° + 3 T + 3 p (A-8) 

Here, 3^ i s termed the s p e c i f i c chemical enthalpy, 3^ the 
sp e c i f i c thermal enthalpy and 3 p the s p e c i f i c pressure enthalpy. 
The combination of the s p e c i f i c thermal enthalpy, (?T, and the 
sp e c i f i c pressure enthalpy, 3p, may be named the s p e c i f i c 
physical enthalpy. When the material species i s one of the 
components i n a solution, Equations A - l through A-7 are v a l i d , 
provided that the s p e c i f i c quantities are changed to the p a r t i a l 
molar quantities. Note that superscript 0 refers to the 
standard state, and subscrip
the s p e c i f i c heat, an

The s p e c i f i c exergy, e , i s defined as (14,16,18-23) 

e 5 (h - h Q) - T 0 ( s - s Q) 

E (h° - h Q) - T 0(s° - s Q) + (h - h°) - T Q ( s - s°) (A-9) 

Substituting Equation A-3 and 

s " s ° • T < / ? d T " p c / © P D P ( A " 1 0 ) 

into Equation A-8 gives r i s e to 
T T 

e - (h° - h Q) - T 0(s° - s Q) + J c p ( l - ̂ ) d t 

+ [v - (T - TQ)(|gpldP ( A - l l ) 

where s i s the s p e c i f i c entropy at any state, the s p e c i f i c 
entropy at the dead state, and T n the datum l e v e l temperature. 
By defining (14,19,22,23) 

e° = (h° - h Q) - T 0(s° - s Q) (A-12) 

£T „/ c p ( l - ^ . ) d P (A-13) 

and 

T 

T 

P 
£p%o/ I v " ( T - V © p J d P ' ( A " 1 4 ) 
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Equation A - l l reduces to 

e - e° + e T + e p (A-15) 
where i s termed the s p e c i f i c chemical exergy, e T the s p e c i f i c 
thermal exergy, and e p the s p e c i f i c pressure exergy. Again, the 
combination of the s p e c i f i c thermal exergy, e T, and the s p e c i f i c 
pressure exergy, e p, may be named the s p e c i f i c physical exergy 
114,19,22,23). 

Equations A - l through A-15 are the working formulas for 
evaluating the energy and available energy contents of a 
material species which i s involved i n a chemical process. 

Appendix B: L i s t of the Performance Equations for Determining 
the Non-Inferio

The objective function to be minimized i s 

J 2 - f 2 = A (B-l) 

This i s Equation 13 i n the text. The equality constraints 
included i n Equation 12 i n the text are 

M f . 1 x f , i " M f , e x f , . - 0 ( B ~ 2 ) 

M f , i " M f , e - M s , l = 0 ( B " 3 ) 

M f .A , i + < Ms,i + M s , l a 0 1 ) e s , i - M f , e 3 f , e " M s , l 6 s , l 

" < Ms,i + M s , l a 0 1 ) f J s , e = ° ( B~ 4> 

a01 + a l l + "21 = 0 

V = M f , i e f , i + M s , i e s , i + B R l + B R 2 
" ( M s , i + M s , l a 0 1 ) e s , e - M f > e e f > e - M s > 1 a 2 1 e s , 2 (B-5) 

U - 0.0474 - 0.0339 x, (B-6) 
f »e 

(6 . - B )(M . + M .a.,) A _ s , i s , e / v s , i s , l 01 /
 7v 

A " U(T . - T - E) ( B _ 7 ) 

s , i 
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3 . = 55.5556(6.9756 + 0.013023T .+ 1.557 x 10" 7 T 2 

s , i s , i s , i 
- 1.547 x 10" 8 T 3 .) (B-8) 

S y 1 

3 = T - 298.15 (B-9) s,e s,e 

3 i = 55.5556(6.9756 + 0.013023T + 1.557 x 10"*7 T 2 

s , l 
1.547 x 10" 8 T 3) (B-10) 

3 f ± = (T f ± - 298.15) + x f ±(5978.918 - 0.642 T f ± ) (B - l l ) 

B- = (T - 298.15)

T . 
e . = 55.5556C-0.153674 - 2.29605 tof °'*) s , i v298.15' 

+ 0.007564T . - 1.387475 x 10" 7T 2 . 
s , i s , i 

+ 1.38838 x 10" 9T 3 . - 5.648159 x 10" 1 2T 4 . 
s , i s , i 

P . 
+ 0.59242 £ n [ ( p

 s> 1 ]} (B-13) 
S , i sat. 

e - 55.5556(0.56207 - 0.003433T s,e s,e 
+ 8.296 x 10" 8T 2 ) (B-14) s,e 

e f ± - 5900.506 x f ± + (1 - 0.742 x f ± ) ( T f ± - 298.15 

T 
- 298.15 £n ^ f f f j ) + 2 ' 2 9 6 [ x f , ± £ n x f , i 

+ (1 - x f - x f )] (B-15) 

= 5900.506 x, + (1 - 0.742 x. )(T - 298.15 

~ 2 9 8 ' 1 5 to 2 9 0 5 > + 2-296[x f eitn x f e 

+ (1 - x f e ) Jtn(l - x f e ) ] (B-16) 
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e . - 55.55561-0.153674-2.29605 £n 0QI <• + 0.007564T 
S )1 Z 7 0 . J._) 

- 1.387475 x K f 7 T 2 + 1.38838 x 10" 9T 3 

- 5.648159 x 10~ 1 2T 4 + 0.59242 *n(p^—)] (B-17) 
sat 

T s 2 
eQ 2 = 55.55561-0.153674 - 2.29605 Zn 2 9s 1 5 

+ 0.0075646 T 0 - 1.387475 x 10" 7T 2
 0 s,z s,z 

+ 1.38838 x 10" 9T 3
 0 - 5.648159 x 10" 1 2T 4

 0 

S,Z S,Z 
+ 0.59242 *n(p-£-)] (B-18) 

B R 1 - < B' 1 9 ) 

B R2 - H 7 5 £ S ? 1 <B"20> 

T s , e - T s , i <B~21> 
T = 297.8095 + 226.6964P - 45.4813P2 - 836.3919P3 , 

0.047 < P < 0.4 (B-22) 

T = 349.1699 + 25.8431P - 1.16936P2 - 0.13278P3 , 

0.4 < P < 6.2 (B-23) 

M f ± - 1.88996 kg/s (B-24) 

x f ± = 0.1 (B-25) 

x. = 0.4 (B-26) r ,e 
T . = 450 K (B-27) s 9 1 

E = 0 K (B-28) 
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T- .= 2 9 8 . 1 5 K ( B - 2 9 ) 1,1 

a u = 0 ( B - 3 0 ) 

The inequality constraints included i n Equation 1 2 i n the text 
are 

A > 0 ( B - 3 1 ) 

T . > T ( B - 3 2 ) s, 1 

T Q G > 0 ( B - 3 3 ) 

The inequality constraint of Equation 1 3 i n the text i s 

J i = f i = ( T o a ) - e

where (T Q O) i s the available energy dissipation evaluated from 
Equation B - 5 . 

RECEIVED July 12,1983 
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Multiobjective Analysis for Energy and Resource 

Conservation in an Evaporation System 

H. NISHITANI and E. KUNUGITA 

Department of Chemical Engineering, Osaka University, Toyonaka, Osaka, 560, Japan 

Efficient use of both energy and resource in an evap
oration system was studied based on multi-objective 
analysis. The exergy consumption and the total i n 
vestment cost were used to measure energy and re
source conservation, respectively. The trade-off 
curve between the two objectives shows the change 
in the optimal solution as the unit cost of exergy 
is changed. 

A process system is composed of various pieces of equipment and 
is operated by many different types of energy sources. The size 
of each piece of equipment and the amount of each source of 
energy should be as small as possible. Usually, energy and re
source conservation are achieved based on the economic cost of 
the commodities. Although relative economics plays an important 
role in a l l decisions concerning the system, the physical units 
of measure wi l l enable the engineers to investigate the energy 
and resource conservation from the point of view of technology. 
They w i l l then be able to understand the problems more easily 
and wi l l therefore be in a better position to improve the e f f i 
ciency of the system. 

In this paper the problem of energy and resource conservation 
was considered at the process design stage. Since energy con
servation can be achieved with additional equipment, there exists 
a trade-off between the two objectives. Recently the cost of 
energy has been changing rapidly in comparison with the cost of 
other materials. In other words, reflection of the value of 
energy in price is less reliable than reflection of the value of 
equipment materials in price. Therefore, i t is beneficial to 
discover the trade-off between the two objectives, which shows 
the optimal design under various energy conditions. 

0097-6156/ 83/ 0235-0333S06.00/ 0 
© 1983 American Chemical Society 
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Energy and Resource Conservation i n the Process System 
Energy may be supplied by means of steam, e l e c t r i c i t y , etc. 
A quantity of energy can be assigned a value only when certain 
conditions are known. Since the enthalpy does not pertain to the 
quality of energy, the available energy (exergy) should be used 
to measure the value of a commodity for operating and sustaining 
a process system (l_). 

A second law analysis based on exergy has been conducted with 
respect to a set of data for the various flows of vapor and 
l i q u i d contained i n the specified system (1.-3). The analysis 
shows the locations of the major i n e f f i c i e n c i e s , and hence the 
pieces of equipment or steps i n the process system which could 
be improved. However, t h i s analysis gives no hint as to the 
nature of the changes that might be made. When any change which 
can affect energy conservatio
structure or i n the stat
problem i s formulated by introducing parameters which describe 
the changes (U). The objective function i s calculated from the 
dissipation of the exergy i n the system as follows: 

f.l = £{exergy input to the system}-E{usable exergy output from 
the system} ( l ) 

What ever i s discharged from any outlet flow into the environment 
i s regarded as l o s t and i s not included i n usable outputs. The 
optimal solution for f i gives indications with respect to energy 
conservation. 

On the other hand, e f f i c i e n t use of resource also should be 
discussed using physical units of measures as well as usage of 
energy. However the equipment materials such as basic metals are 
less substitutable than energy because each metal has inherent 
values. Since there i s no common physical unit of measure to 
evaluate the material usage, the investment cost for each piece 
of equipment i s used as a substitute i n t h i s paper. Consequently, 
the t o t a l investment cost should be minimized from the standpoint 
of resource conservation. The investment cost of each piece of 
equipment i s correlated with the size of the equipment based on 
the logarithmic relationship. 

where z j i s the variable which shows the size of equipment J ; 
b j and c j are constant. 

When a process system i s designed, both the t o t a l dissipation 
of exergy and the t o t a l investment cost are considered as the 
objective functions to be minimized. Consideration of two c r i 
t e r i a naturally gives r i s e to a two-objective optimization pro
blem. 

(2) 
J 

m i n 5.)) (3) 
subject to h(v_>z) - o, £(v_,z_)£ 0 
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where f = ( f l , f 2 ) t 

v_ = (yx,y2» , ym)* 
z. = (zi,z2^ > znr 
h = (h x,h 2, , h n ) t 
£ = (S1»S2» > Br)* 

The equality constraints composed of the mass and heat balances 
and the performance equations i n each subsystem, thermodynamic 
properties of the flows, and specifications for design are re
presented by the functions h which are i n the form of n equations 
with m+n variables. These equations are e a s i l y arranged i n the 
order of precedence based on structural analysis. The number 
of independent variables (parameters), y_, corresponds to the 
degrees of freedom i n the system. When the value of the para
meters i s given, n equations are solved with respect to n v a r i a
bles, z. Thereupon, th
checked and the objectiv
the problem i s rewritten simply as follows: 

min ( f i ( y j , f 2 ( y _ ) ) 
subject to \ (U) 

&(z)<2. j 

Two-Objective Analysis 

The non-inferior solution set for the two-objective problem can 
be solved by various methods (5_»6). In t h i s paper the e-con
straint method i s used by taking into account i t s a p p l i c a b i l i t y 
to the non-convex problems. 

min f2(^) ) 
subject to \ (5) 

*l(z)<e. X €Y j 

where e i s a one dimensional constant vector and Y i s the fea
s i b l e region defined by the inequality constraints i n Rm. 

* s t£l&(i)<Oj (6) 
With the assumption that the inequality constraints are given 
as upper and lower l i m i t s with respect to each parameter, the 
following i s obtained. 

Y ={y|y:i m i n < y i < y i m a x ( i * i . 2 . ,m)} (T) 

Under these conditions the Kuhn-Tucker conditions for the e-
constraint problem can be represented by using the new variables, 
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Si's , which are the negative values of the r a t i o of the p a r t i a l 
derivative of f 2 with respect to and that of f j with respect 
to y i -

Si>u for i where y.=y. & Di>0 
(ySy* m a X & Di<0) V J i J ± min 1 ' 

Si=p for i where y i m i n < y i < y i max )> (8) 

Si<y for i where y i = y i m i n & Di>0 
= y± max & ®±<0) 

where, 
S i =-Of 2/3yi)/Di ) 

\
Di s a f^yi i 0 j 

and where u i s the m u l t i p l i e r for the e-constraint, ( f ^ - e ) , i n 
the Lagrangian function. 

The conditions are interpreted to indicate that the s e n s i t i 
v i t i e s are equal to p for the variables of which the optimal 
values are between the lower and upper l i m i t s , but the s e n s i t i v i 
t i e s are smaller (greater) than u for the variables of which the 
optimal values are at the lower (upper) l i m i t s i n the case of 
the positive D i . 

Trade-Off Between Two Objectives. By increasing e a family of 
e-constraint problems i s solved successively using the max-
sensitive method (j). Using the usual e-constraint method the 
problems are solved separately for the various values of e. 
However with t h i s method the optimal solution for the new value 
of e i s pursued into the neighbourhood of the optimal solution 
for the l a s t value by examining the s e n s i t i v i t i e s for a l l para
meters. Incidentally, the Lagrange multi p l i e r for the e-con
straint i s obtained from among the s e n s i t i v i t i e s for the para
meters. 

The optimal solution l i n e for the family of the e-con
straint problems i s a one dimensional manifold i n the parameter 
space. It defines a trade-off curve i n the objective function 
space. 

G ( f i , f 2 ) = 0 (10) 

The trade-off r a t i o between f 2 and f i , T 2 i 9 i s defined as the 
direction r a t i o of the normal to the curve. 

T 2 i E(aG/af!)/(3G/3f 2) = - 8 f 2 / 8 f i ( l l ) 

When the e-constraint i s active, the following relationship i s 
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s a t i s f i e d based on the characteristics of the Lagrange m u l t i p l i e r . 

3 f 2 / 3 f i =3f2/9e=- u (12) 

Therefore, the trade-off r a t i o i s equal to u, i . e . 

T2l = U (13) 

As shown above, the trade-off r a t i o i s obtained with the trade
o f f curve using t h i s method. 

I l l u s t r a t i v e Example: Energy and Resource Conservation for a 
Milk Concentration,Process 

An evaporation system t
three subsystems as show
(a) an evaporator to vaporize water from the process feed, 
(b) a multi-jet condenser to condense the vapor and produce a 

vacuum, 
(c) a heat exchanger to recover exhaust heat energy from the 

steam condensate. 
In t h i s system, steam, cooling water, and steam condensate ope
rate and sustain the three subsystems. The state variables of 
each flow, that i s , temperature, pressure, and composition are 
shown i n Table I together with the flow rate. 

The system equations for each subsystem. The system equations 
for the evaporator are derived from the overall material balance, 
the material balance for the non-volatile product, the enthalpy 
balance, and the heat transfer rate. 

m f = m i l + i n v 

mfXf = mix i (15) 

ms$s+mf3i = ms3a+mjl&£+mv3v (l6) 

ms(3s-3d) = AeU e(x£)(T s-Ti) (17) 

where, 

T£= T]_+E 

The system equations for the multi-jet condenser are composed 
of the enthalpy balance and the equation which approximates the 
performance data i n the Chemical Engineering Handbook (8_). 

mv3i+11^30 = (mv+m c)3 x (l8) 

£n(m c/m v) = aQ+aiZ+a2z2 (19) 
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Steam 

Heat loss Cooling water 

9 

Solution 
3 ? 

Concentrated liquid 

a, Evaporator 
b, Multi-jet condenser 
c, Heat exchanger 

Figure 1. Flowsheet of an evaporator system. 
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Table II. A l l Design Conditions and Data for a Milk 
Concentration Process 

T f = 298.15 K

C p (milk) = 1.0-0.6U2x kcal/kg/K, 

X « 776.77-0.6UT kcal/kg, 

U = 0.00136(350-250x) kcal/m2/K/sec, F=C.0 K, 

Pi = 0.0013 exp (20.39-5126/Ti) atm, 

Pc = 3 atm, T c = 298.15 K, 

P0 = 1 atm, T 0 = 298.15 K, 

a 0 = 17.68U, a x = -U.817, a2 = 0.3829, a 3 = 0.05539, 

b i = 0 .67 , b2 = 0 . 6 , b3 = 0 .67 , 

CI = 1015, C2 = 8U, c 3 = 1015 
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where, Z =£ n(Pl)-a3(T c -To) 

The system equations for the counter-current heat exchanger 
are derived from the enthalpy balance and the heat transfer 
rate. 

ms3d+mf3f = ms3e+mf3i (20) 

m s(3d-3e) = A hU h(xf)AT (21) 

where, 

AT = ((T s-T i)-(T e-Tf))/)tn((Ts-T i)/(Te-Tf)),R^l 

AT = Ts-Tf, R=l, 

R = afCp/mg 

Thermodynamic Properties of Vapor and Liquid. The pressure i n 
the evaporator, P i , i s related to the saturated temperature of 
the vapor, T]_, based on the following equation. 

P i = exp(ei -e2/Ti) (22) 

where e i and e2 are constant. 
The s p e c i f i c enthalpy and the sp e c i f i c exergy are calculated 
from the following simplified formulas. 
Water, saturated steam, and superheated steam : 

3 = (T-T0)+X+0.U5E (23) 

e = (T-T 0-T 0il n(T/T 0))+X(l-To/T)+0.l45(E-Toitn((T+E)/T)) (2k) 

where X i s the latent heat of the vaporation and E i s the b o i l 
ing point r i s e . 
Solution: 

3 = 30x+T 0/ T + EcpdT (25) 

e = eOx+T 0/ T + ECp(l-T 0/T)dT (26) 

where 3^ and e° are the sp e c i f i c chemical enthalpy and the spe
c i f i c chemical exergy, respectively; x i s the weight fraction 
of solids i n the solution. 
Pressure exergy of cooling water: Since cooling water used i n 
the multi-jet condenser i s compressed to Pc by a pump, i t s 
pressure exergy must be evaluated. 
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e = (P c-Po)/P (27) 

Two Objectives. The objective function, f ^ , i s calculated by 
performing an exergy balance of the system shown i n Figure 1. 

Since drains and used cooling water are discharged into the en
vironment, they are regarded as l o s t . Therefore, 6 takes 0 i n 
Equation (28). 

The t o t a l investment cost for the system i s sum of the costs 
of the evaporator, the multi-jet condenser, and the heat ex
changer ( ° J . 

where A e and Ah are th
and the heat exchanger
cooling water. 

Parameters. In this problem, the steam temperature, Ts, the 
saturated temperature of vapor, T i , which i s the normal b o i l i n g 
point i n the evaporator, and the preheated temperature of the 
solution, T i , are selected as the parameters among various other 
p o s s i b i l i t i e s . T i corresponds to the extent of a vacuum using 
the multi-jet condenser and T i i s related to the presence or 
absence of the heat exchanger. The two-objective optimization 
problem i s stated as follows: 
To determine the values for Ts,Ti, and T i , which minimize both 
f l and f 2 , when the feed rate, mf, the weight f r a c t i o n of solids 
i n the feed, X f , and the weight fra c t i o n of solids i n the con
centrated l i q u i d , X £ , are specified. 

Results. In t h i s example, 2.0kg/sec of milk having 10$ milk 
solids and at a temperature of 298.15 K i s to be concentrated 
into a solution containing k0% milk s o l i d s . A l l design condi
tions and necessary data are summarized i n Table I I . 

The feasible domain of the parameters i s shown as a box i n 
Figure 2. Point 1 i s the solution for minimizing the annual 
exergy consumption. From the viewpoint of energy conservation a 
combination of l ) the lowest temperature of the steam, 2) an i n 
termediate value of the saturated temperature of the vapor, 
i . e . , intermediate vacuum, and 3) the maximum heat recovery from 
the steam condensate, i s recommended. This solution implies 
that energy of lower quality should be used and graded usage of 
heat energy should be considered. These are the general indica
tions from the second law analysis. On the other hand, point 6 
shows the solution for minimizing the annual investment cost. 
The trajectory of the non-inferior solution for the two-objective 
problem i s i l l u s t r a t e d by the l i n e 1-2-3-^-5-6 i n Figure 2. 

f ^ = mfSf-m^e £+ms£s +nicec-6[m see +( mv +^c) ex] (28) 

f2 = ci(A e)°l+c2(m c)D2 + c 3(A h )b3 (29) 
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Table I. Flow Conditions for an Evaporator System 

stream IIo. Flow Rate 

kg/sec 

State 
Composition 

wt.# 

Variables 
Temperature 

K 
Pressure 

atm 

Thermodynamic 
Properties 

Enthalpy Exergy 
kcal/kg kcal/kg 

1 mf X f Tf Po Bf £f 

2 mf 

3 m£ x* T* p o B* £Jt 

k n i s - Ts Ps 0s £s 

5 ms - T s Po Bd £d 

6 ms - Te PO Be £e 

7 % - TV p v 6v e v 

8 mv - Tl Pi Bl £1 

9 mc - T c p c Be £c 

10 mc+uiv - Tx PO Bx ex 

11 - - T l - Bw e w 
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Figure 2. Non-inferior solution set. 
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The s o l u t i o n moves a l o n g t h e boundary o f t h e f e a s i b l e domain. 
The t r a d e - o f f curve i n t h e o b j e c t i v e f u n c t i o n space i s non-
convex as shown i n F i g u r e 3. F i g u r e k shows the p r o f i l e s o f t h e 
s e n s i t i v i t i e s , S j f s ( j = T s , T i , T i ) , a l o n g t h e n o n - i n f e r i o r s o l u 
t i o n c u r v e . The s e n s i t i v i t y p r o f i l e drawn i n b o l d s t r o k e s 
shows t h e changes i n t h e Lagrange m u l t i p l i e r . I t i s e q u a l t o t h e 
t r a d e - o f f r a t i o a l o n g t h e n o n - i n f e r i o r s o l u t i o n c urve based on 
E q u a t i o n ( 1 3 ) . I t i s not c o n t i n u o u s a t p o i n t 3. 

O v e r a l l E v a l u a t i o n . From t h e p o i n t o f v i e w o f economic o p t i m i 
z a t i o n t h e c o s t o f energy and r e s o u r c e are but one o f t h e im
p o r t a n t f a c t o r s . The o p e r a t i n g c o s t i s e s t i m a t e d based on t h e 
exergy consumption, f i , m u l t i p l i e d by t h e u n i t c o s t o f exergy 
( 1 0 ) . The u n i t c o s t o f exergy i s a macroscopic i n d e x which 
shows t h e energy s i t u a t i o
ment c o s t has been use
paper, the annual t o t a l c o s t i s r e p r e s e n t e d as f o l l o w s , 

where a i s t h e u n i t c o s t o f exergy. 
The t r a d e - o f f curve shows t h e change i n t h e o p t i m a l s o l u t i o n 

as t h e u n i t c o s t o f exergy i s changed. Once a u n i t c o s t o f ex
ergy i s s p e c i f i e d , an o p t i m a l s o l u t i o n can be determined d i r e c t 
l y u s i n g t h e p r o f i l e o f t h e Lagrange m u l t i p l i e r i n F i g u r e h. The 
s o l u t i o n i s t h e i n t e r s e c t i o n o f t h e curve drawn i n b o l d s t r o k e s 
and t h e h o r i z o n t a l l i n e w h i c h corresponds t o t h e u n i t c o s t o f 
exergy. There a r e two i n t e r s e c t i o n s i n t h e case o f a r e c e n t 
exergy c o s t o f 28 d o l l a r s per m i l l i o n k c a l - e x e r g y . T h i s f a c t 
a r i s e s from t h e n o n - c o n v e x i t y o f t h e t r a d e - o f f c u r v e . The op
t i m a l s o l u t i o n i s t h e l e f t - h a n d i n t e r s e c t i o n and i s l o c a t e d near 
p o i n t 2. 

Another v i e w p o i n t i n a d d i t i o n t o economics can be i n t r o d u c e d 
f o r t h e o v e r a l l e v a l u a t i o n . The c u m u l a t i v e exergy-consumption, 
which comprises a l l stages o f t h e p r o d u c t i o n p r o c e s s from t h e 
raw m a t e r i a l s t o t h e f i n a l p r o d u c t , may serve t h e purpose o f 
s e l e c t i n g t h e p r o p e r t e c h n o l o g i c a l p r o c e s s from t h e v i e w p o i n t 
o f s a v i n g unrenewable n a t u r a l resouces ( 1 1 ) . T h i s may be c a l l e d 
an e c o l o g i c a l e v a l u a t i o n . With t h e assumption t h a t t h e exergy 
consumption r e q u i r e d t o make a l l t h e equipment i s d i r e c t l y p r o 
p o r t i o n a l t o t h e investment c o s t . Then, t h e t o t a l c u m u l a t i v e 
exergy consumption i s r e p r e s e n t e d v e r y a p p r o x i m a t e l y as f o l l o w s , 

where u> i s t h e r a t i o o f t h e energy c o s t t o t h e investment c o s t . 
S i n c e t y p i c a l l y u> has a v a l u e between 0 and 1, t h e p r e f e r r e d 
s o l u t i o n i s l o c a t e d a t a l o w e r exergy consumption l e v e l t h a n 
t h a t f o r t h e economical consumption l e v e l . 

G e n e r a l l y , economical and e c o l o g i c a l v i e w p o i n t s do not c o i n 

s ' a f i + f 2 (30) 

<t>2 = f i + ( u ) f 2 ) / a (31) 
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cide i n the preferred solution. The c o n f l i c t between the two 
viewpoints i s represented by a new two-objective optimization 
problem. However t h i s problem s i g n i f i c a n t l y reduces the size 
of the non-inferior solution set from that of the former two-
objective problem (12). The discrepancy between economical and 
ecological viewpoints i s very small i n t h i s problem. 

Conclusions 

Energy and resource conservation i n the process design was 
evaluated based on the exergy consumption and the t o t a l invest
ment cost, respectively. The c o n f l i c t between the two objec
tives i s obtained by solving the two-objective optimization 
problem. The e-constraint scalar optimization problem was solv
ed by means of the max-sensitiv  method becaus  i t generate  th
p r o f i l e of the trade-of
The p r o f i l e of the Lagrang  mul t i p l i e g
solution curve i s used to obtain the optimal solution when a unit 
cost of exergy i s specified. Using the two-objective analysis 
we can obtain a much better understanding of the process design 
under the present uncertain conditions with respect to energy. 
A simple evaporation system for milk concentration was used 
as an i l l u s t r a t i o n . 

Legend of Symbols 

A e = heat transfer area of the evaporator 
A^ = heat transfer area of the heat exchanger 
Cp = s p e c i f i c heat capacity 
E = b o i l i n g point r i s e 
m = mass flow rate 
P = pressure 
T = temperature 
U = ov e r a l l heat transfer c o e f f i c i e n t 
x = weight fraction of solids i n the solution 
a = unit cost of exergy 
3 = s p e c i f i c enthalpy 
e = s p e c i f i c exergy 
X = latent heat of vaporation 
U = Lagrange multiplier 
p = density of f l u i d 

<Superscript> 
0 = s p e c i f i c chemical quantity 

<Subscript> 
c = cooling water 
f = feed 
1 = preheated l i q u i d using the heat exchanger 
I = concentrated l i q u i d from the evaporator 

Continued on next page 

[m2] 
[m2] 

[kcal/kg/K] 
[K] 

[kg/s] 
[atm] 

[K] 
[kcal/m2/K/s] 

r-i 
[$/kcal-exergy] 

[kcal/kg] 
[kcal/kg] 
[kcal/kg] 

[-] 
[kg/m3] 
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s = steam 
ν = vapor from the evaporator 
0 = dead s tate 
 1 = i n l e t to the m u l t i - j e t condenser 

                    Literature Cited 

1. G a g g i o l i , R.A.; Petit, R. J. Chemtech. 1977, 496-506. 
2. Denbigh, K . G . Chem. Eng. Sci. 1956, 6, 1-9 · 
3. R i e k e r t , L . Chem. Eng. Sci. 1974, 29, 1613-1620. 
4. Fan, L.T.; Shieh , J. H . Energy 1980, 5, 955-966. 
5. Cohon, J.L.; Marks, D . H . Water Resour. Res. 1975, 11, 

208-220. 
6. Shimizu, K. "System Opt imizat ion Theory (in Japanese)"; 

Corona-Sha: Tokyo, 1976; Chap. 4. 
7. Takamatsu, T.; Hashimoto  I.; Nishitani H.; Tomita  S

Chem. Eng. Sci. 1976
8. SCEJ, Ed. "Chemica

Maruzen; Tokyo, 3rd ed. 1968; p . 1298. 
9. S a i t o , Y. "Cost Est imat ion Handbook for Chemical Engineers 

(in Japanese)"; Kogyo-Chosakai: Tokyo, 1977; Chap. 4. 
10. G a g g i o l i , R.A.; Wepfer, W.J . Energy 1980, 5, 823-837. 
11. Szargut J. Energy 1980, 5, 709-718. 
12. Nishitani, H.; Kungi ta , E . Computers & Chem. Eng. 1979, 

3, 261-268 . 

RECEIVED July 12, 1983 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



17 

Energy and Exergy Estimation Using 

the Group Contribution Method 

J. H. SHIEH and L. T. FAN 

Department of Chemical Engineering, Kansas State University, Manhattan, KS 66506 

A group contributio
prediction of th
the specific chemical exergy (availability) for a 
gaseous or liquid material. These properties are 
essential in thermodynamic analysis and synthesis 
of a process system. Two sets of group contribu
tions are developed, and the accuracy and range 
of applicability of each set are demonstrated by 
testing against 200 gaseous and liquid organic 
chemicals. These sets of the group contributions 
yield sufficiently accurate predictions. 

A major role of a chemical engineer is to analyze and synthesize 
a process system. To incorporate thermodynamic bases into analy
sis and synthesis of a chemical or biochemical process system, 
the calorif ic thermodynamic functions of chemicals and substances 
involved in the process, such as enthalpy, entropy, Gibbs free 
energy and exergy (availability), need be known (1-3). Enormous 
amounts of data for these functions have been collected and/or 
correlated over the years, but the rapid advance of technology in 
discovering or synthesizing new materials seems always to create 
a significant gap between demand and availability of such data 
and correlations. In the light of this, a practical method is 
necessary not only for regenerating the existing data but also 
for predicting non-existing data. 

In general, procedures for estimating physical and thermo
dynamic properties and functions can be divided into two 
categories, namely, group contribution methods and semi-empirical 
correlations. It is usually d i f f icul t , i f not impossible, to 
employ a semi-empirical correlation for predicting the properties 
of a new material or those of an existing material at a condition 
different from that under which the available data were obtained. 
In contrast, the group contribution method, which is based on the 
assumption that the property of a material is contributed from 

0097-6156/83/0235-0351$06.00/0 
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the properties of the constitutive atomic groups, provides a 
convenient means for estimating the properties of both the 
existing and non-existing materials. 

The objective of this work i s to develop a set of group ^ 
contributions for estimating the s p g c i f i c chemical enthalpy, 3 , 
and the s p e c i f i c chemical exergy, e , which are essential i n 
carrying out the thermodynamic analysis and synthesis of a 
process system. This set of group contributions can be employed 
not only for known organic compounds, but also for new organic 
compounds which are yet to be synthesized or discovered. 

Thermodynamic Framework 

The conventional reference state f o r measuring thermodynamic 
properties, which i s c o l l e c t i v e l  specified b  a l l know  element
i n their pure states,
pressure of 1 atm, has g  adopte  comput
the c a l o r i f i c thermodynamic functions (4,5). Adoption of a 
different reference state w i l l naturally give r i s e to different 
values of these functions. I t i s possible that a compound or 
substance w i l l have a negative exergy content and that results of 
the thermodynamic analysis of a process system w i l l be erroneous 
i f an arbitrary reference state i s selected. I t i s , therefore, 
highly desirable to specify a reference state that w i l l , i n 
theory, consistently generate non-negative exergy content for 
every material species (substance or compound). With such a 
reference state, i n addition to the temperature and pressure of 
the surroundings, each element contained i n the material species 
should have i t s own reference substance; i n other words, a 
reference substance i s required for each known element. The 
reference substance having neither energy nor exergy content at 
the reference state i s termed the datum l e v e l material CI,.2, 
6-12); this reference state i s termed the dead state (1,2,6-11, 
13,14). 

Exergy ( a v a i l a b i l i t y ) i s a property of a material system 
that measures the maximum work which can be obtained when the 
system i s brought to the reference or dead state that i s 
thermally, mechanically and chemically i n equilibrium with the 
surroundings. As the dead state changes, so does the numerical 
value of the exergy ( a v a i l a b i l i t y ) . In other words, the value of 
the exergy depends on the choice of the surroundings, which i s 
defined to be the dead state. 

Chemical State 

The chemical state i s defingd as the state where temperature i s 
the standarg temperature, T , the pressure i s the standard 
pressure, P , and every material species i s pure (1,2,8,14). 
The room or environmental temperature and pressure are usually 
adopted as the standard temperature and pressure, respectively. 
For convenience, T i s often specified as 298.15 K and P as 1 
atm. 
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The datum l e v e l temperature, T Q , and the datum le g e l Q 
pressure, P Q , are here considered to be i d e n t i c a l to T and P , 
respectively. However, diffe r e n t values can be specified when 
the system under examination i s located i n an environment whose 
temperature and pressure are persistently different from 298,15 K 
and 1 atm, respectively. An example of such a system i s a heat 
pump located i n the north or south pole or a spacecraft located 
on the moon surface. Regardless of the values specified for T Q 
and P Q , they have to be consistent throughout an analysis. How
ever, for any heat pump or a similar system, e.g,, a heating or 
air-conditioning system, the temporal v a r i a t i o n of T Q may have to 
be taken into account; the use of average T Q ' S over extended time 
periods may lead to erroneous conclusions. On the other hand, 
for most systems, such as power plants and chemical processes, 
the use of an average T  s u f f i c e  (12)  Th  thermodynami
properties, e.g., enthalpy
species at the chemica  properties
e.g., chemical enthalpy, chemical entropy and chemical exergy 
<I»2,8,12,14). 

Dead State (or Idealized Reference State) 

The dead state i s defined by specifying the mass (material 
species), chemical composition, and two thermostatic properties. 
In this work, T and P are chosen as these two properties. Thus, 
the dead state for a s p e c i f i c system i s fixed when the intensive 
properties ( T Q , P Q , X A Q , X g Q.«.) are specified where A, B, ... 
designate the reference material species at the dead state 
(10,15). Thus, the properties of each constituent of the system 
at the dead state are evaluated at the temperature, T Q , the t o t a l 
pressure, P Q , and the mole f r a c t i o n , x. n. 

Conceptually, the dead state can De v i s u a l i z e d from several 
different angles as follows: The universe contains a stable 
system which i s composed of many stable materials existing i n 
abundance and whose concentrations can be reasonably assumed to 
remain invariant (1,2,8,11,12,14,16,17). A l l the stable 
materials exist i n thermodynamic equilibrium at the tempera
ture, T Q , of 298.15 K, and under the t o t a l pressure, P Q , of 1 
atm. This state i s termed the "dead state" (1,2,8,16,18). The 
most stable materials, which are i n the stable sector of the 
universe, i . e . , the dead state, are termed "datum l e v e l 
materials" and have the a v a i l a b i l i t y (exergy) and energy 
(enthalpy r e l a t i v e to the dead state) of zero; the concentration 
of the datum l e v e l material i s the datum l e v e l concentration. 
The values of a v a i l a b i l i t y (exergy) and energy (enthalpy r e l a t i v e 
to the dead state) of a l l materials that are i n complete, stable 
equilibrium with the dead state are zero. The datum l e v e l 
materials and their concentrations that age used i n this work to 
compute the s p e c i f i c chemical enthalpy, $ , and the s p e c i f i c 
chemical exergy, e , are l i s t e d i n Table I. 
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Table I. 3 and e of Material Species 
Involved i n the Examples 

Material Datum Level 
Material 

Datum Level 
Concentration kcal/g mole 

e° 
kcal/g mole 

H 2(g) H 20 ( A ) 1 68.32 56.23 

o 2 (g) o 2 (g) 0.21 0 0.9263 

N 2 (g) N 2 (g) 0.78 0 0.147 

c o 2 (g) c o 2 (g) 0.000302 0 4.8002 

C (s) c o 2 (g) 0.000302 94.052 98.131 

S (s) CaSO 4-2H 20(s) 1 122.52 139.66 

s o 2 ( g ) CaSO 4*2H 20(s) 1 51.58 68.85 

F 2 (g) FrF(s) 1 169.0 165.2 

c* 2 (g) FrC£ (s) 1 127.0 123.6 

FrBr(s) 1 109.0 112.57 

h FrI (s) 1 85.0 92.8 

B H 3B0 3 (s) 1 157.72 144.96 

Ca Ca(N0 3) 2 (s) 1 223.9 
i 

174.44 

Si S i 0 2 (s) 1 217.7 203.78 
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Group Contribution Method 

The group contribution method i s based on the premise that many 
properties and functions of a substance or a chemical can be 
considered, at least roughly, as being made up of additive 
contributions from individual atoms or bonds i n the molecule of a 
substance. Three approaches are available. The f i r s t approach 
i s based on the assumption that the properties of the atoms i n a 
molecule are l i n e a r l y additive; this assumption i s often called 
the zero-order law (19,20). The second approach i s based on the 
assumption that properties of the bonds i n a molecule are 
additive; this assumption i s often c a l l e d the f i r s t - o r d e r law 
(19,20). Unfortunately, accuracy of the zero-order and f i r s t -
order laws for estimating properties i s r e l a t i v e l y low, and their 
a p p l i c a b i l i t y i s somewhat limited. The thi r d approach i s based 
on the assumption that
molecule, each of whic
This assumption i s often c a l l e d the second-order law. In 
addition to the assumption of the a d d i t i v i t y of group properties, 
this method also assumes that the magnitude of the contribution 
of a group remains invariant i n differ e n t substances. 

A group contribution method, s p e c i f i c a l l y , the second-order 
law, i s adopted i n this work for estimating the physical and 
thermodynamic properties and functions of organic chemicals. 
These properties and functions ^nclude the s p e c i f i c chemical 
enthalpies of gas and l i q u i d , 3 , and 3 0, respectively, and 

8 0 0 the s p e c i f i c chemical exergies of gas and l i q u i d , e and e^, 
respectively. These group contributions together with those for 
the s p e c i f i c heat enable us to evaluate the thermal enthalpy, 3 T, 
and the thermal exergy, e^,9 at any temperature. 

Different sets of groups have been used conventionally i n 
evaluating the differ e n t physical and thermodynamic properties 
and functions. For example i n predicting the c r i t i c a l proper
t i e s , Lydersen (21) has generated 43 groups; Krevelen and 
Chermin (22,23) have proposed a set of 92 groups in-predict-
ing the standard Gibbs free energy of formation, AGf; Verma and 
Doraiswamy (24) have suggested a set of 78 groups to calculate 
the standard heat of formation, AH^; Luria and Benson (25) have 
computed the s p e c i f i c heat capacity of l i q u i d material by means 
of 33 groupg; an^ Benson (20) has used a set of 431 groups to 
estimate AH^, AS^ and c p for vapor hydrocarbons. In contrast, 
the present approach employs a single set of 127 groups to 
evaluate 3 and e , which are summarized i n Tables II and I I I . 
Note that each group i s coded for r e t r i e v a l . 

The set of 127 groups has been selected on the following 
basis. 

(a) A group should be the simplest structure without losing 
the prediction accuracy. 

(b) A group should be a conventional functional group 
recognized i n the f i e l d of chemistry. 
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Table I I . Group Contributions for $ and e of 
Gaseous Organic Chemicals 

No. Group c0 kcal 
g mole 

0 kcal 
g mole 

1 95.26 110.68 

2 -CH 127.10 133.20 

3 -CH2 157.49 156.31 

4 -CH3 

5 CH4 212.81 198.46 

6 - d - 105.29 112.77 

7 i 
=CH 137.16 137.72 

8 =CH2 168.33 162.10 

9 =C= 129.97 132.54 

10 =C- 121.94 124.26 

11 =CH 154.73 150.62 

12 -C- (ring) i 98.79 110.26 

13 -CH (ring) 130.21 134.15 

14 -CH2 (ring) 160.87 158.17 

15 =C- (ring) 105.81 111.55 

Note 
Due to lack of space, only the f i r s t page of Table II is presented. 
The table can be obtained in i t s entirety from the authors. 
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Table I I I . Group Contributions for 3 and e of 
Liquid Organic Chemicals 

No. Group 0 kca l 
g mole 

0 kcal 
g mole 

1 
1 

-C-I 96.448 110.65 

2 r -CH 
1 

121.36 130.30 

3 -CH2 155.69 155.58 

4 -CH3 

5 CH4 
i 

6 
l 

=C- 105.818 113.13 

7 =CH 133.15 136.20 

8 =CH2 173.11 161.37 ' 
i 

9 =C= 128.89 133.75 

10 EC- 118.15 123.23 

11 =CH 154.37 151.59 

12 -C- (ring) 90.59 
j 

101.68 

13 -CH (ring) 117.30 129.77 j 
I 

i 

14 -CH2 (ring) 157.31 
• 

156.10 

15 =C- (ring) 

Note 
Due to lack of space, only the f i r s t page of Table III is pre
sented. The table can be obtained in i t s entirety from the authors. 
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Specific Chemical Enthalpies of Gaseous and Liquid Chemicals, 

< and g° 

In performing an energy balance around any process system, the 
energy contents (enthalpies) associated with the material species 
involved i n the process are needed. Values of the energy 
contents (enthalpies) have, conventionally, been evaluated with 
reference to the standard state (T = 298.15 K, P = 1 atm) and 
the pure elements at this state; however, the use of the standard 
state may y i e l d a chemical enthalpy of a large negative value. 
This makes the evaluation of the thermodynamic analysis of the 
process system d i f f i c u l t or impossible. In view of t h i s , the 
following d e f i n i t i o n has been introduced (8,14,26); 

3° ~= h° - h Q (1

where 3^ i s termed the s p e c i f i c chemical enthalpy, h^ the 
s p e c i f i c enthalpy at the standard state, and tig the s p e c i f i c 
enthalpy at the so-called dead state, g i t i s very d i f f i c u l t , i f 
not impossible, to compute and store 3 for a countless number of 
organic chemicals. A set of 127 groups i s proposed i n this work 
for estimating the s p e c i f i c chemical enthalpy by means of the 
group contribution method (see Tables II and I I I ) . The s p e c i f i c 
chemical enthalpy i s thus computed as 

3° - I a .3? (2) 
i 1 1 

where 3^ stands for the s p e c i f i c chemicaj enthalpy, a^ for the 
number of group i i n the molecule, ang 3̂  for the s p e c i f i c chemi
ca l enthalpy of group i . Values of 3^ obtained i n the present 
work are l i s t e d i n Tables I and I I . 

Specific Chemical Exergies of Gaseous and Liquid Chemicals, 
m 0 

and 

Exergy i s a property of a material system, which measures the 
maximum work obtainable when the system proceeds from i t s given 
state to the dead state while interacting only with the 
environment (1,8,14). The s p e c i f i c chemical exergy i s defined as 

e° . (h° - h Q) - T 0(s° - s 0) 

= 6° - V° (3) 

In the present scheme, the s p e c i f i c chemical exergy, e^, i s 
computed as 
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0 r a.ej (4) 
i 

where stands for the number of group i i n the molecule, ancj 
for the s p e c i f i c chemical exergy of group i . The values of 
obtained here are tabulated i n Tables II and I I I . 

Specific Chemical Entropies of Gaseous and Liquid Chemicals, y® 

A 0 

and yt 

The s p e c i f i c chemical entropy, y® 9 i s defined as (8,14) 

Y° E s° - s

where s^ 
the specific^entropy 

i s the s p e c i f i c entropy at the standard state, agd S Q Q 
fic^entropy a:t the dead state. Note that once 3 ana e 

are given, y i s fixed. 

Examples 

Two numerical examples are given i n this section to i l l u s t r a t e 
the use of the present method. The values predicted by the group 
contribution method are compared with those obtained from the 
available experimental data, i n the two monographs, one by 
Karapet'yants and Karapet'yants, (27); and the other by Barin and 
Knacke (28). 

Example 1. What are the s p g c i f i c chemical enthalpy, 3^, and the 
sp e c i f i c chemical exergy, e , of gaseous a n i l i n e , C,HcNHn? 

0 0 6 5 2 
The values of 3 and e of the gaseous a n i l i n e can be pre

dicted through i t s chemical struct u r a l information; a n i l i n e i s 
composed of 3 groups, i . e . , HCj£, - c £ , and -NH^ (aromatic), 
which are l i s t e d as No. 21, No. 20, and No. 60 i n Table I I , Q 

respectively. According to Equations 2 and 4, i t s 3 and e can 
be computed, respectively, as 

Aniline = 5 eScf + + 6 ° N H (aromatic) (6) 

and 
6 a n i l i n e = 5 eHc£ + e-c£ + e-NH 2 (aromatic) ( 7 ) 

where 5 stands for the number of group HCj^ . Substitution of 

values of 3 ^ / , 3^ c * , 3^ N R (aromatic), , e j ^ * and 

e-NH (aromatic)* t a D u l a t e d i n Table I I , into Equations 6 and 7 

gives r i s e to 
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^aniline = 5 ( 1 3 1 - 5 2 > + " - 3 0 + 6 7 - 3 6 

and 
- 824.26 kcal/g mole 

e a n i l i n e = 5< 1 3 1- 4 1> + 1 0 5 - 2 4 + 5 7 - 1 9 

819.48 kcal/g mole, 

respectively. ^ ^ 
The values of 3 and e of an i l i n e have also been calcu

lated, respectively, as 

By substituting the values of ' PN * 8C' 6H ' a n d £N 
2 2 2 2 Q 

l i s t e d ^ i n Table I, and the available experimental values of AH^ 
and AGR, i . e . , 

AH° - 20.798 kcal/g mole 

AG^ = 33.895 kcal/g mole 

into Equations 8 and 9, respectively, we have 

Aniline = 824'23 kcal/* mole 

and 
e a n i l i n e = 8 1 9 - 5 6 k c a l / g m o l e 

The deviations of the predicted 3^ and by means of the group 
contribution method from those estimated from the available 
experimental data are 0.03 kcal/g mole, and -0.08 kcal/g mole, 
respectively. 

Example 2. What are the s p e c i f i c chemical enthalpy, 3*\ and the 
s p e c i f i c chemical exergy, e , of l i q u i d methyl iso-butyl s u l f i d e , 
CH3SC4H9? 

These quantities can be estimated from the chemical 
structu r a l information of methyl isobutyl s u l f i d e ; i t contains 
three -C1EL groups, one -CH^ group, one -6H group, and one -S-
group. These four groups are l i s t e d as No. 4, No. 3, No. 2, and 
No. 70, respectively, i n Table I I I . Accordingly, Equations 2 and 
4 can be reduced to 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



17. SHIEH AND FAN Group Contribution Method 361 

6?so-butyl sulfide = ̂  + *\ + *\ + *-S- <10> 
£Lo-butyl sulfide = 3 e-CH, + e-CH, + £-CH + E-S-' 

respectively. Substituting the values of 3° „ , 3°'„ , 30},,,, 
0 0 0 0 0 
&-.S-* G-CH 9 G-CH 9 ^CH* a n d £-S- l i s t e d i n T a b l e 1 1 1 i n t 0 

3 i 2 t 
Equations 10 and 11 gives r i s e to 

3 L-butyl s u l f i d e = 3(186.76) + 155.69 + 121.36 + 126.42 

e L-butyl s u l f i d e = W 9 . 5 2 ) + 155.58 + 130.30 + 147.48 

= 971.92 kcal/g mole, 
respectively. 

The values of 3 and e for CH3SC,Hg can also be calculated, 
respectively, as 

3 L-butyl s u l f i d e - 5*°C + ^ + *S + A H r <12> 

£ L-butyl s u l f i d e =

 54 +

 6\ + eS + A G r ( 1 3 ) 

Substituting the values of 3°, 3° , 3°, e°, e° and e° l i s t e d i n 

Table I and the available experimental values of AH 0 and AG 0, 
i . e . , r r 

AH° = -37.290 kcal/g mole 

AG 0 = 2.965 kcal/g mole 

into Equations 12 and 13, respectively, we obtain 

and *L-butyl s u l f i d e - 9 6 5 ' 2 1 k c a l / * m o l e 

e L-butyl s u l f i d e = 9 7 0 - 6 6 k c a l / g m o l e > 
Note that the deviations of the predicted 3° and e° from those 
estimated from available experimental data are -1.46 kcal/g mole 
and 1.26 kcal/g mole, respectively. 
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Results and Discussion 

A set of groups numbering 127, l i s t e d i n Tables II and I I I , has 
been employed to estimate the s p e c i f i g chemical enthalpies, 3 , 
and the s p e c i f i c chemical exergies, e , of 200 gaseous organic 
chemicals and 200 l i q u i d organic chemicals. The results for the 
gaseous organic chemicals are p a r t i a l l y reproduced i n Table IV 
and those for the l i q u i d organic chemicals are p a r t i a l l y 
reproduced i n Table V; these results are compared with available 
experimental data. 

The results from testing against 200 gaseous grganic chemi
cals indicate that the use of Table I to predict e yields an 
average deviation of 0.65% from the experimental data, corres
ponding to an average deviation of 4.45 kcal/g mole and a maximum 
dgviation of 4.80%. Sim i l a r l y , the use of this table to predict 
3 gives r i s e to an averag
experimental data, correspondin
kcal/g mole, and a maximum deviation of 6.84%. For e of the 
l i q u i d organic chemicals, the results from testing against 200 of 
them show an average deviation of 0.42% from the experimental 
data, corresponding to an average deviation of 4.02 kcal/g mole, 
and a maximum deviation of 4.60%. For 3 of the l i q u i d organic 
chemicals, the results show an average deviation of 0.70% from 
the experimental data, corresponding to an average deviation of 
4.79 kcal/g mole, and a maximum deviation of 5.30%. ^ 

It i s worth noting that the s p e c i f i c chemical enthalpy, 3 , 
of a combustible substance, which i s composed of C, H, N, and 0, 
i s e s s e n t i a l l y equal to the higher heating value, H.H.V. One 
reason i s that both 3 and H.H.V. are computed based not only on 
the same set of reference materials but also on the same tempera
ture and pressure. The conventionally employed reference 
materials are CO (g) for C, 0 (g) for 0, N 2(g) for N and H 20(£) 
for H. Another reason i s that the pressure effect on 3 i s 
negligibly small around the conditions of the temperature at 
298.15 K and the pressure at 1 atm. Notice that the complete 
combustion process of a compound containing C, H, N an 0 with 
excess oxygen y i e l d s Q C 0 2 (g) , OAg) , N~(g) and H 20(£). The 
difference between 3 and H.H.V. can be substantial i f a compound 
contains elements other than C, H, N and 0. 

In evaluating the thermodynamic properties, such as 
enthalpy, entropy, Gibbs free energy, s p e c i f i c chemical enthalpy 
and s p e c i f i c chemical exergy, i t i s essential that the reference 
state be sp e c i f i e d ; different reference states w i l l inevitably 
generate different thermodynamic properties for material species. 
The d e f i n i t i o n of the reference state involves the specifications 
of two thermodynamic state functions, conventionally temperature 
and pressure, and material species and their compositions. The 
reference materials for determining the enthalpy, entropy and 
Gibbs free energy are the elements i n their pure states; however, 
the reference materials for evaluating the higher heating value, 
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Table IV. $° and e° of Gaseous Organic Chemicals 

c0 kcal 
g mole 

0 kcal 
g mole 

* 
Exp. Pred. Dev. 

* 
Exp. Pred. Dev. 

CH 3C£ 
methyl chloride 239.37 241.65 2.28 229.33 231.85 2.52 

CH 3Br 
methyl bromide 242.63 239.74 -2.89 232.56 231.37 -1.19 

CH 3I 
methyl iodide 242.13 239.96 -2.17 232.41 232.85 0.45 

CH3SH 
methyl mercaptan 347.87 346.76 -1.12 348.02 345.54 -2.48 

CH3NO 
n i t rome thane 178.67 176.20 -2.47 181.83 178.86 -2.97 

a c e t y l e n e 
310.61 309.46 -1.15 302.48 301.24 -1.24 

ethylene 337.24 336.66 -0.58 325.01 324.20 -0.81 

etnane 372.83 372.62 -0.21 375.09 357.10 0.01 

C 2H 20 
ketene 241.82 239.30 -2.52 238.76 236.05 -2.71 

HCOOCH 
methyl formate 243.74 241.05 -2.69 237.65 238.28 0.63 

C2H5OH 
ethanol 336.89 335.52 -1.37 325.14 324.50 -0.64 

CH2(OH)CH2(OH) 
ethylene glycol 300.26 298.42 -1.84 294.36 291.90 -2.46 

C 3 H 6 cyclopropane 499.86 497.50 -2.36 488.02 486.23 -1.79 

C2H.COOH 
propionic acid 378.37 378.40 0.03 375.74 374.98 -0.76 

Continued on next page 
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Table IV. (Continued) 

£0 kcal 
g mole 

0 kcal 
g mole 

* 
Exp. Pred. Dev. 

* 
Exp. Pred. Dev. 

C 3H ?N0 2 

l-nitropropane 491.48 491.18 -0.30 492.28 491.48 -0.80 

C 2H 6SO 
dimethylsulfoxide 479.62 479.63 0.01 485.60 485.60 0.0 

C 2 H 6 S ° 2 dimethylsulfone 426.88 426.89 0.01 440.34 440.35 0.01 

C H9N 
propyl amine 573.2

C 3H B 
trimetfiyl boron 717.62 717.63 0.01 683.79 683.80 0.01 

C4 H6 butadiene-1,3 607.50 610.98 3.48 597.22 599.64 2.42 

C 4H 4S 
thiophene 662.86 661.92 -0.94 679.42 675.63 -3.79 

furan 504.56 504.58 0.02 505.66 505.65 -0.01 

C 4 H 8 S 

thiocyclopentane 763.93 763.17 -0.76 768.10 767.40 -0.70 

butanone 592.52 592.52 0.0 582.99 583.71 0.72 

CH3COOC2H5 

ethyl acetate 546.05 545.81 -0.24 539.51 539.35 -0.16 

p-dioxane 574.19 567.51 -6.68 575.16 571.60 -3.56 

w 
pynolidine 

682.83 681.27 -1.56 673.08 671.94 -1.14 

C3H9OH 
n-butanol 650.89 650.50 -0.39 636.02 637.12 1.10 

CJ i OC 2H 5 

diethyl ether 658.11 660.93 2.82 646.05 648.41 2.36 
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Table IV. (Continued) 

c0 kcal 0 kcal 
g mole g mole 

* 
Exp. Pred. Dev. 

* 
Exp. Pred. Dev. 

SH8 pentyne-1 774.34 773.99 -0.35 761.98 761.93 -0.05 

SH8 cyclopentene 751.41 748.36 -3.05 742.06 739.47 -2.59 

C 5H 5N 
pyridine 674.56 674.11 -0.45 676.77 676.56 -0.21 
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Table V. 3 and e of Liquid Organic Chemicals 
c0 kcal 

g mole 
0 kcal 

g mole 
Exp. Pred. Dev. Exp. Pred. Dev.* 

CCJl^ carbon 
tetrachloride 314.75 315.76 1.0 329.35 332.37 3.02 

CHBr 3 

bromoform 284.91 286.42 1.51 293.93 293.89 -0.04 

CHCJl3 

chloroform 286.57 285.09 -1.48 294.35 294.34 -0.01 

C 6 H 5 I 

iodobenzene 805.0

C 6 H 5 B r 

bromobenzene 904.11 804.54 0.43 815.77 812.67 -3.10 

G8**1D ethyl benzene 1091.02 1091.97 0.95 1095.01 1093.24 -1.77 

C9 H20 n-nonane 1463.81 1463.35 -0.46 1449.59 1448.10 -1.49 

C10 H22 n-aecane 1620.09 1619.04 -1.05 1604.03 1603.68 -0.35 

C15*?32 n-pentaaeane 2401.41 2397.49 -3.92 2382.28 2381.58 0.70 

C 8 % 8 n-octane 1307.56 1307.66 0.10 1292.70 1292.52 -0.18 

?5 H10, cyclopentane 786.56 786.55 0.01 780.51 780.50 -0.01 

C7 H14 cycloheptane 1098.88 1101.77 2.29 1093.49 1092.70 -0.79 

C8 H16 n ~ P r ° p y 1 " 
cyclopentane 

1253.77 1254.68 0.91 1245.01 1244.85 0.16 

c 9 H i 8 n - P r ° p y 1 -
cyclohexane 

1404.37 1401.99 -2.83 1397.47 1400.95 3.48 

, C8 H8 styrene 1050.51 1055.78 4.27 1058.53 1055.71 -2.82 
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Table V. (Continued) 
pO kcal 

g mole 
0 kcal 

g mole 
Exp. Pred. Dev. * 

Exp. Pred. Dev. 
C8H10 o-xylene 1088.18 1095.38 7.2 1092.57 1090.82 -1.75 

n-Dutyibenzene 1403.48 1403.35 -0.13 1405.91 1404.40 1.51 

HCN 
hydrogen cyanide 154.23 154.37 0.14 156.18 156.59 0.41 

CH3CN 
ac e t o n i t r i l e 303.3

C2H5OH 
ethanol 326.70 327.44 0.74 323.64 322.84 -0.80 

CH3COCH3 

acetone 427.78 428.87 1.09 426.36 426.35 -0.01 

C 5 > ° t cyclopentanone 740.16 740.25 0.09 737.02 737.51 0.49 

CH OCH3 

dimethyl ether 343.04 342.17 -0.86 337.97 338.35 0.38 

CH3COOH 
acetic acid 209.04 209.04 0.00 216.55 216.55 0.0 

C3H?COOH 
butyric acid 522.29 520.42 -1.87 528.47 527.71 -0.76 

w 
cyclothiopropane 459.31 459.31 0.0 470.54 470.42 -0.1 

C5H12 S m e t n v l 

isooutyl s u l f i d e 965.21 969.91 4.70 970.66 976.21 -5.5 

CH3SH 
methanathiol 342.13 344.00 1.87 348.40 348.40 0.0 

C 4H 40 
furan 497.95 497.94 -0.01 505.50 505.51 0.01 

CH3COOC2H5 

ethyl acetate 535.0 537.79 2.79 538.85 538.85 0.0 

Continued on next page 
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Table V. (Continued) 

g mole g mole 
Exp. Pred. Dev.* Exp. Pred. Dev* 

C7H8 
cycloReptatuene 

965.86 967.49 1.63 969.93 970.90 0.97 

C 5H 5N 
pyridine 664.95 664.94 -0.01 673.63 673.65 0.02 
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H.H.V., are the products of complete combustion i n their pure 
form at the standard state. In contrast, the so-called datum 
l e v e l materials are employed i n computing the sp e g i f i c chemical 
enthalpy, 3 , and the s p e c i f i c chemical exergy, e (1,2,8,12,14). 
As mentioned previously, the datum l e v e l materials are the most 
stable materials i n the environment, which are specified to have 
zero exergy ( a v a i l a b i l i t y ) and enthalpy r e l a t i v e to the dead 
state. 

Conclusion 

Two sets of group contributions, one for predicting the s p g c i f i c 
chemical enthalpy, 3 , and the s p e c i f i c chemical exergy, e , of 
gaseous organic chemicals, and the other for l i q u i d organic 
chemicals, have been developed  Thes  set f th
contributions y i e l d s u f f i c i e n t l
estimated 3 and e ar g  thermodynami
f i r s t - l a w and second-law analyses. The present set icludes 127 
groups; however, this number can be augmented once a new useful 
group i s i d e n t i f i e d . The present approach can be easily 
implemented on the computer. 

Notation. 

number of group i 

s p e c i f i c heat, kcal/g mole, K 

s p e c i f i c enthalpy at the dead state, kcal/g mole 

s p e c i f i c enthalpy at the standard state, kcal/g mole 

pressure at the dead state, atm 

pressure at the standard state, atm 

sp e c i f i c entropy at the dead state, kcal/g mole, K 

s p e c i f i c entropy at the standard state, kcal/g mole, K 

temperature at the dead state, K 

temperature at the standard state, K 

concentration, i n molar f r a c t i o n , of material species k at 
the dead state, the so-called datum l e v e l concentration 

Gibbs free energy change of reaction at the standard 
state, kcal/g mole 

AH^ = heat of formation at the standard state, kcal/g mole 
Continued on next page 
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AH r = heat of reaction at the standard state, kcal/g mole 

AS0 = entropy of formation at the standard state, kcal/g mole, K 

Greek Letters 

3° = specific chemical enthalpy, kcal/g mole 

Y° « specific chemical entropy, kcal/g mole, K 

e° = specific chemical exergy, kcal/g mole 

Subscripts 

k = material specie
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Thermodynamic Properties 
of Coal and Coal-Derived Liquids 
Evaluation and Application to the Exergy Analysis 
of a Coal Liquefaction Process 
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4259 Nagatsuta-cho, Midori-ku, Yokohama, 227, Japan 

NAONORI NISHIDA 
Department of Management Science  Science University of Tokyo  1-3 Kagurazaka
Shinjuku-ku, Tokyo, 162, Japa

Methods to estimate heats of formation ΔHf° and 
absolute entropies S° for coal and coal-derived 
liquids are proposed based on the group contri
bution method. Semiempirical formulas to est i 
mate them are given on the basis of unit mole of 
carbon in coal or coal-derived liquids. Neces
sary information on these formulas includes ele
mental composition data and normal boiling points 
(only for coal-derived liquids). Using these 
formulas and the Structured Process Energy-
Exergy-flow Diagram (SPEED), an exergy analysis 
for the H-Coal process system for producing 
synthetic fuels is performed. 

The exergy (or availability) analysis has been applied to coal 
conversion processes by various investigators. Most of them 
have treated coal gasification processes (1,2), and, therefore, 
the application of exergy analysis of liquefaction process has 
not been made extensively. The COED process is the only direct 
liquefaction process to which an exergy analysis has been per
formed (3-5). It has not been applied to other processes such 
as the Exxon donor solvent, H-Coal, and SRC-II processes. One 
reason why these processes have not been treated may be that 
the necessary information such as pressures, temperatures, flow 
rates, and compositions as to complete both the f i r s t law and 
the second law analysis has been considered proprietary by their 
developers. Another reason may be due to the lack of thermo
dynamic properties necessary to calculate both the enthalpy and 
entropy of coal-derived liquids. Accordingly, Unruh et a l . (5) 
performed an exergy analysis on the COED process by assuming 
that the exergy values for coal and coal-derived liquids are 
equal to their standard heat of combustion. 

Kidnay and his colleagues (6,7) have conducted experimental 
enthalpy measurements on coal liquids, which were derived from 
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various coal liquefaction processes. Experiments have been under
taken for whole coal l i q u i d s , d i s t i l l a t e samples from coal l i q u i d s , 
and model compounds representative of coal-derived l i q u i d s . They 
also have compared the observed enthalpies with those predicted 
by correlations developed for petroleum fractions. They have 
found that the thermodynamic properties of coal-derived l i q u i d s 
d i f f e r considerably from those of petroleum l i q u i d s . 

Methods to estimate the thermodynamic properties of coal 
have been developed by previous investigators. Dulong (8) has 
proposed a formula for the heat of combustion of coal from i t s 
elemental composition data. Based on i t , the enthalpy of forma
tion of coal AH f° may be determined. For the absolute entropy 
of coal S°, Cheng et a l . (9) have proposed a formula i n terms of 
elemental composition of coal. I t has been derived by extrapo
l a t i n g the known value f ° fo  lo  molecula  weigh  hydro
carbons which are s o l i
be determined backward  Szargut-Strysk  (10) 
which estimates the exergy of coal from i t s elemental composition. 

In view of the above survey, neither correlation nor e s t i 
mation method has been developed to determine the enthalpy of 
formation and the absolute entropy of coal-derived l i q u i d s . 

In this paper, methods to estimate the heat of formation 
AH f° and the absolute entropy S° for coal and coal-derived l i q u i d s 
are proposed based on the group contribution method. By applying 
these methods and the Structured Process Energy-Exergy-flow 
Diagram (SPEED, 11), an exergy analysis for the H-Coal process 
i s performed. 

Thermodynamic Properties of Coal and Coal-Derived Liquids 

Enthalpy of Formation and Absolute Entropy of Coal. We have ap
p l i e d the group-contribution method proposed by Benson and his 
colleagues (12,13) to estimate the thermodynamic properties of 
coal (14). In this method, the d i s t r i b u t i o n of major atomic 
groups which 'constitute coals was estimated by reviewing studies 
on structural analyses of coals and by using the group c o n t r i 
bution tables which Benson et a l . developed. Then the heat of 
formation and absolute entropy of coal were estimated by summing 
up the contributions of major atomic groups. In the following, 
we s h a l l b r i e f l y outline that work. 

For sim p l i c i t y , coal i s assumed to be constituted from 
carbon, hydrogen and oxygen. This assumption may be v a l i d since 
nitrogen and sulfur contents are r e l a t i v e l y small and th e i r con
trib u t i o n to AH f° and S° may be neglected. 

Carbon atomic groups which constitute coal are c l a s s i f i e d 
into eight groups indicated i n Table I based on the structural 
analyses of coals. The number of each group present i n coal 
denoted by CHx0y (MAF basis) i s obtained as follows. 

There are two types of carbon atom; aromatic (C a r) and a l i 
phatic (Cai). Figure 1 shows that good correlation can be ob-
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tained for coals as well as for coal-derived l i q u i d s by p l o t t i n g 
the molar r a t i o of C a r to t o t a l carbon Ctotal against x, i . e . f 

the molar r a t i o of t o t a l hydrogen Htotal t o c t o t a l - From t h i s 
correlation, carbon atoms i n coal can be decomposed into aromatic 
and a l i p h a t i c carbon atoms with the parameter H t 0 t a l / c t o t a l • 

For coals whose carbon contents are less than 90 weight %, 
i t i s reported (13,16) that the condensed aromatic rings are 
mostly of the cata-condensed type with two through f i v e rings. 
This implies that about 30% of t o t a l aromatic carbon (C a r) i s 
aromatic condensed carbon (CBp) and hence we assume C Bp/C a r= °- 3-

For a l i p h a t i c carbon, there are two types; one linked 
d i r e c t l y to aromatic rings and the other linked to other a l i p h a t i c 
carbon atoms. For example, CH3 group may be c l a s s i f i e d into 
C~(H) 3(C B) and C-(H)3(C); CH2 group into C-(H)2(C)2, C-(H) 2(C)(C B), 
and C - ( H ) 2 ( C B ) 2 ; CH grou
However, since the difference
groups to AHf° and S° are i n s i g n i f i c a n t l y small, the average 
values may be used, as summarized i n Table I. 

Major oxygen constituents present i n coal are phenolic OH 
or ethereal oxygen. Since no p r a c t i c a l method to estimate t h e i r 
precise d i s t r i b u t i o n i s available at the present stage, 60% of 
t o t a l oxygen atoms are assumed to be phenolic and the rest ethe
r e a l . I t i s also assumed that a l l ethereal oxygen atoms have the 
form of -0- li n k i n g two aromatic rings. With these assumptions, 
the d i s t r i b u t i o n of the C B-(0) and CB-(OH) groups can be deter
mined. 

Hydrogen atoms can be c l a s s i f i e d into a l i p h a t i c ( H a i ) , aro
matic ( H a r ) , and phenolic ones (HQH)• H

a x may further be c l a s s i 
f i e d into H Q J , HCH2# and HCH3- Ladner et a l . (17) obtained the 
atomic r a t i o , (HCH + H c H 3)/HcH2r for various coals by NMR analyses. 
By denoting t h i s r a t i o as a and assuming the atomic r a t i o , H a i / C a i 
( " [ HCH + HCH2 + H CH3l/[H C H + 1/2«H C H 2 + V3«H CH3l)' i s equal to 2, 

HCH3/H ai, H c H 2 / H a i , and Hcu/Hai are expressed as 0.75a(a+l)" 1
f 

(a+l)-l, and 0.25a(a+l)-l, respectively. By ref e r r i n g to th e i r 
values of a, Figure 2 i s obtained. 

Since the number of H 0 H i s equal to the number of the CB-(0H) 
group, the number of H a r, say the number of the group C B-(H), can 
be calculated by the re l a t i o n H t o t a l = H a l + H

A R + HQH- F i n a l l y 
the number of the C B-(C) group can be determined by subtracting 
the number of the groups C B-(H), C B-(0), C B-(OH), and C B F - ( C " ) 2 

from the t o t a l number of C a r . 
Using correlations shown i n Figures 1 and 2, the di s t r i b u t i o n 

of each atomic group per unit mole of carbon i n coal was deter
mined i n terms of two parameters, x (=Htotal/ ctotal) a n d Y 
( = O t o t a i / C t o t a l ) , and then A H f 0 and S° per unit mole of carbon i n 
coal CHxOy (MAF basis) were estimated by summing up the contribu
ti o n of each atomic group. Based on the above structural analysis, 
semiempirical formulas for estimating the heat of formation and 
the absolute entropy per unit mole of carbon i n coal were obtained 
as follows: 
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Table I . Group values of AH f° and S° f o r coa l 

Group A H f S 
[ kJ/mol ] [ J/mol-K ] 

C — ( H ) 3 ( C ) - 4 2 . 6 8 127.2 

C — ( H ) 2 ( C ' ) 2 - 1 9 . 6 4 40 .4 

C — ( H ) ( C ' ) 3 - 6 . 0 2 - 5 0 . 7 

C B — ( H ) 13.81 48.2 

c B — (C) 23.05 - 3 2 . 2 

c B — (0) - 4 7 . 9 0 - 2 4 . 5 

C B — ( O H ) -162 .30 79.1 

C B F - <C">3 17.57 - 2 0 . 9 

C : C atm i n a benzene ring 
B 

C : C atm located at the border of fused rings 
Br 

C : C or C B 

C" : C or C 
B BF 

In Efficiency and Costing; Gaggioli, R.; 
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0.3 0.5 0.7 0.9 

Htotai/Ctotai [mol/moll 
Figure 2. Relation between atomic r a t i o Htotal/Ctotal 
and a l i p h a t i c hydrogen d i s t r i b u t i o n of coal. 
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AH f°[kJ/mol-C] = 1.312x2-35.27x-3.83/x-162.3y+40.97 (1) 
and 

S°[J/mol-C-K] = 4.414x2-18.64x-14.63/x+24.7y+47.53 (2) 

The predicted values for AHf° and S° for various coals are 
shown i n Table II. In this Table, predicted and observed values 
of heat of combustion for the coals are also shown, where the 
former was calculated by the predicted value of AHf°. I t i s 
found that predicted values of heat of combustion agree well with 
observed ones. For S°, on the other hand, methods of th i s work 
(14) and of Cheng et a l . (9) y i e l d comparable results. 

Enthalpy of Formation and Absolute Entropy of Coal Liquids. Coal-
derived l i q u i d s are of extremely complex compositions including 
highly aromatic groups
contents of heteroatoms
Most of the oxygen atom  a l k y  phe
nols. Nitrogen atoms are mainly i n the form of p i r o l s , pyridine, 
or carbazole type compounds. Among them, the pyridine type com
pounds are major constituents of the nitrogen-containing hetero
c y c l i c r i n g compounds. Sulfur contents are r e l a t i v e l y small. 
Therefore, i t s contribution to AHf° and S° i s neglected. 

With this assumption, and u t i l i z i n g a similar approach to the 
estimation of AHf° and S° of coal, semiempirical formulas predic
ting AHf° and S° of coal-derived l i q u i d s (26) are proposed as 
follows. 

In order to deal with a coal-derived l i q u i d as a mixture 
which has a s t a t i s t i c a l l y average chemical structure, we choose 
two measurable structural parameters, aromaticity, f a (=C a r/Ctotal) i 
and the degree of substitution of the aromatic ring, a. To iden
t i f y major atomic groups of coal-derived li q u i d s which contribute 
to AHf° and S°, the following assumptions are made. 
1) No double bonds exist except those i n the aromatic rings. 
2) A l l oxygen heteroatoms are present i n phenolic OH form, and 

a l l nitrogen heteroatoms are i n pyridine derivatives. 
3) A l l a l i p h a t i c carbons are contained i n a l i p h a t i c chains of 

aromatic rings and their average number of carbon atoms i n 
chains i s two. 

4) Aromatic condensed rings are of cata-condensed type. 
With these assumptions, s i x major atomic groups constituting 

coal l i q u i d s were derived, as shown i n Table I I I . The group 
value for C-(H) n(C)4-n i n Table III i s an average value for 
groups C-(H)3(C) and C-(H)2(C)(CB) , which are given by Benson et 
a l . Similarly, the value for CBF-(C")3 i s an average value for 
groups CBF~(CB)2(CBF) and C B F ~ ( C B ) ( C B F ) 2 -

Given a formula CHxOyNz of coal-derived l i q u i d from i t s ele
mental analysis, moles of groups C-(H) n (C) 4-n> CB-(OH), and 
NI - ( CB ) are given as l - f a , y, and z, respectively. Since the 
degree of oxygen substitution as well as of a l i p h a t i c substitution 
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Table I I I . Group values for coal-derived l i q u i d s 

Group A

C - < H>n< C , >4-n - 3 1 . 5 0 8 3 . 2 

C B ~ ( H ) 1 3 . 8 1 4 8 . 2 

C B — ( C ) 2 3 . 0 5 - 3 2 . 2 

C B — ( O H ) - 1 6 2 . 3 0 7 9 . 1 

C B F ~ ( C " ) 3 
1 7 . 5 7 - 2 0 . 9 

N T ~ ( C B ) 6 9 . 8 7 4 2 . 3 

(C ): a p y r i d i n e 
B 

: 2 or 3 

n i t r o g e n 
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determines the value of a, the number of CB-(C) i s obtained as 
faO"-y. By introducing the number of aromatic rings per molecule, 
R, the number of C B F - ( C " ) 3 i s given as 2(R-1). By taking into 
consideration the r a t i o of t o t a l hydrogen to t o t a l carbon, R i s 
found to be equal to (4-f a-x)/2. Then the number of C B F ~ ( C " ) 3 
becomes 2-f a-x. The rest of carbon i s due to CB~(H). Hence i t s 
number i s obtained as f a(2-a)+x-2 (=1- [ l - f a ] - [f a a-y]- [ 2 - f a - x ] - [y]). 
In t h i s manner, the amounts of a l l groups are determined, giving 
r i s e to the following correlations for the standard heat of forma
tion and the absolute entropy per unit mole of carbon i n coal 
l i q u i d (CHxOyNz): 

AHf°[kJ/mol-C] = -23.64+41.2fa+9.24faO-3.76x 
-185.4y+69.87z-AHV (3) 

and 
S°[J/mol-C«K] =

+111.3y+42.3z-ASv+ASmix (4) 

where Ar^ and ASv# respectively, refer to the enthalpy and the 
entropy of vaporization. They are correction factors between the 
ideal gaseous state and the r e a l l i q u i d state. For the absolute 
entropy, i t i s necessary to take into account the entropy of 
mixing, ASmi x. The entropy of mixing was estimated to be 2 
J/mol-C*K using the detailed component analyses on H-Coal l i q u i d s 
(27). For the enthalpy of vaporization, a correlation was derived 
from the measured data of SRC-II coal l i q u i d s (19) as: 

AH V [kJ/mol-C] = TbAS v = -5.0X10"3Tb + 6.55 (5) 

where Tb[K] i s the normal b o i l i n g point of coal l i q u i d . To obtain 
the value of A H v at 298 K more accurately, we must make a correc
tion for the difference i n the heat capacities between the l i q u i d 
state and the ideal gaseous state. However, th i s information i s 
not available, but, this correction w i l l be small and for the sake 
of zeroth-order approximation for the exergy analysis of a coal 
liquefaction process system, i t may be neglected. 

Necessary data for estimating the standard heat of formation 
and the absolute entropy by Equations 3 and 4 are the elemental 
analysis, structural parameters, f a and o~, and the normal b o i l i n g 
point. For a p r a c t i c a l purpose, i t w i l l be more convenient i f we 
could calculate AHf° and S° only from elemental analysis data and 
normal b o i l i n g point. The aromaticity f a for coal li q u i d s may be 
estimated by the correlation shown i n Figure 1. On the other hand, 
the value of O may be taken as 0.3 for i t s average value based on 
the reported data (18,20,21). Substitution of these relations 
into Equations 3 and 4 gives 

AHf° [kJ/mol-C] = 40.1-34.1x-185.4y+69.9z-AHv (6) 
and 

S°[J/mol-C-K] = -38.8+62.6x+111.3y+42.3z-ASv (7) 

In Efficiency and Costing; Gaggioli, R.; 
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Naphtha fractions require s l i g h t l y d i f f e r e n t treatment. The 
major constituents of naphtha are reported to be cycloparafines. 
Since the contributions of CH2 and CH substituents become s i g n i f i 
cant, the values of AHf° and S° for C-(H) n(C) 4-n i n Table III are 
replaced by -24.25 kJ/mol and 57.8 J/mol-K. Hence, for naphtha 
fractions, we have 

AHf°[kJ/mol-C] = 37.1-29.3x-185.4y+69.9z-AHv (8) 
and 

S°[J/mol-C-K] = -29.5+44.7x+111.3y+42.3z-ASv (9) 

Proposed methods for predicting heats of formation and abso
lute entropies are tested on two fractions of synthetic crude o i l 
obtained by the EDS process, one sample of H-Coal, one sample of 
Synthoil, two samples of Solvent Refined Coal d f i v
pounds found i n coal liquefactio
the heats of combustion g predicte
AHf° and compared i n Table IV with observed values. Note that 
Equations 8 and 9 were used to predict AHf° and S° of the EDS 
heavy naphtha. Equations 6 and 7 are applied to other samples of 
coal-derived l i q u i d s , and Equations 3 and 4 to the pure compounds. 

Exergy Analysis of H-Coal Process 

A process flow diagram (PFD) of the H-Coal process for producing 
synthetic fuels from bituminous coal i s shown i n Figure 3. Raw 
coal i s crushed and dried. The dried coal i s then s l u r r i e d with 
recycle o i l s which are recovered from subsequent processes. After 
that, i t was mixed with recycle and make-up hydrogen. The c o a l - o i l 
slurry and hydrogen gas are pumped to the preheating furnace, and 
then l i q u e f i e d i n d i r e c t contact with catalyst i n an ebullated bed 
reactor. The reactor effluent i s separated into recycle and net 
product streams by a series of flashes and by fractionation. P r i 
mary products include fu e l gases, s t a b i l i z e d naphtha, turbine f u e l , 
and d i s t i l l a t e b o i l e r f u e l . Also, several by-products, such as 
ammonia, sulfur and phenols, are obtained from the plant. In ad
d i t i o n to these primary products and by-products, the H-Coal 
liquefaction system produces the plant u t i l i t y gases which are 
a l l consumed within the plant. 

An exergy analysis of the conceptual design of the synclude 
mode H-Coal process for bituminous coal of I l l i n o i s No.6 has been 
carried out based on the data reported by the Fluor Engineers and 
Constructors, Inc.,(31). The plant i s designed to convert 14,448 
tons (short ton) of coal per day. 

The o v e r a l l process has been analysed using a Structured 
Process Energy-Exergy-flow Diagram (SPEED) which has revealed the 
hiera r c h i c a l structure of chemical process systems and f a c i l i t a t e d 
computer-aided energy and exergy calculations (11). In t h i s meth
od, attention i s paid on the changes i n energy (enthalpy) and 
exergy i n the processes rather than those for the streams. For 
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further d e t a i l on the SPEED, readers may refer to another paper i n 
thi s book (32). 

The standard heat of formation AHf° and absolute entropy S° 
of the substances appeared in th i s process have been estimated by 
the proposed methods and are tabulated i n Table V, where AHf° and 
S° for each substance were evaluated for the value per unit mole 
of carbon i n the substance. AHf° and S° for residuum were e s t i 
mated by formulas for coal, i . e . , by Equations 1 and 2. The heat 
capacity of the coal-derived l i q u i d s was estimated by refering the 
measured data by Lee and Bechtold (4). 

Several processing conditions were, unfortunately, unavail
able to calculate enthalpy and exergy due to the contractor's 
r e s t r i c t i o n s on proprietary data. In pa r t i c u l a r , pressures, tem
peratures and compositions of several streams associated with 
preheating and hydrogenatio
numerical values of the i

In Figure 4, the exergy calculation for the H-Coal process 
by the SPEED i s depicted. Several special symbols are used i n the 
Figure. The sequence of the quotation mark implies that the reac
tion l i s t e d below i t i s the target process. The mark @ indicates 
the temperature and pressure of the i n l e t and outlet streams. 
For instance, @ 669, 25 stands for the condition at 669 K and 25 
atm. The symbol { } indicates that streams within the paren
thesis consist i n the same phase and, therefore, they form a 
mixture. The sequence of the rip p l e mark 'v* denotes that the 
process below i t i s an exergy acceptor. D i s the direction fac
tor (32) f which i s defined as follows. 

D = T 0 A S / A H (10) 

where the reference temperature T Q was chosen as 298.15 K. I t i s 
a dimensionless value denoting the entropy increase per unit 
enthalpy increase. 

Calculations were carried out for unit mole of carbon i n 
feed coal (MAF basis). Since the empirical formula of feed coal 
i s denoted by CH0.839O0.096 N0.018 s0.019* i t s molecular weight per 
unit mole of carbon i s 15.236. In the present exergy analysis, 
the exergy input to the liquefaction system i s 528.71 kJ, which 
corresponds to the exergy value of 1 mol-C of feed coal, as shown 
in Table V. 

The ov e r a l l target reaction of the H-Coal liquefaction sys
tem i s printed symbolically on the top of Figure 4. As shown i n 
the Figure, i t i s a process i n which 1 mol-C of coal, <COAL>, 
reacts with 0.448 mol-H 2 of make-up hydrogen, <MA.H2>; eventually, 
they produce 0.045 mol-C of fuel gas, <GAS>, 0.535 mol-C of syn
thetic fuel o i l , <0IL>, 0.001 mol-C of by-products, <BYPR0D>, 
0.314 mol-C of residuum, <RES>, and 0.111 mol-C of fuel gas as 
the u t i l i t y source, <FUEL>. The <COAL>, <0IL>, <GAS>, and so on 
are defined so that t h e i r respective carbon mole number becomes 
unity, as shown i n remarks of the Figure. Note that the synthetic 
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tt it tt n it it tt tt tt it tt tt it ti ti it it 
<COAL> + 0.448<MA.H2> => 0.045<GAS> + 0.535<OIL> + 0.111<FUEL> + 0.314<RES: 
+ 0.001<BYPR0D> : 

it ti it it it ti ti it it ti it it it it it it ti 
; P r e t r e a t i n g 
<COAL> + 1 .699<RCOIL> + 0 . 976<RC. SLUR> => 3 • 675<SLURRY> : 
ToEASi= 7.926 k J 

it t i « II ti ti it it it it it n it it it II it 

; P r e h e a t i n g & Hyd r o g e n a t i o n 
3.675<SLURRY> + 1 .532<H2> => 3•694<CRUDE> : 
To E A S i = 31.9^8 k J 

ti tt ti tt ti it tt it it it tt it it it ti it it 

; S e p a r a t i o n 
3.694<CRUDE> => 0.045<GAS> + 0.535<OIL> + 0.111<FUEL> + 0.314<RES> 
+ 0.001<BYPROD> + 1.699<RC.0IL> + 0.976<RC.SLUR> + 1.084<RC.H2> : 
ToEASi= 15.955 k

;Accommodated system 
;Oxygen p r o d u c t i o n 
;Hydrogen p r o d u c t i o n 
;Power p r o d u c t i o n 
; U t i l i t i e s & Others 

ToEASi= 4.860 k J 
ToEASir 19.167 k J 
ToEASir 28.145 k J 
ToEASi = 65.416 k J 

; Remarks 
LIGHT = C H1.926 0.005 N.002 S.0003 
MIDDLE = C H1.364 0.008 N.005 S.0003 
HEAVY = C HI.141 0.011 N.006 S.0003 

<C0AL> = C H.839 0.096 N.018 S.019 + 1.982 ASH + 0.0195 H20,L 
<RC.0IL> = {0.002 LIGHT + 0.442 MIDDLE + 0.556 HEAVY} 
<RC.SLUR> = {0.002 LIGHT + 0.151 MIDDLE + 0.267 HEAVY} 

+ 0.580 C H.634 0.084 + 3.238 ASH 
<SLURRY> = [0.272<COAL> + 0.462< RC.0IL> + 0.266<RC.SLUR>] 

<H2> = 0.292<MA.H2> + 0.708<RC.H2> 
<MA.H2> = {H2 + 0.0068 N2 + 0.0226 CO + 0.0026 C02 + 0.0055 CH4 

+0.0009 H20} 
<RC.H2> = {H2 + 0.0034 N2 + 0.0046 CO} 
<CRUDE> = [0.012<GAS> + 0.145<OIL> + 0.030<FUEL> + 0.085<RES> 

+ 0.0003<BYPR0D> + 0.460<RC.0IL> + 0.264<RC.SLUR> 
+ 0.293<RC.H2>] 

<0IL> = 0.285<NAPHTHA> + 0.441<TURBINE> + 0.273<B0ILER> 
<NAPHTHA> = {0.003 C4H10 + 0.988 LIGHT} 
<TURBINE> = {0.190 LIGHT + 0.810 MIDDLE} 
<BOILER> = {0.030 LIGHT + 0.296 MIDDLE + 0.674 HEAVY} 

<GAS> = 0.128 C3H8 + 0.154 C4H10 
<FUEL> = {0.0381 CO + 0.3247 CH4 + 0.1433 C2H6 + 0.1166 C3H8 

+ 0.0002 C4H10 + 0.1406 H2 + 0.0280 N2} 
<RES> = C H.698 0.077 + 1.982 ASH 
<BYPR0D> = {C02 + 13.4 H2S + 11.0 NH3} + 83-0 H20,L 

Figure 4. SPEED for H-Coal process system. 
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fuel o i l , <0IL>, i s composed of naphtha, <NAPHTHA>, turbine f u e l , 
<TURBINE>, and b o i l e r f u e l , <B0ILER>. Since the b o i l i n g ranges of 
l i g h t (denoted by LIGHT), middle (MIDDLE), and heavy (HEAVY) d i s 
t i l l a t e s of the synthetic l i q u i d s are defined as i n Table V, 
naphtha, <NAPHTHA>, turbine f u e l , <TURBINE>, and b o i l e r f u e l , 
<B0ILER>, respectively, can be expressed as a mixture of these 
d i s t i l l a t e s and l i g h t hydrocarbons. For example, naphtha can be 
expressed as a mixture of 0.003 mole of butane and 0.988 mol-C of 
the LIGHT, as remarked i n Figure 4. Molar fractions of these 
products i n terms of the LIGHT, MIDDLE and HEAVY were determined 
by inspection of the material balance i n the F l u o r 1 s report (31). 

As shown i n Figure 4, the ov e r a l l target i s decomposed into 
three subtargets using 1.699 mol-C of recycle o i l , <RC.0IL>, and 
0.976 mol-C of recycle slurry, <RC.SLUR>. They are pretreatment, 
preheating and hydrogenation d separation

In t h i s way, we kno
sti t u t e s a structure o  multi-targe  system
subtargets, the coal liquefaction system attaches an accomodate 
system which includes oxygen prdduction, hydrogen production, 
power production, and u t i l i t i e s . 

Figure 5 shows that the coal pretreatment subtarget i s fur
ther decomposed into three sub-subtargets. The f i r s t sub-subtar-
get i s coal crushing and drying. In t h i s section, coal containing 
10 weight % moisture i s dried to 2% moisture. This i s accom
plished by donating 9.982 kJ of heat and 0.881 kJ of e l e c t r i c 
power to 1 mol-C of coal. Figure 5 also shows that 4.568 kJ of 
exergy TQE AS^ i s destructed i n this stage. 

In the second sub-subtarget system of coal pretreatment the 
dried coal, <C0AL> @ 311, 2, i s mixed with 1.699 mol-C of hot 
recycle o i l , <RC.0IL> @ 567, 7. In t h i s stage, power i s consid
ered as a coupled process. The most power i s consumed i n mixing 
pumps. The t h i r d sub-subtarget of coal pretreatment system i s 
another mixing process i n which the coal and o i l mixture, [<C0AL> 
+1.699<RC.0IL>] @ 444, 23 from the previous sub-subtarget process, 
i s further mixed with the solids-containing hydroclone overflow 
stream, 0.976<RC.SLUR> @ 669, 26. Again, power required for 
mixing and slu r r y feed pumps i s considered to be an exergy donor. 

By summing up the exergy destruction of each sub-subtarget 
process system, the o v e r a l l exergy destruction T 0£ASi for the 
pretreating subsystem i s given as 7.926 kJ, as l i s t e d i n the SPEED 
in Figure 5. This value i s also shown below the subtarget of pre
treatment i n Figure 4. Since there i s not enough space for a 
complete drawing of SPEED for the o v e r a l l process, Figures 4 and 
5 are shown separately. However, i f the content of Figure 5 i s 
inserted into Figure 4 with an indent, the hi e r a r c h i c a l structure 
of the liquefaction system w i l l be depicted more c l e a r l y . When 
we compare t h i s SPEED with the PFD of Figure 3, we learn that the 
SPEED plays a part of the PFD being attended with quantitative 
information. 

The subtarget of preheating and hydrogenation shown i n Figure 
4 has been further subdivided into a sub-subtarget of preheating 
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H II II H H H H H H II H H II H it H ii 

; P r e t r e a t i n g 
<COAL> @3 12, 2 + 1 .699<RCOIL> 0567,7 + 0 . 976<RC. SLUR> §669,26 
=> 3.675<SLURRY> §522,215 : 
AH= -2.373 k J , Ae = -2.053 k J , D = 0.135 

II it n II ti II II it it II ti it ti ii it II it 

; C r u s h i n g & D r y i n g 
<C0AL> 0298,1 => <C0AL> §311,2 : 
AH= 0.289 k J , Ae= 0.006 k J , D= 0.979 

*ELECTRICITY SOURCE ;For c r u s h i n g 
AH= -0.881 k J , Ac- -0.881 k J , D= 0 

*HEA
AH = -9.98

*HEAT SINK §298.15 ;Heat l o s s 
AH = 10.574 k J , Ae= 0 k j , D= 1 

ToZASi= 4.568 k j 
ti it it tt it it it it tt tt it tt it it it it it 

<C0AL> §311,2 + 1.699<RC.0IL> §567,7 
=> [<C0AL> + 1.699<RC.OIL>] §444,23 : 
AH = -1.056 k J , Ae= -0.919 k J , D= 0.130 

"ELECTRICITY SOURCE 

AH= -0.155 k J , Ae= -0.155 k j , D=0 

*HEAT SINK §298.15 
AH = 1.211 k J , Ae= 0 k J , D= 1 

ToZASi= 1.074 k J 
ti it tt tt ti tt it ti ti it it it it it tt tt it 

[<C0AL> + 1 .699<RC0IL>] §444,23 + 0.976<RC. SLUR> §669,26 
=> 3.675<SLURRY> §522,215 : 
AH = -1.317 k J , Ae= -1.134 k J , D= 0.139 

"ELECTRICITY SOURCE 

AH= -1.150 k J , Ae= -1.150 k j , D= 0 

*HEAT SINK §298.15 
AH= 2.467 k J , Ae= 0 k J , D= 1 

ToZASi= 2.284 kJ 
ToEA S i r 7.926 k J 

Figure 5. SPEED for coal pretreatment subsystem. 
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and that of hydrogenation, as shown i n Figure 6. Although i t i s 
obvious that some reactions proceed i n the preheater, i t i s as
sumed here that no reaction takes place i n the preheater. I t i s 
because compositions of the preheater effluent have not been re
ported. In the hydrogenation system, the reaction i s exothermic 
with the heat of release 10.426 kJ. However, th i s value i s c a l 
culated by considering temperature increase i n reactants. When 
this heat of reaction i s treated as a heat loss, 18.026 kJ of 
exergy i s destructed at t h i s stage. 

If we assume that the reaction proceeds i n an isothermal 
reactor at 740 K, the heat of reaction i s obtained as 22.254 kJ, 
as shown i n Figure 7. When th i s heat i s absorbed by a heat sink 
at the same temperature, the exergy destruction caused by the 
reaction i t s e l f i s given as 12.038 kJ. 

In this way, the exerg  los f h subsyste  b  calcu
lated. The ov e r a l l exerg
fined here i n the following way

= [ a l l useful exergy outputs ] 
8 [ a l l exergy inputs ] 
= [ a l l exergy inputs 3 - [ a l l exergy losses 1 

[ a l l exergy inputs ] 

where the exergy loss includes both exergy destruction and exergy 
wastes. Since the denominator of the above equation i s given 
here by the exergy of 1 mol-C of feed coal, inspection of the 
SPEED yields 

= 528.71 - ( 7.936 + 31.95 + 15.95 + 117.59 ) 
n £ 528.71 

= 355.29 
528.71 

= 67.2% 

Conclusion 
The group contribution method i s applied to estimate the heat of 
formation AHf° and the absolute entropy S° of coal and coal-de
rived l i q u i d s . Semiempirical formulas are presented for e s t i 
mating them. Using proposed formulas for the estimation of AHf° 
of coal and coal-derived l i q u i d s , heats of combustion are pre
dicted for various coals and coal-derived l i q u i d s . I t i s shown 
that the predicted values agree with the observed ones. 

Thermodynamic analyses have been conducted for the various 
process steps i n the H-Coal process system for producing syn
thetic fuels from bituminous coal. A Structured Process Energy-
Exergy-flow Diagram (SPEED) for the H-Coal process i s presented, 
which depicts the transformation of energy and exergy among the 
processes and the hie r a r c h i c a l structure of the process system 
with a compact format of the SPEED. 
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;Preheating & Hydrogenation 
3.675<SLURRY> §522,215 + 1.532<H2> §377 => 3.694<CRUDE> §740,208 
AH = 20.302 kJ, Ae = -4. 330 k j , D= 1.213 

i ti I I it ti it it 
;Preheating 
3.675<SLURRY> §522,215 + 1.532<H2> §377 
=> [3.675<SLURRY> + 0.736<H2>] §639,208 + 0.796<H2> §866 
AH= 30.728 kJ, Ae = 14.489 k j , D= 0.528 

*HEAT SOURCE §700 ;Heat Exchange 
AH= -14.974 kJ, Ae = -8.599 kJ, D = 0.397 
*HEAT SOURCE §-2.08E05 ;Furnace 
AH=
*HEA  ;Stea  generatio
AH = 3-379 kJ, Ac= 1.485 kJ, D= 0.561 

*HEAT SINK §298.15 
AH= 2. 134 kJ, Ae= 0 kJ, D= 1 

ToEASir 13-922 kJ 
n tt it it 11 11 11 11 it 11 11 11 11 11 11 it ti 

;Hydrogenation 
C3.675<SLURRY> +0.736<H2>] §639,208 + 0.796<H2> §866 
=> 3.694<CLUDE> §740 : 
AH= -10.426 kJ, Ae= -17.895 kJ, D= -0.716 

^ELECTRICITY SOURCE 

AH= -0.131 k J , 'Acr -0.131 k J , D= 0 

*HEAT SINK §298.15 
AH = 10.557 kJ , Ae = 0 k J , D= 1 

ToEASir 18.026 kJ 
ToEASir 31.948 kJ 

Figure 6. Preheating and hydrogenation subsystem. 

tt ti tt tt tt tt tt tt tt tt tt tt tt tt tt tt tt 

3 .675<SLURRY> 0 7 4 0 , 208 + 1.532<H2> => 3 . 69'4 <C RUDE> : 
AH= - 2 2 . 2 5 4 k J , Ac = - 2 5 . 3 3 0 k J , D= - 0 . 1 3 8 

r^jr\jr\j,\j'\jr\jr\J

r\J

r\jr\jr\jf^r\J

r\jr\J

r\J

f\j 
*rIEAT SINK @740 
AH= 2 2 . 2 5 4 k J , Ar= 1 3 . 2 9 2 k J , D= 0 . 4 0 3 

To>:ASi= 1 2 . 0 3 8 k J 

Figure 7. Hydrogenation under isothermal condition 
at 740 K. 
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19 
Thermodynamic Availability of Solar Radiation 
with Special Attention to Atmospheric 
Rayleigh Scattering 

R. H. EDGERTON and J. A. PATTEN 

School of Engineering, Oakland University, Rochester, MI 48063 

This paper examine
scattered solar
is shown that the available energy to energy flux 
ratio for Rayleigh scattered solar radiation is 
approximately 0.80 to 0.90. This is for clear sky 
conditions and with solar energy flux near the 
zenith and near the horizon. The available energy 
to energy flux of Rayleigh scattered radiation is 
shown to be nearly constant over the sky. From 
this analysis i t can be implied that the solar 
radiation has high thermodynamic potential even i f 
diffusely scattered over the sky. 

In the evaluation of second law efficiencies of solar energy 
converters, a determination must be made of the available work 
function of the incident radiation. The author has derived this 
function for arbitrary spectral distributions and spacial or 
solid angle radiation inputs (1). The results have shown that 
the spectral distribution of typical solar radiation gives 
available energy inputs much higher than the inputs assuming a 
thermal equilibrium distribution with the same energy flux. The 
spacial effect on the available energy flux has also been exa
mined theoretically with the available energy loss with scat
tering described. The spacial loss is apparent in the limited 
focusing capability of optical systems for diffuse radiation. 

Both these effects require knowledge of the spectral and 
spacial radiation distributions of the radiation flux on a 
surface. The determination of both these distributions at a 
given location is a diff icult instrumentation problem. In this 
paper, the effect of scattering processes in the atmosphere on 
the available energy of solar radiation on a surface is 
examined. Both the spectral and spacial effects of Rayleigh 
scattering are demonstrated. 

In the establishment of a measure of the available energy 
of radiation energy inputs to processes, the question of the 
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angular d i s t r i b u t i o n of the radiation becomes c r i t i c a l . The 
authorO) and others (2-8) have attempted to resolve this pro
blem by introduction of the angular or spacial dependence by 
discussing the flux dependence on the s o l i d angle of the 
radiation input. In this approach the entropy and available 
energy of a radiation input are a l l expressed as flux terms 
rather than as thermodynamic properties of space. 

If one examines the question of available energy of solar 
radiation, two approaches appear attractive. The f i r s t i s a 
quantum perspective that the electromagnetic energy of the 
photon stream from the sun i s a l l convertible to thermodynamic 
work. The second, based on the engineering perspective of 
dealing with solar collectors which u t i l i z e the solar energy to 
heat substances i s that a thermodynamic l i m i t i s imposed by the 
sun surface temperatur
6000K. 

For p r a c t i c a l purposes both these answers are s u f f i c i e n t i f 
one i s interested i n second law analysis of energy conversion 
devices operated outside the atmosphere. A "heat" source of 
6000K has an available energy flux which i s nearly equal to i t s 
radiant energy flux. 

The measurement of the spectral d i s t r i b u t i o n of solar 
radiation outside the atmosphere and the subsequent association 
of this spectral d i s t r i b u t i o n with the spectral d i s t r i b u t i o n of 
radiation i n a blackbody cavity has, I believe, biased the 
attempts to characterize the actual radiation i n the atmosphere 
to an undue extent. Figure 1 indicates t y p i c a l spectral d i s 
tributions of radiation i n the atmosphere as compared to that of 
solar radiation outside the atmosphere. Outside the atmosphere 
m • 0 and i f the flux i s d i r e c t l y through m - 1. If slanted at 
and angle from the zenith angle 0 O, then m i s approximately 
1/cos 9 0. 

The processes of scattering and absorption of radiation i n 
the atmosphere so s i g n i f i c a n t l y a l t e r the spectral d i s t r i b u t i o n 
that any s i m i l a r i t y to extra t e r r e s t r i a l radiation i s almost co
incidental. Experiments with radiation between surfaces have 
shown that blackbody radiation theory can be extended success
f u l l y to many radiation heat transfer situations. In these 
situations the s t r i c t equilibrium requirements of the i n i t i a l 
model have so far not proved to be necessary for p r a c t i c a l de
signs. Most importantly the concept of temperature has proved 
useful i n non-equilibrium radiation flux situations(3)• 

The spacial d i s t r i b u t i o n of solar radiation i s the other 
important characteristic of t e r r e s t r i a l radiation which affects 
i t s available energy. When an earth-sun system i s examined i n 
a "universal" perspective, the sun can be visualized as a 
spherical radiation emitter with the energy emitted from the 
source expanding out into the universe (a divergent f l u x ) . The 
radiation energy density of space decreasing with distance from 
the sun. The energy flux per unit area decreasing but the 
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Figure 1. Spectral d i s t r i b u t i o n of direct solar radiation 
through a clear atmosphere of different a i r masses. 
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intensity or flux per unit area per s o l i d angle remaining con
stant. This constant intensity means that the temperature or 
spectral d i s t r i b u t i o n of the radiation remains constant even 
though the flux per unit area i s decreasing. 

In an earth perspective however, the sun appears as a v i s i 
ble disk with radiation confined within a cone with convergence 
of radiation within a s o l i d angle of approximately 7 x 10"*5 

steradians. This s o l i d cone angle i s c r i t i c a l i n the develop
ment of focusing collectors used to increase the flux per unit 
area or energy density of the electromagnetic radiation. This 
i n turn l i m i t s the maximum temperature obtainable with a passive 
c o l l e c t o r to the sun temperature of 6000K at a collector concen
tr a t i o n ratio of approximately 40,000 to 1. Atmospheric scat
tering for the sun near the horizon can increase this s o l i d 
angle to 0.05 steradian

In radiation throug
energy i s scattered an  par
i s observed to be distributed over the entire sky. The rad
i a t i o n within the sun s o l i d angle i s usually considered as 
direct radiation, but i n addition, contains smaller amounts of 
scattered radiation. The scattering and absorption processes 
depend both spacially and spectrally upon the atmosphere com
position and cloud d i s t r i b u t i o n . It i s useful to a r b i t r a r i l y 
separate the input radiation to a surface into the direct and 
diffuse or scattered radiation. Figure 2 indicates the relative 
spectral magnitudes of each of these components. 

In addition, "sky radiation" indicating radiation from the 
gases i n the atmosphere are sometimes included. In a radiation 
cooling situation this i s the radiation flux which governs the 
net flux from a surface at night. This sky radiation i s depend
ent on the solar absorption heating of the atmosphere and has 
been estimated as the order of magnitude of 20% of the extra
t e r r e s t r i a l flux. The available energy of this flux i s small 
because the temperature i s close to the environmental tempera
ture. The sky has an equivalent emissivity of about 0.75. For 
a sky energy flux of 300 W/m̂  the temperature i s approximately 
270 K. 

In energy flux terms the input radiation appears to be 
reasonably considered as a direct flux i n the cone subtended by 
the solar disk. The scattered radiation i s distributed over the 
sky i n complicated geometrical ways depending on the position of 
the sun. The two principal scattering mechanisms are molecular 
or Rayleigh scattering, and Mie or p a r t i c l e scattering. Figure 
3 shows a representative sky d i s t r i b u t i o n of Rayleigh scattered 
l i g h t . 

To examine the available energy of solar radiation, l e t us 
b r i e f l y examine the thermodynamic results for blackbody rad
i a t i o n within an insulated cavity. There i s no net flux of 
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Wavelength (I0~ 6 m) 
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Figure 2. Spectral d i s t r i b u t i o n of scattered solar rad
i a t i o n compared to e x t r a t e r r e s t r i a l and direct solar rad
i a t i o n . 

180 

0 
Figure 3. Distribution of Rayleigh scattered radiation 
over the sky for the sun at 45° from the zenith as shown. 
Intensity curves are normalized to 15 at the zenith. 
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energy at any point, and the radiation i s uniformly d i s t r i 
buted over a spherical angle of 4TT. The expected energy i n 
the volume V at a temperature T can then be shown to be 

E - 0.658 (2irkT/hc) 3 kTV 

In this expression, h i s Planck's constant,k i s Boltzmann's 
constant and c i s the speed of l i g h t . 

The entropy i s 

S = (4/3)E/T 

The Gibbs'free energy i

G » E + P V - T S =

The closed system available energy i s 

A » E + P QV - T QS - E(l +(T Q/T ) 4 / 3 - (4 /3)T Q/T) 

The open system Available energy i s 

B = H - T 0S = (4/3)(1 - T 0/T)E - (1 - T 0/T)H 

Note: T 0 i s the environmental temperature and H i s the enthalpy. 

In dealing with problems of solar radiation, as opposed 
to blackbody radiation, the effect of the s o l i d angle i n which 
the radiation i s confined has been examined (2-4) by considering 
the volume density of photons to be reduced. Landsberg(6) 
considers dilute radiation i n the sense that the spectral d i s t 
ribution i s retained but the radiation density i s reduced. This 
leads to defining the temperature of a spectral component as 

T = hv/k l n ( l + (hv 3G/c 2e v) 

Here ft i s the s o l i d angle of the radiation and e v i s a 
spectral energy flux per unit area per unit frequency. 

Press (3) makes a similar approximation , comparing the closed 
system available energy of a volume of radiation i n a cone 
compared to that i n a f u l l spherical space. His results trans
lated into flux terms indicate that approximately 38% of the 
available energy flux i n a solar s o l i d angle i s retained i f the 
energy i s uniformly scattered over a f u l l 4irsolid angle. 
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Scattered radiation has generally been considered as less 
available for energy conversion because of i t s diffuse spacial 
d i s t r i b u t i o n . This diffuse spacial d i s t r i b u t i o n imposes a 
co l l e c t i o n l i m i t on c l a s s i c a l focusing systems. The capabil
i t i e s of increasing the energy density or flux per unit area 
are reduced by scattering processes. The spacial flux charac
t e r i s t i c s are also important for f l a t plate collectors since 
the energy absorptivity of a surface i s dependent on the i n c i 
dent angle of the radiation. The absorptivity for normal i n c i 
dence being high compared to that for low incident angle rad
i a t i o n . 

The radiation absorption and scattering of direct radiation 
by the atmosphere decreases the direct radiation flux at a 
surface. The scattering however increases the diffuse component 
of the energy flux (9)
l i g h t by the atmospher
clouds however presents an unsolved problem because of 
computational and measurement d i f f i c u l t i e s associated with the 
large variety of cloud characteristics. 

Analysis 

In this paper two basic conditions have been assumed. 
1. In radiation problems, i t i s the available energy flux 

which i s of concern, not the available energy density. This 
means that d i r e c t i o n a l characteristics become more important 
and the steady flow available energy, b = h - T Qs i s the more 
appropriate measure of thermodynamic work. 

2. The spectral d i s t r i b u t i o n of the radiation at the earth 
surface i s only weakly related to the spectral d i s t r i b u t i o n out
side the atmosphere. This means that a measurement of the spec
t r a l d i s t r i b u t i o n and spacial d i s t r i b u t i o n w i l l usually be req
uired at a s i t e to determine the available energy flux. 

Calculation results are presented for the available energy 
fl u x at a horizontal surface due to Rayleigh scattered radiation 
i n the atmosphere. Rayleigh scattering was chosen because of 
the good prediction of this component of energy flux both spec
t r a l l y and spacially under clear sky conditions. It also prov
ided a non uniform spacial d i s t r i b u t i o n which could i l l u s t r a t e 
f l u x aspects of the available energy of solar radiation. The 
Rayleigh scattering model of Coulson (10) was used to calculate 
the available energy flux from the energy flux. 

Determination of the available energy of sunlight i f d i f 
fused uniformly over the sky have been previously examined by 
the author (_1) with the results indicated i n Figures 4 and 5. 
The p r i n c i p a l result being that the available energy to energy 
f l u x r a t i o for uniform solar radiation i s from 0.5 to 0.7. 
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WAVELENGTH (MICRON) 

F i g u r e 4. A v a i l a b l e energy of s o l a r r a d i a t i o n i f s c a t t e r e d 
u n i f o r m l y over the sky as a f u n c t i o n of the upper wavelength 
r e c e i v e d by a c o l l e c t o r . Reproduced w i t h p e r m i s s i o n from 
Ref. 1, C o p y r i g h t 1980, Pergamon Press Inc. 

0 1 2 3 4 

WAVELENGTH (MICRON) 

Figure 5. Available energy to energy flux r a t i o for solar 
radiation i f scattered uniformly over the sky. Reproduced 
with permission from R e f . O ) Copyright 1980, Pergamon Press 
Inc. 
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Assumptions and Procedures 

In the calculations of the available energy flux reported i n 
this paper for Rayleigh scattered solar radiation, the following 
assumptions and procedures have been u t i l i z e d . 

The Coulson-Dave-Sekera Tables (10) of diffuse radiation 
emerging from the bottom of a plane-parallel atmosphere due to 
Rayleigh scattering were used to calculate the spectral energy 
intensity e v u ). e v a ) i s the energy flux per unit area, per 
unit frequency v, per unit s o l i d angle w.This calculation 
procedure i s outlined i n the appendix. In this model, multiple 
scattering and a ground r e f l e c t i v i t y of 0.25 i s assumed. The 
input spectral radiation flux outside the atmosphere F o v i s 
taken from the data of Thomas and Thekaekara (11). The spacial 
geometry u t i l i z e d in this description i s shown in Figure 6

The basic equation
flux are derived i n referenced)
steady flow available energy flux per unit area i s taken as 

b - e + pv - T 0s 

This i s found by integration of the spectral and spacial func
tions over the spectrum of the radiation and the s o l i d angle 
over the hemisphere above the surface. The available energy 
intensity i s 

bvoT evu> + (2h v 3 / c 2 ) ( l - ( l n ( D ) / l n ( l - D ) ) ) 

-kT 0 ( (2 v 2 / c 2 )ln( l+( 1/D) )+( e v a )/hv )ln( 1+D) 

Note: D - 2 h v 3 / c 2 e v w 

The direction of the measurement of the energy flux i s 
given by the zenith angle 0(or u^cosS) and the azimuth 
angle <|> of a v e r t i c a l plane through the direction of observa
tio n . The sun i s taken at an azimuth angle of zero. The d i r 
ection of the sun i s then noted as U Q ^ C O S S Q and <|>o-0. 

The energy flux through a horizontal surface e v a ) 

i s then found from the actual energy flux from a s o l i d angle as 

e V ( D a ! (e p vo/ft)cos 6 

The reason for this complication i n the computation i s that 
e p V Q i s the spectral energy flux one would expect to mea
sure with a spectral radiometer with an aperture which accepts 
radiation i n a s o l i d angle Q. This energy flux i s then mea
sured on a surface perpendicular to the direction i n which i t 
i s pointed. The surface for which the energy flux i s to be 
found w i l l be at a fixed angle and only the cos0component w i l l 
be a flux through the surface. 
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Figure 6. Geometry used for calculation of available 
energy flux and energy flux with spacially variable inten
s i t y . 
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Integrations over the spectrum and spherical angles 
were done numerically with azimuth angle increments 
A<|>* 30°* 0.5236 radians, and zenith angle increments Au88 

A(cos9) =0.1. The available energy flux per unit frequency 
i s computed as 

b v s I I bva> A(cos8)A<|> 
cos 6 <)> 

The t o t a l available energy flux i s then 

b - £b v Av 
v 

The calculation o
Rayleigh scattered solar radiation 

D » 1 

Thus, ln(l+ 1/D) i s approximated by 1/D. The available energy 
f l u x on a horizontal surface i s then 

b V ( D s s[e p V Q/ft+2hv 3/c 2(l- (ln(D)/(ln(l+D)))) 

- kT 0(e p v Q/hvft)(l+ln(l+D))] cos6 

To the same le v e l of approximation, the spectral temperature 
of a given spectral energy flux component i s 

T - (hv/k)ln(D) 

Calculated values of the separate components of the a v a i l 
able energy flux are shown i n Table III. These are tabulated as 
A,B, and C as follows 

A Energy Term : e p v o / Q 

B Pressure Term :(2hv 3/c 2)[i-(ln(D)/(ln(l+D)))] 

C Entropy Term : -kT 0(e p vp/hvfl)[l+ln(l+D)] 
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Discussion of Results* 

The results of the computation of the available energy of 
Rayleigh scattering are presented in Tables I-V. In 
discussing the results, i t should be kept i n mind that i f a l l 
the radiation could be converted to thermodynamic work then the 
r a t i o b/e would be equal to 4/3. In the steady flow available 
energy formulation the radiation pressure also i s available for 
producing useful work. 

Let us begin by examining the overall results and then d i s 
cuss the separate factors which account for the results. Table I 
indicates that the r a t i o of available energy to energy flux on a 
horizontal surface i s 0.89 for the sun at the zenith y 0»l and 
0.82 for the sun at Uo^O.l or approximately 6° above the 
horizon. This i s a surprising result when compared to statements 
i n the l i t e r a t u r e concernin
energy. In order to explai
consider Table I which shows the variation of the available 
energy to energy flux r a t i o as a function of the wavelength of 
the scattered radiation. This table i l l u s t r a t e s the expected 
result that the shorter wavelength radiation has a higher 
available energy than the long wavelength radiation as noted 
before i n the discussion of uniform radiation f i e l d s . 

The available energy to energy ratio i s also higher for the 
sun at the zenith than at the horizon. This difference i s not 
s i g n i f i c a n t and i s within the computational error expected. The 
magnitude however requires some discussion relative to the 
result for direct solar radiation. Direct solar radiation of 
energy flux 1.353 kW/m2 outside the atmosphere in a s o l i d angle 
ft • 6.78xl0~5 would give an available energy to energy flux 

r a t i o of 1.26 thus the Rayleigh scattered radiation has reduced 
the available energy from the direct solar energy. Computation 
of available energy to energy flux ratios for actual direct 
solar radiation, i f uniformly scattered over the f u l l sky 
hemisphere (as noted in Figure 5 ), shows that the available 
energy to energy flux r a t i o i s smaller. The reason that the 
Rayleigh scattered radiation has a higher available energy than 
t h i s uniformly distributed solar radiation, i s that Rayleigh 
scattering i s predominantly a scattering of short wavelength 
l i g h t as shown i n Figure 7. Rayleigh scattering decreases as 
X""4. Thus the spectrum of scattered radiation i s shifted 
toward the short wavelengths compared to direct solar radiation. 
This s h i f t i n g i s also shown i n Figure 2. The spectrum for the 
Rayleigh scattered l i g h t i s a high available energy spectrum. 

Examination of Table II further c l a r i f i e s the difference 
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Table I. Available Energy to Energy Flux Ratio for Rayleigh 
Scattered Solar Radiation as a Function of Wavelength 

Transmission Wavelength Sun Near Horizon Sun At Zenith 
u 0= U.l u 0= l.U 

T X(y) (b v/e v) (b v/e v) 

0.02 0.8
0.05 0.6
0.10 0.55 0.80 0.84 
0.15 0.50 0.82 0.86 
0.25 3.44 0.85 0.88 
0.50 .37 0.88 0.89 
1.00 .32 0.97 1.01 

Overall Available Energy to Energy Flux Ratios. 

Sun At Zenith b/e =0.89 
Sun Near Horizon b/e =0.82 

Table II. Available Energy to Energy Flux Ratio Per Unit 
Frequency (b^/e^) as a Function of Azimuth Angle 

Azimuth Angle 
Zenith Angle 0O 30° 60° 90° 120° 150° 180° 

6° 0.79 0.81 0.81 0.79 0.81 0.81 0.81 

60° 0.82 0.82 0.84 0.82 0.82 0.82 0.82 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



408 SECOND LAW ANALYSIS OF PROCESSES 

Table III. Available Energy Flux Components b ^ on 
a Horizontal Surface for the Sun at the Zenith. 
©voT* A cos 6, pvV(i)= B cos 6, 
To svuT c c o s e» M* c o s e» T i s a Transmission 
Parameter (See Table I ). Units are fW-s/m2 

y/x 0.02 0.05 0.10 0.15 0.25 0.50 1.00 

A 4.2 8.8 11.75 13.5 12.1 6.3 2.9 
0.1 B 0.252 0.530 0.698 0.800 0.694 0.343 0.151 

C 1.27 2.1
0.35 0.7

A 1.6 3.6 5.5 7.2 7.8 5.4 3.1 
0.3 B 0.089 0.210 0.315 0.408 0.436 0.290 0.162 

C 0.50 0.91 1.18 1.39 1.35 0.83 0.42 
bvu> 0.35 0.87 1.40 1.86 2.06 1.46 0.85 

A 1.0 2.5 3.8 5.1 5.9 4.6 3.0 
0.5 B 0.058 0.137 0.214 0.287 0.328 0.245 0.155 

C 0.34 0.63 0.83 1.01 1.04 0.71 0.42 
b V U ) 0.38 0.98 1.61 2.21 2.60 2.06 1.39 

A 0.8 2.0 3.2 4.3 5.0 4.1 3.0 
0.7 B 0.045 0.110 0.176 0.238 0.275 0.219 0.151 

C 0.27 0.51 0.65 0.85 0.89 0.65 0.41 
bvu> 0.42 1.10 1.88 2.57 3.09 2.60 2.70 

A 0.7 1.7 2.9 3.9 4.6 3.9 2.9 
1.0 B 0.040 0.096 0.153 0.214 0.250 0.208 0.048 

C 0.24 0.45 0.62 0.77 0.77 0.61 0.40 
bvu> 0.53 1.38 2.33 3.31 4.06 3.50 2.68 
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Table IV. Sample Available Energy Flux Per Unit Solid Angle 
and Frequency Distributed Over the Sky for the Sun Near the 
Horizon (u= 0.1). Units are fW-s/m2 

WAVELENGTH 0.821 MICRONS 

0 30 60 90 120 150 180 

0.1 0.023 0.022 0.021 0.020 0.021 0.021 0.022 
0.3 0.093 0.086 0.073 0.066 0.071 0.082 0.089 
0.5 0.18 0.17 0.15 0.14 0.15 0.16 0.17 
0.7 0.22 0.20 0.17 0.16 0.17 0.18 0.19 
1.0 0.21 0.2

WAVELENGTH 0.395 MICRONS 
y/+ 0 30 60 90 120 150 180 

0.1 0.70 0.62 0.46 0.37 0.45 0.61 0.69 
0.3 0.80 0.71 0.53 0.44 0.50 0.66 0.78 
0.5 0.76 0.68 0.53 0.45 0.49 0.64 0.70 
0.7 0.69 0.64 0.53 0.44 0.47 0.55 0.61 
1.0 0.43 0.43 0.43 0.43 0.43 0.43 0.43 

Table V. Equivalent Temperature of Rayleigh Scattered Solar 
Radiation for Clear Sky Conditions 

Sun Position Sky Direction Wavelength Temper< 
cos8 0 cos9 microns K 

1.0 0.1 0.316 2290 
1.0 1.0 0.316 2290 
1.0 0.1 0.821 1050 
1.0 1.0 0.821 950 

0.6 0.6 0.316 2230 
0.6 1.0 0.316 2160 
0.6 0.6 0.821 1035 
0.6 1.0 0.821 905 

0.1 0.1 0.316 1870 
0.1 1.0 0.316 1830 
0.1 0.1 0.821 930 
0.1 1.0 0.821 810 
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RAYLEIGH SCATTERING FRACTION 

.5 .6 .7 
WAVELENGTH ( MICRONS ) 

Figure 7. Fraction of direct solar radiation scattered 
by molecular constituents of the atmosphere (Rayleigh 
scattering) as a function of wavelength. 
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i n the available energy as a function of wavelength. In direct 
solar radiation outside the atmosphere the pv term i s approxi
mately 0.33 of the energy flux and the T 0s term approximately 
0.07 of the energy flux. In the Rayleigh scattered radiation 
the pv term i s approximately 0.05 of the energy flux and i s 
essent i a l l y constant over wavelength and sky direction. The 
pv term reduction has a small p r a c t i c a l significance since 
technical methods to u t i l i z e this effect have so far not been 
developed. The T 0s term however ranges from 0.35 at long 
wavelengths to 0.13 at short wavelengths and i s important. The 
entropy effect i s however nearly constant over the sky so that 
horizon scattering does not have a strong effect on the 
available energy flux. 

I t i s of interest for assigning an equivalent temperature 
to scattered radiatio  examin  Tabl  Equivalen
eratures calculated usin

T »(hv/k)ln(2hv 3ft/c 2e p v f l) 

are tabulated for the cases of the sun near the horizon y 0
a 

0.1 and at the zenith U o ^ l . Overall, these results indicate 
that the equivalent temperature for Rayleigh scattered solar 
radiation ranges from around 2300K to 800K. 

For the sun at the zenith the horizon brightening i s clear 
with equivalent temperatures there higher than d i r e c t l y over
head. The wavelength i s the dominant factor however with short 
wavelength temperatures of 2000K compared to long wavelenth 
temperatures of 1000K. It should be noted that these 
temperatures are i n the range of temperatures that Bosnjakovic 
(12) assumes for his approximation for diffuse radiation i n 
calculating available energy fluxes. 

Conclusions 

The available energy flux of Rayleigh scattered solar radiation 
i n the atmosphere was examined i n this paper. It was demon
strated that the available energy to energy flux r a t i o on at 
the earth surface i s approximately 80% for molecularly 
scattered solar energy. This c l a r i f i e s further the role of 
spectral and special d i s t r i b u t i o n effects on the available 
energy of solar energy i n the atmosphere. It reinforces the 
pr i n c i p a l importance of the spectral d i s t r i b u t i o n of the radia
t i o n i n determining the quality of the radiation. Scattering 
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processes in the atmosphere reduce the energy flux on surfaces 
but do not significantly reduce the available energy to energy 
flux ratio* 

The results indicate that efforts to uti l ize scattered 
radiation should be directed toward research in spectral 
selective devices with less concern for the spacial 
distribution* 

The collection of scattered radiation remains an engineer
ing challenge* One need be less concerned about the quality 
but more at producing a high energy flux* One outcome of this 
research may be more effort being placed on the uti l ization of 
emitted radiation from collective surfaces which have so far 
been thought to have low quality because of their wide spacial 
distribution. It is hoped that this work wi l l further efforts 
directed to using combine
transmitted, reflected
system are uti l ized. 
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Appendix 

The computational procedure for the calculation of energy flux 
per unit frequency per unit solid angle e v w due to Rayleigh 
scattered solar radiation is outlined in this section. 

The geometry of Figure 6 is used to describe the calcula
tions. The total energy flux through a surface due to a spectral 
radiation intensity I v is given by integrating the intensity 
over the hemispherical space and the frequency as 
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e * J 7/l vcosesine d6d<|>dv 

If I v i s isotropic designated as I v
f t h e n the energy flux 

would be 

e'= i r / V d v 

The energy flux can then be found re l a t i v e to this isotropic 
energy flux as 

e = (e l / T r)///(I v/l v
,)cosesin6d8d<|)dv 

I v / I v
f i s a rela t i v e intensity I V R tabulated for 

Rayleigh scattering by Coulson, Dave and Sekera (10). 

Since the energy flu
atmosphere then i f the sun i s at an angle 6 0 to the zenith 
t h i s energy flux per unit frequency i s represented by 

e v* s F o v c o s 8 Q 

F o v i s the solar flux at the earth distance per unit f r e 
quency v . Then for the solar energy the energy flux per s o l i d 
angle u> per unit frequency can be written as 

eVu) <(^ovcosQ0)/n)IvK 

Then 

e - ///((F o vcos8 0 )/Tr)l v Rcos8sin8ded<(>dv 

The values of F o v are found from reference(11) at the 
wavelengths or frequencies at which I V R values are 
tabulated. These values are summarized i n Table A. 

Table A. Parameter Values Used To Calculate Energy Flux. 

T A(u) v(PHz) Av(PHz) Fov(PW-s/m2) 

0.02 
0.05 
0.10 
0.15 
0.25 
0.50 
1.00 

0.821 
0.654 
0.551 
0.498 
0.440 
0.374 
0.316 

0.365 
0.456 
0.545 
0.602 
0.682 
0.802 
0.949 

0.096 
0.090 
0.0715 
0.0685 
0.100 
0.1335 
0.150 

2.25 
2.16 
1.75 
1.61 
1.17 
0.54 
0.25 
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Note that the scattering as a function of wavelength i s 
tabulated i n terms of T an optical thickness for corresponding 
wavelengths noted i n Table A. In tables of results then, 
increments of x are used as well as wavelength X to show 
wavelength dependence of scattering* 

The integral for the energy flux i s summed over the spectrum 

e - I e vAv ' 
v 

where 

e v = (( Fov cos8 0 ) / T r ) £ ][I VRCOS8AUA<|> 
cos8 <(> 

and AM = 0 . 1 9 A<(>
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Energy conservation—Continued 
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and potential work of any system, 240 
specific chemical 

of atmospheric gaseous compounds, 
152t 
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Exergy—Continued 
of coal gasification products, 152t 
definition, 329 

thermal, definition, 329 
Exergy analyses of processes 

closed system, equations, 400 
coal combustion, consumption term, 

14-15 
coal gasification waste heat recovery 

and quench, 153-56 
combustion, isothermal, isobaic, 

75,80 
e-constraint method, 307-22 

feedwater heater, 240-59 
gas turbine cycles, 105-16 
heat exchanger networks, loss rate, 

163 
hydrogen-coal process, 382-9
lake-cooled condensers, 24
mass transfer processes, balance 

equations, 297-98 
methane-reforming plant, 100-103 
milk evaporation process, 315t,321t 
milk evaporation process, unit cost, 

345 
open system, equations, 400 
solar radiation, 395-414 
steady-state balance, 9 
sulfuric acid plant, 126-32 

Exergy vs. energy flow diagram, 20-21 
Exergy intensity, solar radiation, 403 
Exergy losses, 7-8,72,217-18 

in coal combustion, 14-15 
costing, 217-18 
equation, 334 
in heat exchanger networks, rate, 163 
in a sulfuric acid plant, 126-32 

Exergy ratio 
gas turbine cycle, 113 
of primary and secondary energy 

sources, 91-93 
Exergy recovery by Rankine cycle, 

130,131f 
Exergy transformation in a process 

system using derivative approach, 
192 

Exhaust thermal energy to mechanical 
work, reversible conversion, 
105,113-16 

Exothermic/endothermic chemical 
reactions, reversible, 87-103 

Expansion, polytropic, vectors, 193f 

F 

Feasibility rules of Linnhoff and 
Flower, 170-74 

Feed preparation system for 
demethanizer in ethylene plant, 
58-62 

Feedpump drives, 43-44 
Feedwater, 14 
Feedwater heater, 240-59 
Feedwater pumps, 241f 
First law of thermodynamics 

applications 
adiabatic processes, 191 
coal combustion efficiency, 15-16 
process system, 190 
sulfuric acid plant process 

streams. 120-22 
interpretation, 6 
steady-state conditions, 135-37 

Fixed environments, system matrix and 
constraint, 222 

Flow exergy equation, 240 
Flow processes, steady-state, 135-37 

heat capacity, 166-68 
for a methane-reforming plant, 96-97 

Flow stream exergy, definition, 90-91 
Fluidized bed gasification reactor, 139 
Fluxes 

energy, per unit area, in solar 
radiation, 403 

mass, in binary mass transfer 
systems, entropy production, 
289-304 

Formation, enthalpy 
of coal, 374-78 
of coal liquids, 378-82 

Fossil fuel 
combustion 

coal hydrogasification, 12-44 
exergy in gas turbine cycle, 105-16 
reversibility, 71-85 

exergy ratio, 91-93 
Fossil-fired power plant efficiency, 

24t 
Fractions from binary separation 

column, exergy destruction, 289-304 
Free energy, Gibbs1, equations, 292,400 
Friction and frictional losses 

in feedwater heater, 247 
in a methane-reforming plant, 100-3 

Fuel(s) 
combustion, 137-44 

exergy in gas turbine cycle, 105-16 
reversibility, 71-85 

costs 
for tower design optimization, 298 
optimum boiler efficiency as func

tion of work/heat ratio for 
various, 277f 

equations for Rankine cogeneration 
system, 270-72 

exergy ratio, 91-93 
synthetic, from bituminous coal 

process flow, 382-383f 
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Fuel(s)—Continued 
work/heat ratio, 276-81 

Furnaces 
and chemical availability during 

combustion, 129 
exergy and energy outputs, 26t 

G 

Gas composer, ethylene plant, 62-64 
Gas turbine cycle exergy analysis, 

105-16,130,226-32 
Gaseous compounds, exergies, entropies, 

and enthalpies, 343-69 
Gasification 

coal and secondary energy carriers, 
coal, 90-96 

fluidized- bed reactor, 13
waste heat recovery system

Generator and turbine, costing equa
tions for Rankine cogeneration 
system, 270-72 

Geometry calculation of available 
energy flux and energy flux with 
spacially variable intensity, 404f 

German hard coal, composition and 
calorific value, 148t 

Gibbs1 free energy equations, 292,400 
Group contribution method, 351-69 

H 

Halogens, specific chemical enthalpy 
and exergy, 354t 

Hardware improvements, 58 
Heat 

low-grade, from gas turbine cycles, 
105-16 

and mass balances, equality 
constraints, 335 

Heat capacity, polytropic, definition, 
190 

Heat capacity flow rate of cold streams 
and shifting heaters, 166-68 

Heat content diagram to represent 
network synthesis, 162 

Heat engines and combustion process 
with Intermediate reactions, 77f 

Heat exchanger networks 
compared with chemical reactors, 

192-94 
costing equation, 229-35 
heating uti l i ty requirements, mini

mizing number of units, 161-65 
internal, in second law equation, 

135-37 
optimization applications, 174-78 
pressure loss penalty, 229-32 
shell-and-tube design, cost, 233t 

Heat exchanger networks— 
Continued 

waste heat energy recovery, 
149-50,153-56, 337-40 

Heat losses 
in a methane-reforming plant, 100-3 
in a sulfuric acid plant, 122t,126t 

Heat pipes, chemical, 87-90,93-96 
Heat-pumped propylene and propane 

separation, 52-58 
Heat recovery system 

for coal gasification waste, 147-60 
for a milk concentration process, 

337-40 
Heat source and heat sink vectors, 

183-86 
Heat transfer 

milk evaporation process, 
311-13,315t 

in coal combustion, 15-16 
in feedwater heaters, equation for 

entropy creation, 246-47 
in milk condensation process, rate, 

337-40 
Heaters 

exchanger freedom parameter for 
shifting, merging, or deleting, 
168-70 

feedwater, cost analysis, 247-53 
performance, 24t 
shift, 166-68 
uti l i ty requirements, minimizing 

number of units, 162-65 
Heating process vector, 182 
Helium-cooled nuclear reactor coupled 

to a chemical heat pipe, 90-103 
High-pressure propylene and propane 

separation, 52-58 
High-temperature chemical heat pipe, 87 
High-temperature nuclear reactors, 

137-44 
Hot process stream, 166 
Hot water supply temperatures and 

work/heat ratio 
equipment cost, 283f 
pump efficiency, 277f 

Hydraulic energy flow rate, 5 
Hydrogasification process, coal, 137-44 
Hydrogen and thermodynamic properties 

of coal, 375-92 
Hydrogen generation vs. process 

streams, 90-96 
Hydrogen standard exergy and calorific 

value as coal gasification 
products, 152t 

Hydrogen-coal process, exergy analysis, 
382-90 
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Hydrogenation 
of benzene, and low-temperature chemi

cal heat pipe, 93 
of coal under isothermal conditions, 

388-92 

Hydrolysis of ATP, 199-201 

I 
Idealized reference state, definition, 

353 
Indifference curve, €-constraint 

method, 312f,316f,320 
Industrial chemical manufacture, 

general case, 226 
Inequality constraints for determining 

the non-inferior set, 332 
Input materials, total enthalpy and 

entropy equations, 180 
Insulation and piping sizing
Integration, entropy and enthalpy, 182 
Intensity, solar radiation, equation, 

403 
Internal heat exchange in second law 

equation, 135-37 
Internal steam generation in a quench, 

waste heat utilization, 
149-50,153-56 

Investment cost equation, 152,334 
Irreversibilities 

in a gas turbine cycle, 108-11 
in a methane-reforming plant, 100-103 
in oxide reduction, entropy 

production, 76,80 
in a steady flow process, equation, 

216 
in a steam generator of a coal 

hydrogasification plant, 141,144 
Isobaric, isothermal combustion, 72-75 
Isothermal hydrogenation of coal, 

388-92 

J 

Jacoblan, matrices, 221-23 
Jet condenser, multi-, for milk conden

sation process, 337-40 

K 

Kuhn-Tucker conditions 
for the c-constraint problem, 335-37 
for the non-inferior decision, 309 

L 

Lagrange method, overview, 
237-38,265-67 

Lagrangian operator for thermoeconomic 
optimization, 220-23 

Lake-cooled condensers 
correction factors, 257 
exergy loss, 248 

Legal constraint, modification, 215-38 
Linnhoff and Flower 

evolutionary development method, 
168-70 

feasibility rules, 170-74 
Liquefaction of coal, 382-92 
Looping multimediator system, 202-205 
Lost-work functions, 216-17 
Low-grade heat from gas turbine cycles, 

105-16 

Low-temperature chemical heat pipe, 87 

M 
Maintenance, overview, 43-46 

Marginal prices 
for cogeneration system, 275t 
and Jacoblan matrices, 221-23 

Market prices of electricity, work/heat 
ratio, 282-84 

Mass, heat, and energy balance in 
energy conversion processes, 135-38 

Mass fractions from binary separation 
column, exergy destruction, 289-304 

Mass governing equations, 290 
Mass transfer systems, binary, entropy 

production due to mass fluxes in, 
289-304 

Material balance in milk condensation 
process, 337-40 

Mathematical model for coal gasifica
tion process, 151-52 

Matrices, 307-8 
for costing of Rankine cogeneration 

system, constraint equation, 273 
Jacoblan, 221-23 

Maximization—See Optimization design 
Metal oxides, reduction, 75,76 
Methane, standard exergy and calorific 

value as coal gasification 
products, 152t 

Methane combustion with oxides, 76-83 
Methane reforming reactions 

energy carrying step, 88-90 
plant with high-temperature chemi

cal heat pipe, 96-103 
Methanol cracking reactions in gas 

turbine cycles, 105,113-16 
Methyl isobutyl sulfide, liquid, 

specific chemical exergy and 
enthalpy, 360-62 

Milk concentration process 
€-constraint method, 308-22 
energy and resource conservation, 

337-47 
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Minimization 
See also Optimization design 
of cost, decision and state 

variables, 234t 
minimum approach temperature for 

heater, 166-68 
minimum area algorithm, 163 

Mixed-feed evaporator, 101-3 
Mixing entropy and enthalpy, 182-83 
Models for coal gasification process 

mathematical, 151-52 
process engineering, 148-51 
performance-cost, 218 

Molar product flow and cost of a 
steady-state flow process, 144-45 

Molecular scattering and solar exergy, 
398-401 

Multi-jet condenser for milk condensa
tion process, 337-40 

Multiobjective analysis, 
199-205,307-326,333-48 

N 

Natural gas substitute, generation vs. 
process streams, 90-96 

Negative exergy content, definition, 
352 

Net revenue generated as a function of 
work/heat ratio for various market 
prices of electricity, 282-84 

Nickel oxide reduction with methane, 
80,8lf,82f 

Nitrogen availability in sulfuric acid 
manufacture, 124t 

Nitrogen gas, exergy 
atmospheric, 152t 
in sulfuric acid manufacture, 124t 

Non-inferior set, -constraint method, 
309 

Nuclear reactors 
helium-cooled, coupled to a chemical 

heat pipe, 90-103 
high-temperature, 137-44 

0 

Objective function of the optimization 
technique, 264-67 

cost minimization for Rankine cycle 
cogeneration system, 270 

Lagrange method, 237-38 
Open systems 

exergy equations, 400 
for gas turbine cycle, 226-32 

Operation cost, uti l ity, equation, 162 
Operation and maintenance decisions, 

overview, 43-46,215-38 
Optimization by using exergy, 4 

Optimization design, 40 
coal gasification, 41-43 
feedwater velocity and heat transfer 

area for feedwater heater, 246-52 
matrix representation, 307-8 
multiobjective, 

199-205,307-326,333-48 
Rankine cycle cogeneration system, 

263-87 
Output materials, total enthalpy and 

entropy, 180 
Output steam temperature for power 

plant boiler, 245f 
Oxygen, thermodynamic properties 

in atmosphere, 152t 
in coal, 375-92 

in sulfuric acid manufacture, 124t 

Particle scattering and solar exergy, 
398-401 

Pehler and Liu, evolutionary rules, 
165-68 

Performance equations for determining 
the non-inferior set, 329-32 

Performance-cost modeling, 218 
Physical processes vs. chemical 

processes, 192-94 
the non-inferior set, 329-32 

Performance-cost modeling, 218 
Physical processes vs. chemical 

processes, 192-94 
Pipelines, thermochemical, 87-90,93-96 
Piping and insulation sizing, 40-41 
Plants, 24,135 

air separation, cost-efficiency 
relations, 64-67 

ethylene, purification system as 
design improvement, 58-62 

methane-reforming, with high-
temperature chemical heat pipe, 
96-103 

nuclear, heat production, 137-44 
power 

alternatives for process steam 
delivery, 93-96 

boiler, 24lf,245f 
fossil-fired, efficiency, 24t 

sulfuric acid, exergy analysis, 
119-32 

Polytropic compression and expansion, 
vectors, 193f 

Polytropic heat capacity, definition, 
190 

Polytropic process, 187,190 
Potential work functions, 216-17,240 
Power input and generation in a sul

furic acid plant, 126-32 
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Power plants 
alternatives for process steam 

delivery, 93-96 
boiler steam, 24lf,245f 
fossil-f ired, efficiency, 24t 

Preparation of sulfur and combustion, 
120 

Pressure 
and direction factor, I87,189f 
in propylene and propane separation, 

52-58 
and work/heat ratio for various fuel 

prices, optimum condenser inlet, 
280f 

Pressure enthalpy, specific, 
definition, 328 

Pressure exergy, 405 
for multi-jet condenser, 340-41 
in sulfuric acid manufacture

Pressure loss penalty in hea
networks, 229-32 

Pretreatment subsystem for coal, 388-92 
Prices 

exergies, 219 
marginal, Jacoblan matrices, 221-23 
shadow 

Jacoblan matrices, 221-23 
for Rankine cycle cogeneration 

system, 274t 
Process steam 

See also Steam 
delivery alternatives, 93-96 
optimization, temperature and 

pressure, 301 
Process streams 

cold, 166-68 
enthalpies in sulfuric acid plant, 

120-22 
heat exchanger networks, 161-76 
hot, 166 

Propane and propylene separation, 52-58 
Pumps 

costing equations for Rankine 
cogeneration system, 270-72 

feedwater, 241f 
work/heat ratio for various fuel 

prices for hot water supply 
temperatures, 277f 

Purification system in an ethylene 
plant, design improvement, 58-62 

Q 

Quenching in coal gasification waste 
heat recovery 

and boiler feedwater, 153-56 
and internal steam generation, 149-50 

R 

Radiation, solar, thermodynamic 
availability of, 395-414 

Rankine cycle 
cogeneration system optimization, 

263-87 
exergy recovery in a sulfuric acid 

plant, 130,131f 
Rate of flow—See Flow rates 
Rate of exergy loss for heat exchanger 

networks, 163 
Rate of heat transfer for milk conden

sation process, 337-40 
Rayleigh scattering in the atmosphere, 

exergy of solar radiation, 395-414 
Reaction selection for energy 

transport, 90-96 

nuclear, high-temperature, 137-44 
Reboiler, entropy penalty function, 299 
Reduction, oxide, 76-85 
Reference state, idealized, definition, 

353 
Reflux ratio, binary separation column, 

exergy destruction, 289-304 
Refrigeration 

compressors for ethylene plant, 62-64 
demethanizer in ethylene plant, 60 
process vector, 182 
in propylene and propane separation, 

52-58 
unit efficiency, 24t,25t 

Regulatory constraints, barriers to 
energy conservation, 32-33 

Reheat system in ethylene plant, 60-61 
Revenue, net, generated as a function 

of work/heat ratio for various 
market prices of electricity, 
282-84 

Reversible reactions 
combustion processes, 71-85 
endothermic/exothermic chemical 

reactiona-r-87-103 
exhaust thermal energy conversion to 

mechanical work, 105,113-16 

S 

Saturated steam, milk condensation 
process, 340 

Second law of thermodynamics, general 
interpretation, 8 

Separation processes 
column, exergy destruction, 289-304 
entropy and enthalpy, 182-83 
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Shadow prices 
and Jacobian matrices, 221-23 
for Rankine cycle cogeneration 

system, 274t 
Shell-and-tube heat exchanger, design 

and cost, 233t 
Shifting heaters and coolers, exchanger 

freedom parameter, 164,168-70 
Singular system vector representation, 

196f 
Sink, work and heat, 183-86 
Size of equipment 

and exergy dissipation, evaporator in 
a milk evaporation process, 311-13 

and investment cost, 334 
and Investment cost, heat exchanger, 

232-35 
Solar radiation, thermodynamic 

availability, 395-414 
Sources, heat and work, vecto

representation, 183-86 
Specific enthalpy 

chemical 
definition, 328 
of liquid and gaseous organic 

chemicals, 353-69 
definition, 327 
for water, saturated steam, and 

superheated steam, in milk 
condensation process, 340 

pressure, definition, 328 
Specific entropy 

chemical, of gaseous chemicals, 
358-59 

definition, 328 
Specific exergy 

chemical 
definition, 329 
of gaseous chemicals, 358-59 
of liquid and gaseous organic 

chemicals, 353-69 
of liquid methyl isobutyl sulfide, 

360-62 
definition, 328 
for water, saturated steam, and 

superheated steam, in milk 
condensation process, 340 

Spectral distribution of solar 
radiation, 396-98 

SPEED computer program for an adiabatic 
reaction system, 196f 

Standard direction factor and chemical 
reaction, 187 

Standard exergy of coal gasification 
products, 152t 

State, chemical, overview, 352 
State variable for minimizing cost, 

234t 
Stationary flow processes, 144 
Steady-state balance for exergy, 9 

Steady-state flow processes, 135-37 
irreversibility, 216 
molar product flow and cost, 144-45 

Steam, 14-16 
in coal gasification process 

149-50,153-58 
delivery alternatives, 93-96 
and electricity cogeneration, cost 

analysis, 35-38 
in ethylene plant process, 62-64 
in gas turbine cycle, reforming, 

105,113-16 
in methane-reforming reactions, main 

energy-carrying step, 88-90 
in Rankine cogeneration cycle, 263-87 
saturated and superheated, milk 

condensation process, 340 
temperature for power plant boiler, 

heat recovery and use, 156-58 
Steam generator irreversibilities in 

coal hydrogasification plant, 
141,144 

Steam power plant, 137-44 
Steel production efficiency, 25t 
Structural analysis of coal, 374-78 
Structured process energy/exergy flow 

diagram 
exergy analysis of H-coal process, 

382-90 
exergy transformation and hierarchi

cal structure, 198 
Substitute natural gas generation vs. 

process streams, 90-96 
Sulfide, methyl isobutyl, specific 

chemical exergy and enthalpy, 
360-62 

Sulfur 
availability in sulfuric acid 

manufacture, 124t 
preparation and combustion, 120 

Sulfur dioxide and trloxlde gas in 
sulfuric acid plant, 120-22 

Sulfuric acid plant, exergy analysis, 
119-32 

Sun position and exergy flux, 409t 
Superheated steam in milk condensation 

process, 340 
Surrogate worth function, -constraint 

method, 312f,3l6f,320 
Synthetic fuels from bituminous coal, 

process flow diagram, 382,383f 

Temperature 
and creep rate of turbine blades, 244 
for heat exchanger networks, interval 

diagram, 168-70 
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Temperature—Continued 
for heater, minimum approach, 166-68 
for hot water supply and work/heat 

ratios 
equipment cost, 283f 
pump efficiency, 277f 
turbine inlet pressure, 280f 

for methane combustion and exergetic 
efficiency, 80,85 

Thermal energy and exergy 
conversion and transport, 10,87-103 
definition, 329 
from exhaust, reversible conversion 

to mechanical work, 105,113-16 
in sulfuric acid process 

from chemical availability, 129-30 
losses, 120-22 

Thermal histograms of cooling and 
heating for a methane-reformin
plant, 97-103 

Thermal resistance correction factors 
for feedwater heater analysis, 
253-55 

Thermochemical pipelines, 87-90,93-96 
Thermodynamic and economic simulation 

system(THESIS), computer program 
for mass, energy, and exergy 
balances, 139,141 

Thermodynamic compass for class
ification of processes, I86,l87f 

Thermodynamic matching rule for heat 
exchanger networks, 163-65 

Thermodynamic properties 
of coal and coal-derived liquids, 

373-82 
of vapor and liquid in milk condensa

tion process, 340 
Thermodynamic system, maximum work 

output, 72 
Time derivative of the Gibbs equation, 

292 
Total enthalpy and entropy of input and 

output materials, equations, 180 
Tower design for a simple distil lation 

system, 295-304 
Trade-off curve, €-constraint method, 

312f,3l6f,320 
Transfer rate of heat in milk condensa

tion process, 337-40 
Transport relationships of exergy, 

10-11,87-103 
Tube-and-shell heat exchanger, design 

and cost, 233t 
Tubing for feedwater heaters, correc

tion factors, 255-56 
Turbines 

blades, and creep rate as a function 
of temperature, 244 

exhaust gases, useful fuel, 105-16 

459 

Turbines—Continued 
inlet pressure as a function of 

work/heat ratio for various 
hot water supply temperatures, 
280f 

for Rankine cogeneration system, 
costing equations, 270-72 

Two-objective optimization problem, 
199-205,307-26,333-47 

Two-phase stagnant film, binary mass 
transfer, 391f 

U 

Unit cost of exergy, 242-44 
in milk evaporation system, 345 
and output steam temperature for 

power plant boiler, 245f 

Utility operating cost equation, 162 
Utility requirements, cooling and 

heating, 162-63 
Utilization function, Boteler1s, 242-44 

V 

Vapor, in milk condensation process, 
thermodynamic properties, 340 

Vapor flow rate and entropy production 
in separation systems, 294 

Vector representation, 182 
for polytropic compression and 

expansion, 193f 
for thermal processes, I84f 

Velocity, feedwater, for feedwater 
heater, 246-52 

W 

Waste, coal gasification, heat recovery 
system, 147-60 

Waste heat boiler in sulfuric acid 
plant, consumption, 128-29 

Water 
in coal gasification waste heat 

recovery, quench and boiler 
feedwater, 153-56 

decomposition, thermodynamic compas
ses of two reaction subsystems, 
199-202,204f 

in milk condensation process, 340 
in sulfuric acid manufacture 

availability, 124t 
preheating for boiler feed, 130,132 

vapor, standard exergy, 152t 
Wavelength and exergy to energy flux 

ratio for Rayleigh scattered solar 
radiation, 407-12 
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Work 
See also Exergy 
output, maximum, of any thermodynamic 

system, 72 
potential, and lost work functions, 

216-17 
Work flux, equation, 217 
Work/heat ratio as function of fuel 

prices and hot water supply 
temperatures, 276-81 

boiler efficiency, 277f 
electricity cost, 282-84 
equipment cost, 283f 

Work loss 
See also Exergy losses 
in demethanizer, 60 

Work sink and work source vectors, 
183-86 

Worth function, surrogate, -constraint 
method, 312f,3l6f,320 

Z 

Zenith angle exergy to energy flux 
ratio per unit frequency, 407t 

In Efficiency and Costing; Gaggioli, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 


	Title Page
	Half Title Page
	Copyright
	ACS Symposium Series
	FOREWORD
	
	PREFACE

	
	1 Second Law Analysis for Process and Energy Engineering
	The Roles of Second Law Analysis
	I. Thermodynamic Principles
	Thermodynamics - Its Basic Implications
	The Roles of Thermodynamics
	II. Efficiency Analysis
	Tools Used in Second Law Efficiency Analysis
	Second Law Efficiency--The True Efficiency
	The Methodology of Exergy Analyses
	A Survey of Typical Results of Second law Efficiency Analyses
	Conclusions -- Specific and General
	III. Benefit-Cost of Energy Conservation
	Conclusions
	IV. Exergy Economics - Cost Accounting Applications
	Basic Principles
	Costing Applications
	Design Applications
	Maintenance and Operation Decisions
	Closure
	Literature Cited


	
	2 Second Law Analysis to Improve Industrial Processes
	Opportunities in Process Improvement
	Hardware Improvements Can Also Be Identified
	Consider The Entire Energy System In Analysis
	Relation to Process Efficiencies
	Conclusions
	Legend of Symbols
	Literature Cited


	
	3 Reversibility of Combustion Processes
	Technical Background
	Combustion with Intermediate Reactions
	Conclusions
	Literature Cited


	
	4 Thermodynamic Analysis of Chemical Energy Transport
	A COMPARISON OF ENERGY TRANSPORT ALTERNATIVES
	Thermodynamic Framework
	Exergy Ratios of Primary and Secondary Energy Sources
	Comparisons of Alternatives for Process Steam Delivery

	THERMODYNAMIC ANALYSIS OF HTCHP METHANE-REFORMER PLANT
	Thermodynamic Losses in the Reformer Plant
	Potential Improvements in the Reformer Process

	SUMMARY
	ACKNOWLEDGMENT
	NOMENCLATURE
	Literature Cited


	
	5 Thermodynamic Analysis of Gas Turbine Cycles with Chemical Reactions
	CYCLE CALCULATIONS
	IRREVERSIBILITIES IN A SIMPLE GAS-TURBINE CYCLE
	ANALYSES AND COMPARISON OF CASES
	SUMMARY
	Literature Cited


	
	6 Available Energy Analysis of a Sulfuric Acid Plant
	Sulphuric Acid System
	First Law Analysis
	Second Law Analysis
	Results And Discussion
	Areas of Improvement
	Summary
	Literature Cited


	
	7 Exergetic Analysis of Energy Conversion Processes Coal Hydrogasification
	Second Law Analysis for Steady State Flow Processes
	Exergetic analysis of a coal hydrogasification process as an example
	Thermoeconomic analysis for stationary flow processes
	Literature Cited


	
	8 Application of Exergy Analysis to the Design of a Waste Heat Recovery System for Coal Gasification
	Process Engineering Model
	Limits of the Model
	Mathematical Model
	Results
	Technical Aspects
	Summary and Conclusions
	Literature Cited


	
	9 Thermodynamic Availability Analysis in the Synthesis of Optimum-Energy and Minimum-Cost Heat Exchanger Networks
	Multiobjective Synthesis of Heat Exchanger Networks
	The Thermoeconomic Approach
	Thermoeconomic Aspects of Evolutionary Rules of Pehler and Liu
	The Evolutionary Development Method
	Thermoeconomic Analysis of Feasibility Rules of Linnhoff and Flower
	An Illustrative Example
	Literature Cited


	
	10 Hierarchical Structure Analysis Based on Energy and Exergy Transformation of a Process System
	Thermodynamics of a Process and a Process System
	Example Processes
	Special processes without flow of materials
	Classification of processes on thermodynamic compass
	Other typical processes
	Thermodynamics of a process system
	Energy and Exergy Transformation in a Process System
	Basic structures of a process system
	Summary of SPEED analysis
	Conclusion
	Appendix 1 Efficiency of exergy transformation
	Appendix 2 Distributed parameter analysis
	Literature Cited


	
	11 Strategic Use of Thermoeconomics for System Improvement
	Potential Work and Lost Work Functions
	The Costing of Exergies and Dissipations
	Performance-Cost Modeling
	Thermoeconomic Accounting
	Thermoeconomic Optimization
	The Derivation of costing equations
	A Thermoeconomic Strategy
	Conclusions
	Nomenclature
	Functions
	Subscripts
	Acknowledgments
	Literature Cited
	Appendix A Lagrange's Method Revisited


	
	12 Essergetic Functional Analysis for Process Design and Synthesis
	A Description of Essergetic Functional Analysis
	Preliminary Second Law Analysis of the Main Thermal Components
	Internal Correction Factors
	Optimum Number of Feedwater Heaters
	Conclusion
	Literature Cited


	
	13 Thermoeconomic Optimization of a Rankine Cycle Cogeneration System
	Description of the Optimization Technique
	System Model
	Results and Conclusions
	Closure
	Acknowledgments
	Literature Cited


	
	14 Application of Second Law Based Design Optimization to Mass Transfer Processes
	Derivation of the Entropy Production Equation
	Application to Simple Tower Design
	Results and Conclusions
	Closure
	Legend of Symbols
	Legend of Subscrips
	Acknowledgments
	Literature Cited


	
	15 Multiobjective Optimal Synthesis
	Generation of the Non-Inferior Set
	Selection of the Preferred Decision
	Example
	Discussion and Conclusion
	Nomenclature
	Greek Symbols

	Literature Cited
	Appendix A: Thermodynamic Background
	Appendix B: List of the Performance Equations for Determining the Non-Inferior Set


	
	16 Multiobjective Analysis for Energy and Resource Conservation in an Evaporation System
	Energy and Resource Conservation in the Process System
	Two-Objective Analysis
	Illustrative Example: Energy and Resource Conservation for a Milk Concentration Process
	Conclusions
	Legend of Symbols
	<Superscript>
	<Subscript>

	Literature Cited


	
	17 Energy and Exergy Estimation Using the Group Contribution Method
	Thermodynamic Framework
	Chemical State
	Dead State (or Idealized Reference State)
	Group Contribution Method
	Specific Chemical Enthalpies of Gaseous and Liquid Chemicals, β0g and β0ℓ
	Specific Chemical Exergies of Gaseous and Liquid Chemicals, ε0g and ε0ℓ
	Specific Chemical Entropies of Gaseous and Liquid Chemicals, γ0g and γ0ℓ
	Examples
	Results and Discussion
	Conclusion
	Notation
	Greek Letters
	Subscripts
	Literature Cited


	
	18 Thermodynamic Properties of Coal and Coal-Derived Liquids Evaluation and Application to the Exergy Analysis of a Coal Liquefaction Process
	Thermodynamic Properties of Coal and Coal-Derived Liquids
	Exergy Analysis of H-Coal Process
	Conclusion
	Literature Cited


	
	19 Thermodynamic Availability of Solar Radiation with Special Attention to Atmospheric Rayleigh Scattering
	Analysis
	Assumptions and Procedures
	Discussion of Results.
	Conclusions
	Literature Cited
	Appendix


	
	BIBLIOGRAPHY
	BIBLIOGRAPHY
	A. Selected Textbooks and General Articles for Background on Thermodynamics
	B. Selected Textbooks and Published Notes on Second Law Analysis
	C. Selected Conference Proceedings on Second Law Analysis and Its Applications
	D. General Publications on the Theory and Applications of Second Law Analysis
	E. General Publications on Second Law Analysis and Energy Utilization
	F. Basic Principles and Applications of Thermoeconomics and Available Energy Costing
	G. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Cryogenic Equipment/Processes
	H. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Desalination Processes
	I. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Fluid Flow and Heat Transfer(Thermal) Equipment/Processes, Including Solar Energy Systems
	J . Applications of Second Law Analysis to the Design, Evaluation and Optimization of Power Plants and Complex Energy Systems, Including Electrochemical, Geothermal, Nuclear and Hydrogen Energy Systems
	K. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Mass Transfer and Separation Equipment/Processes
	L. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Combustion and Chemical Reaction Processes
	M. Applications of Second Law Analysis to the Design, Evaluation and Optimization of Fuel Conversion Processes
	N. Applications of Second Law Analysis to the Optimal Design and Systematic Synthesis of Energy-Efficient Chemical Processes



	
	Author Index

	
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	Z




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090429073712
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     0
     15
     14
     15
      

   1
  

 HistoryList_V1
 QI2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090505144815
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     0
     33
     32
     33
      

   1
  

 HistoryList_V1
 QI2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090505144815
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     0
     21
     20
     21
      

   1
  

 HistoryList_V1
 QI2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090429073712
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     19
     20
     19
     20
      

   1
  

 HistoryList_V1
 QI2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090429073712
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     0
     32
     31
     32
      

   1
  

 HistoryList_V1
 QI2base





