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This paper outlines the basic foundations of a methodology for the
optimum design and performance evaluation of energy conversion
systems. Based on the Second Law of thermodynamics, it simultaneously
takes into account not only the thermodynamics of the system being
analyzed but also the economics of the capital equipment used and the
impactwhichpollution and the use of natural resources(whether related
to the capital equipment or the operation of the system) have on the
environment. The resulting mathematical models incorporate the same
types of assumptions used in more traditional approaches, assumptions
based on good engineering practice. Specific features such as the
introduction of penalty factors for pollution and the use of natural
resources are discussed as well as a consistent Second Law basis (both
Jrom a manufacturing and recycling standpoint) for the value of the
capital equipment used in such systems. A brief discussion of how these
elementsare incorporated into the optimization of an overall model of the
System is presented.
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Nomenclature
B Boltzmann's constant m mass
C concentration factor N Avogadro's number
c rate of thermodynamic costs ORZ  &kologische Riickzahldaur
ct rate of thermoeconomic costs P pollution factor
Ex exergy R replacement factor
Ex rate of exergy S Entropy
ERZ  energetische Riickzahldauer s specific entropy
G Gibbs free energy t component utilization time (1 = (v/%))
K rate of thermodynamique surcharges (a constant) | 7T absolute temperature
K* rate of thermoeconomic surcharges (a constant) Vv total volume of the environmentally effected region
L exergy losses : v vomumetric flow rate
L rate of exergy losses x concentration
Greek Letters
B thermodynamic performance parameter p density
n exergy efficiency T average lifetime of a component or part based on
v frequency of replacing a component or part . economic criteria
g utilization parameter for a component or part ¢ rate of the degree of poliution
Subscripts
ass  assembly 4 transformation process
i pollutant m machining process
m component q pollutant
n component part w cooling water
academics as well) that models the thermodynamic cha-
INTRODUCTION

In the design and/or performance analysis of an
energy conversion system, there are two factors other
than the thermodynamic operation of the system which
play an important role. They are the economics of the
capital equipment used in the cycle and the past effects
of the cycle (i.e., the construction of the capital equip-
ment) and present and future effects of the cycle (i.e., its
operation and the recycling of any used-up capital
equipment) on the environment. All three factors - the
thermodynamics, the economics and the environmental
effects - are presently taken into account to some degree
or another at different stages in the analysis of such a
system. However, they are only considered separately or
in some limited combination or not at all, since a con-
sistent methodology which combines all of them into a
single entity or tool is lacking. The purpose of our pro-
posal is to develop such a methodology, providing a
framework simple enough 10 be practical yet sufficiently
consistent with good engineering practice and the com-
plexities involved in this type of modelling. As a base,
we will use some of the extensive work which has al-
ready been done in the literature by the authors them-
selves and others.

Of the work which has been done, it is that
which comes from the field of thermoeconomics [1-18]
which, along with some of the new ideas presented here,
provide the basis for our methodology, for being able to
simultaneously consider in a single mathematical model
the factors listed above. It is with such a single model
of all the above factors that an "optimum” design and/or
system performance can be found.

This contrasts with the more traditional approach
still used in industry today! (and to a large extent in

racteristics of a system and then considers the economic
(and sometimes environmental) characteristics separa-
tely, iterating back and forth in order to find the "best”
solution. In fact, the most that can be hoped for with
this traditional approach is the best cycle among a limi-
ted number actually examined (in the case of Figure 1,
three), a "best” which will more than likely not corres-
pond to the "optimum” (again see Figure 1).
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Fig.1 The design space of conceptual designs.
In either case, finding the "best” or the
"optimum” design is centered around a problem best il-
lustrated by the classic example of a heat exchanger. In
order to reduce its thermodynamic losses, the goal is to
make it as efficient as possible. For a fixed heat transfer
area and flow configuration, this requires balancing
competing heat transfer and fluid flow irreversibilites in
a way which minimizes them (see Figure 2 [21]).
Further minimizing these losses by varying the heat
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transfer area results in the optimum thermodynamic so-
lution of an infinite heat transfer area. Such a result is,
of course, not feasible; but even a large finite heat trans-
fer area may for economic reasons not be practical.
Thus, the thermodynamic balance of competing heat
wransfer and fluid flow irreversibilities is incomplete and
must be altered to include the economic considerations
represented by the heat exchanger's capital costs (used
here in the broadest sense of the term to include invest-
ment costs, maintenance, replacement, etc.) in order to
arrive at a realistic or feasible solution.

Fig. 2 Thermodynamic optimization structure of a heat
exchanger [21].

However, even this balance is incomplete since it
lacks the environmental considerations which may be
pertinent not only to the use of the heat exchanger (or
system) but to its construction and recycling as well.
Including these environmental effects is justified on the
basis that our present system of pricing energy (or more
appropriately, exergy - see explanation below) results
from an incomplete set of markets. These markets (as
outlined by Faber, et al. [22]) are the supply and demand
market (which includes the economic considerations as-
sociated with the capital equipment and fuel), a complete
set of future markets (those markets which will exist or
not exist depending on our present use of natural re-
sources) and a complete set of markets dealing with the
impact of environmental pollution. It is the nonexis-
tence of this complete set of markets, which is the case
when supply and demand. are the sole market factors,
that leads to prices on exergy being too low. Thus, en-
vironmental factors, i.e., future markets and markets
dealing with environmental pollution, must also be
considered. This can be done in two ways: by state in-
tervention or by mathematically and thermodynamically
accounting for the pollution of the environment and the
effects on future markets of the extraction, regeneration,
replacement and recycling of natural resources. State in-
lervention is seldom a good approach since it is difficult
to reflect true market conditions in this way. The second
option, however, can lead to a more realistic pricing
Structure; and it is this option which is developed here
as an integral part of our methodology.
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GENERAL ASPECTS OF THE APPROACH

The economic factors used in the design and/or
performance evaluation of energy conversion systems
always have as a base the thermodynamic parameters
which characterize the system and its components.
Thus, when speaking of economic considerations, one
speaks of the variations, for example, in component ca-
pacities or component heat transfer surfaces with the
monetary cost of each component. As the costs increase,
so do the capacities, surface areas, etc. Even though this
variation is not on a one to one basis, the trends are the
same. Thus, one can think in terms of actual monetary
costs or in terms of the thermodynamic costs since the
latter can always be converted to their monetary equiva-
Ient at any point in the analysis. This can be seen in
Figure 3 [23] in which the diagram of Figure 2 has been
modified to include the effects of the material
(thermodynamic costs or material irreversibilities - see
explanation below) on the heat exchanger design. As can
be seen, an infinite heat transfer surface is no longer the
optimum solution, a fact which reflects the economics
of the design.

Fig. 3 Thermodynamic optimization structure of a heat
exchanger when material considerations are included [23].
Thus, it is the thermodynamic costs which we
will be the focus of our methodology since it is only
with a thermodynamic basis that our approach can be
made generally applicable. The link to the monetary va-
lues is not made until the final step of our development.
Now, outside of the actual performance characte-
ristics of the cycle being analyzed, these thermodynamic
costs must reflect the existence or more appropriately
the manufacture and recycling of the capital equipment
being used in the cycle plus the effects that the opera-
tion of the cycle has on the environment and the effects
that the manufacture of the equipment had and its recy-
cling will have on the environment. One must, there-
fore, consider not only the present cycle or process
being analyzed but the process of recycling and the en-
ure chain of manufacturing processes (see Figure 4) lea-
ding up to the final one beginning from the extraction



26

of the raw material and continuing through its transfor-

mation, machining and assembly into capital equip-
ment. Thus, decisions on design or operational changes
in the final process will and more importantly should be
based not only on the primary sources of energy used
and produced in this process but also on the energy re-
quirements, losses and products - the so-called "grey
exergy™? (analogous to the term "grey energy” [25]) - of
the recycling and manufacturing processes tied to this
process. Decisions on the basis of such considerations
may, in fact, be different from those which might be
made on the basis of the final process itself.

Environment Wasies : Wastes
Resources T or. ( Products Products
ransfor- comp. parts ing (comp. parts)f Assembl
- | ation — g | Machining P ol m’
Wastes
{components)
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- Process Process
% for example,a
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** W, ** or power plant
astes Wi
Resources Resources e

Fig. 4 Flow diagram of the processes involved from the
point of extracting the required natural resources to the
production of electricity and/or heat and the recycling of
used-up components.
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Fig. 5 Rankine cycle representation depicting losses
and associated environmental factors.

Obviously, this requires extending the system
boundaries of our final process to include these other
processes as well as the environment, which from a
practical standpoint makes the problem intractable.
However, what can be done instead is to keep the origi-
nal system boundary and to account for the external fac-
tors - environmental effects both past (previous pro-
cesses), present and future (recycling process) and the

2 1t should be noted that “"exergy” or potential work is more
limited in scope than the more general concepts of
“essergy” [6,10] and "coenergy” [24] since its definition is
process dependent. “Essergy” and "coenergy”, on the other
hand, are process independent and, in fact, encompass

manufacture and recycling of the equipment - by ther-
modynamically assessing a value for each and then
using these values, along with the actual thermodyna-
mic performance losses or costs which occur in the final
process or cycle, in a minimization of all the thermody-
namic costs. As an example, equation (1) shows how
the total system losses (the L with subscript "system
total”) of the Rankine cycle depicted in Figure 5 would
be augmented by some of the external factors Jjust men-
tioned (the L's with subscript "material exergy” and the
environmental functions P, C and R representing, res-
pectively, the effects of pollution, the extraction of na-
tural resources and the replacement of components or
component parts).

L.ryﬂem thermodynamic L

L total = : ‘mat. exergy, in
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FLoss exergy, ous I
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I;, thermodynamic = Leombust ocle +Lsuchk @
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The first term on the right in equation (1) repre-
sents the losses in the current production process, i.e.,
the Rankine cycle, plus a penalty factor C associated
with the extraction of the raw material used as fuel and a
penalty factor P associated with the pollution due to the
combustion process and any thermal pollution resulting
from the condensing of steam. This term can actually be
thought of as the sum of the system's thermodynamic
losses and an environmental penalty function which is
characterized by the penalty factors mentioned above and
the losses which occur within the system itself, i.c.,

Lsystcm':nugmcwd losses = Logys. therm.

+ @ pmyironment (PrCo Ly perm ) (4)
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Now, turning again to equation (1), the second
term on the right represents the losses associated with
the processes of transformation and machining (L) (see
Ref. [26]) and of assembly (L,,,) (see Ref. [26]) of the
capital equipment used in the Rankine cycle [26,23,27].
The relationship between these losses and the rate at
which these losses are introduced into the operation of
the Rankine cycle is given by the mean life time ¢ of
component/plant utilization and the function f which de-
fines the relationship between the performance characte-
ristics (B) of each component and the losses associated
with their manufacture. Although not explicitly shown
in equation (3), these loss terms already include (see
Ref [261) the nolliition axtractinn and romla oo ame Fon



The third term on the right in equation (1) repre-
sents the losses associated with the recycling of capital
equipment which no longer functions in the cycle. It is
expressed in a fashion similar to that of the material
exergy losses of the manufacturing processes given by
equation (3).

This type of approach has been used in a similar
fashion in the study of biological systems [28,29].
These systems (the human being in particular) maintain
themselves at the expense of their environment. In ef-
fect, the entropy of a healthy adult is constant during the
course of years because the irreversibilities or losses
which occur in the interior of the body are compensated
by the fact that the entropy of the food that the body ab-
sorbs is less than the entropy of the wastes that it re-
jects. In other words, the human being would be the site
of an increase in entropy if it were not able to reject
wastes to its environment. Thus, as with biological sys-
tems, a like approach for energy systems is proposed so
that the increase in entropy due to external elements (the
degradation of the environment, etc.) is taken into ac-
count (as described above) by artificially increasing the
exergetic losses of the system while maintaining a
boundary which includes the cycle itself but not its sur-
roundings or any additional processes.

Now, as should be apparent from the termino-
logy such as exergy, thermodynamic losses and irrever-
sibilities which have been used here, a Second Law ap-
proach is envisioned. There are at least two primary rea-
sons for this although several others exist. The first is
that even the thermoeconomic approaches in the litera-
ture based on energy as opposed to exergy constrain
their search for an optimum subject to the thermodyna-
mic functions of state such as pressure, temperature, €tc.
Furthermore, in a heat exchanger, for example, the
exergy losses due to friction are directly linked to the
pressure losses of the flows. Thus, regardless of the ap-
proach, the Second Law is implicitly or explicitly pre-
sent. As a consequence, the extended thermoeconomic
approach proposed here is based on the First and Second
Laws of Thermodynamics and in particular on exergy.

The second reason which is also tied to the first
‘is that a great number of industrial processes involve
heat directly (the melting and tempering of metals, the
production and distribution of heat, drying, etc.) for
which the value of energy (the First Law) is not suffi-
cient since this value provides information solely on the
quantity of heat and not on its quality (e.g., its level of
temperature). In contrast, the heat's exergy value
(Second and First Laws) does both. Certain paramelers
which have been introduced into the literature recently
such as the ERZ (energetische Riickzahldauer) and ORZ
(okologische Riickzahldauer) coefficients [30] are inte-
resting but are based solely on the First Law and, thus,
lack the completeness which comes with the Second. Of
course, for processes and products which deal exclusi-
vely with "noble” forms of energy (electricity, mechani-
cal work, etc.) or forms which approximate these
{combustibles, etc.), an energy based approach may be
sufficient (from a global but not a detailed level) since
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that of an approach based on exergy. However, the
difference becomes important if, for example, the
exergetic levels between the different products or
between the grey energy and the products is significant.
It seems rather inappropriate to compare on equivalent
terms the grey energy needed to produce a solar collector
frame (e.g., of aluminum) and the energy at low
temperature received from the collector throughout its
lifetime. Thus, for this reason and the others stated
above, it is preferable to work with the two Laws of
thermodynamics combined (e.g., in the form of exergy)
since the majority of industrial processes deal with
many different kinds of energy.

SPECIFIC ASPECTS OF THE PROPOSED
APPROACH

At this point, some of the specifics of the initial
ideas which will be used in the development of our me-
thodology are in order. The purpose of the factors and
the losses which were briefly discussed above is to in-
clude them in the mathematical model of some energy
conversion process (e.g., the cycle of Figure 5) in order
to optimize that process or system. Such a model can be
purely thermodynamic in nature and as such represent
solely the thermodynamic costs of the system’s opera-
tion, its subsequent impact on the environment and the
use of its capital equipment. If it is thermoeconomic in
nature, the model represents the actual monetary costs

‘associated with the thermodynamic ones. Figure 6 de-

picts a breakdown of theses different types of costs
(purely thermodynamic or monetary) and the balance
which must be struck between the equipment costs and
the operation of a cycle in order to arrive at some opti-
mum.

The model itself consists of an objective func-
tion (either thermodynamic or thermoeconomic) and a
set of constraints which describe the operation of that
system. The optimization of the thermodynamic model
is useful for guiding the design or operational decisions
of a single system or in making comparisons on a pu-
rely thermodynamic cost basis between varying techno-
logies which are meant to accomplish the same task.
The optimization of the thermoeconomic model is use-
ful for actually refining the comparisons and specific de-
sign or operational changes of the thermodynamic mo-
del's optimization.

Returning again to Figure 5 and equation (1), the
total losses L (or the rate of these losses) of the system
can be included for the purposes of optimization in an
overall thermodynamic objective function for the cycle
which takes into account external factors effecting the
environment and the manufacture and recycling of the
capital equipment. Letting :

Extxkawt + Excooling (7)
[P(HHHC(AG) pnt]
represent the losses due to a transfer of heat and mass
across the system boundary, the thermodynamic objec-
tive function can be written as

Ex.ry:lem': augmented boundary losses =

minimize Cp = EXpmareriat + Loystem tota

. e 7ON
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where K is a constant representing any thermodynamic
surcharges and C,m, (the total thermodynamic costs) is
minimized at constant system load (e.g., for the cycle of
Figure 5, a power output which remains constant) sub-
ject 1o a set of constraints representing the thermodyna-
mic interactions within the cycle and where

EX psteriat = EX pgreriat in = EX material o ®
Total Capitai

/ Caost
Engineering,

Overhead, etc.

/Capiul Costs

Ecological
Capital Costs

Total Cost

"best” design
point using &
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} \
O,

Material Exergy
Capitai Costs

e

[ Total Fuel Costs

Costs

L +
Ecological Costs
of Production

Base Fuel Fosu \
. - \Cyclc Efficiency
Cycle Efficiency 1 Fuel Costs

Fig. 6 Balance and breakdown of costs (thermodynamic
or monetary).

An equivalent expression for equation (8) can be
found based on a classical exergy balance for the system
(equation (13)) and equations (1), (11) and (12) such that
the objective function is

minimize Cxoml = Exmnd + merialmrgy

+EX yrem's cugmensedresonrces + K (10)
where
Lmun'almrgy = Lmun'almrg,in + Lmun'almrxy,ont an
. Ex.,,
Epsnsmaranees = e oo 2
and the balance is
Ex fuel = i‘mtemlhcrmodymm’c + Exaham
+E'xmo,w + E'xpo,,, (13)

Note that since the optimization of equation (10)
or (8) occurs at constant Ex,,,,,,, this power term is
excluded from both equations. Furthermore, this alter-
nate form (equation (10)) of the objective function
(equation (8)) aids in defining the transition from purely
thermodynamic costs to the monetary costs represented
by the thermoeconomic objective function

minimize C,f,,a, =C c’ap‘-ueq,dpm,u + C’f-,“, +K3 (14)

Now, retuming to the objective function of equa-
tion (8), the total system losses (equation (1)) consist of
both thermodynamic and material losses. The former is
augmented in the example of Figure S by two pollution

factors P which account, respectively, for the pollutants
due to the exhaust gases from the combustion process 1n

these factors take is based on ideas initially presented by
Kiimmel [31] and further developed by Faber, et al. [22]
in which the effects of the pollution are measured by a
function which varies continuously between one (no si-
gnificant pollution) and some small value greater than
zero (the worse case). This is shown in Figure 7.

1.0
P(4)
0.5
0'0 R ]
0.5 ¢i 1.0
4 ichen

Fig. 7 The pollution factor.
In equation form, the pollution factor is written
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Note that the denominator in equation (19) is the
volumetric flow rate of pollutant i while the numerator
is the total volume of the environmentally effected re-
gion.

The pollution factor itself is based on the rate of
change of entropy associated with each type of pollutant
whether it is one of the common pollutants due to com-
bustion or a fluid at a temperature high enough that
when it comes into contact with the environment (a ri-
ver or a lake, for example) it results in thermal pollu-
uon. The rate of change of entropy of each pollutant per
unit volume (that volume associated with the environ-
mentally effected region) is defined as the total degree of
environmental pollution, ¢,. It is the rapidity and spatial
concentration of this increase which endangers the eco-
logical balance [31]. The value ¢, is called the critical
upper limit for each pollutant, a value which society
sets and which reflects the limit above which the pollu-
ton effects become very costly and no longer accep-
table. The parameter ¢, (or the rate of) is the natural
purification rate of pollutant i by the environment and is
rvnically caome fractian of & /1
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and, thus, the costs or penalties incurred. This parameter
can also be used to parametncally reflect things such as
the height and position of the pollutants entry into the
environmentally effected region since both may effect
how the pollutants actually impact the environment

The term, ¢_,, is a characieristic time which re-
lates the volumetric flow rate of pollutant { with the to-
tal volume of the environmentally effected region. Such
a region represents the volume which is typically cho-
sen in an environmental impact study as a function of
the geographic and meteorological conditions at a given
site. Of course, for certain types of pollutants such as
CO,, this volume may, in fact, become quite large.
This does not pose a problem, however, since the limi-
ting value of the pollution factor P as this volume ap-
proaches infinity can be used.

* Now, again tumning to Figure 5 and equation (1),
the rate of the thermodynamic losses of the system can
be further increased by the concentration (or extraction)
factor C of the fuel used. It represents an additional cost
or penalty which might be incurred due to the lack of
the abundance of a particular type of fuel (locally and/or
globally) and/or the difficulty of extracting it. Figure 8
shows the behavior of this function which as with the
pollution factor varies continoously between one (no
penalty) and some very small number greater than zero
(large penalty). Even if this type of effect is already ta-
ken into account in terms of the economics or market
price of the fuel, this factor provides a thermodynamic
basis for these costs, so that even in a purely thermody-
namic analysis this effect can be taken into account. In
equation form, the concentration / extraction factor is
written as

1
C(AG;)=[CXP(%]+II 20)

where

C(AG;) = C(AG;)u . or C(AGR,,) @2n
AG,; is the change in the Gibbs free energy of the
extracted raw material (i.e., the minimum energy
(exergy) requirement) which is a function of the entropy
change of this material and the temperature at which the
extraction takes place. As can be seen in Figure 9, this
change in entropy depends on the concentration x of the
raw material [22). The lower the concentration and the
higher the temperature, the greater are the energy
(exergy) requirements for extracting one mole of this
material.

1.0

C(AG)
0.5

0.0

AG;

T
Fig. 9 Concentration as a function of the Gibbs free
energy and temperature.
In equation form, this is given by
AG; = -TAS; =—(TXNXB)

x[log(x)+l_Txlog(l—x)} (22)

where N 15 Avogadro’s number, B Bolizmann's constant
and AS; the entropy change per mole of extracted raw
material i. Of the remaining terms in equation (20),
AG,_ is the critical upper limit for AG; corresponding to
the concentration below which it becomes economically
unattractive to extract any more of the raw material.
AG ;, on the other hand, is a sensitivity parameter
which may, for example, correspond to the con-
centration below which the extraction is still economi-
cally viable from an energy standpoint but is not from
an abundance standpoint. In other words, the local and/for

- global scarcity of this material and, thus its effect on fu-

ture markets is taken into account by an increased pe-
nalty in the concentration factor.

It should be noted here that the pollution and
concentration factors are not all inclusive in that other
external effects to the system may need to be taken into
account as well. One of these is the replacement factor
R ,(6) in Figure 5) and it is discussed in some detail in
Ref. [26]. The identification of other factors is a part of
our future work.

MATERIAL EXERGY AND ASSOCIATED
LOSSES

The following discussion specifically centers on
the losses and material exergies of the manufacturing
processes (Lmn'al exergy, in and Exmnun'al ¢x¢rgy,in)' A
similar type of approach applies for the recycling
process (Lmnal exergy,out and Exmenal mrgi, oul) .

As shown in Figure 4, the processes of manu-
facturing a component can be broken down into three
basic processes. For a heat exchanger, these can be des-
cribed as the transformation of minerals into the primary
forms of material (Figure 10), the machining of the
primary forms of material (e.g., cube, wbe, sheet, etc. -
Figure 11) and the assembly of the various machined
parts. Figare 11 is based on a division of the heat ex-
changer into six parts which form the basis for evalua-
ung the exergy losses (equations (3), (23) and (24) and
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manufacture (see Ref.[26] for more details). As seen
from this figure, these six parts are the tube bundle, the
tube plates, supports, shell and header.

PRIMARY FORM  Materisl Exergy
OF MATERIAL  and Exergy Losses

Second Law
Efficiency &Ly ﬂ whe B oo o Linse
t

T shoer D sheet Euh.um . Luhu
Mineral

@ abe Exmb:ou' Lxede
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St fod Eqn-ndfns- M L‘p—ih

Fig. 10 Transformation processes.

The assembly process is also broken into several
intermediate stages and a final stage which assembles
the results of the intermediate ones. The former can be
broken down into testing for air and water tightness,
mounting the headers, welding of the shell to the mbe
plates, mounting and expanding the tubes on the mbe
plates, welding the supports to the tube plates and
baffles and the intermediate assembly required to realize

the six parts depicted in Figure 11.
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Fig. 11 Machining processes.

The material exergy which results from all of
these processes is the exergy content of the final product
(in this case the heat exchanger). This value will depend
on the inputs and efficiencies of the various manufactu-
ring processes involved. The material losses, on the
other hand, will be a sum of all the losses which occur
in these processes, a result given by the following rela-
tions :

6
Lotericlexergyin = Z L, +L,, 3

n=]

where each L, represents some combination of the

Avwoaririr Foame tmeeet v b ol v g v o e e -
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| D Emourn)* Em)a ~ Tass)

Ly, = \asi (24)
(PCR)

where the n refer to the various parts of the heat

exchanger. This term accounts for both the intermediate

and final assemblies.

Many of the values required for these equations
and the material exergies can be found directly in the li-
terature [32-35,24] since many of the manufacturing
processes described above have already been analyzed.
Values for those which have not must be established in
order that the database required for the approach presented
here gradually becomes more complete. For a more de-
tailed discussion, the reader is referred to Ref. [26].

Also, as was discussed earlier, the loss term,
L pteriat exergy,in» 1S introduced as a rate term (equation
(3)) into the thermodynamic objective function by using
the mean lifetime ¢ of component utilization and a
performance function f. For the heat exchanger, this
performance function turns out to be the well-known
number of transfer units (NTU).

One final thing which should be mentioned is
that the summation of the losses which occur in the va-
rious processes just discussed introduces a certain
amount of error since the reference environment used for
each process may not be exactly the same. However,
two points can be made concerning this. The first is that
these processes primarily involve chemical and mecha-
nical types of exergies. With the latter, no reference
state or environment is required. With the former, varia-
tions from that of the dead state or reference environ-
ment of the standard temperature and pressure associated
with the chemical exergy are small and have little effect
on the chemical exergy. In addition, as long as a sui-
table common reference level for the chemical exergy is
chosen, then no problem arises in the calculation of the
chemical exergies and the internal and external losses as-
sociated with them. As suggested by Szargut, et al.
(32], such a reference level must be consistent with a
separate reference level for each chemical element taking
part in a chemical reaction (internal exergy losses) and a
conventon which allows for the correct calculation of
any associated external exergy losses (e.g., those asso-
ciated with the interactions of the wastes with the envi-
ronment). A reference environment satisfying these cri-
teria is given in Ref. [32].

As 10 the second point mentioned above, most of
the processes which have been described occur at fairly
high emperatures (e.g., welding, molding, etc.) so that
slight changes in the reference environment or dead state
have negligible effects on the physical exergies
(temperature and pressure effects) calculated. If such dif-
ferences do become significant, corrections can be made
using weighting factors such as those suggested by
Evans and von Spakovsky [6] which account for the
existence of multiple dead state environments.

CONCLUSIONS
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systems has been presented. This methodology incorpo-
rates into a single entity the thermodynamic, economic
and environmental (pollution, utilization of natural re-
sources, etc.) effects which presently are only taken into
account separately or in some limited combination or
not at all. It also establishes a thermodynamic founda-
tion based on the Second Law for the costs associated
with the capital equipment used. The optimization of
the thermodynamic models which result from this me-
thodology can be used in guiding the design or operatio-
nal decisions of a single system or in making compari-
sons on a purely thermodynamic cost basis between va-
rying technologies which are meant to accomplish the
same task. The optimization of the resulting thermoe-
conomic model can be used to actually refine the compa-
risons and the specific design or operational changes re-
sulting from the thermodynamic model's optimization.

Application of this methodology is presently
being pursued for various energy technologies (heat
pumps, cogeneration, etc.). The problems to be solved
are complex. However, the essential idea of preserving a
classic system boundary and accounting for the past,
present and future environmental and process oriented ef-
fects which this system has can make an intractable
problem tractable.
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