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Abstract

The special approach to thermodynamic analysis and modeling oriented onto thermodynamic
analyzes has been presented. The modern power engineering systems differ mainly by goals of
optimization from the process & chemical engineering ones. That is why they should be analyzed in
a slightly another way. The needed features are the simplicity; conformability with real processes ran
in real devices and independence on the system inner structure. Obviously the exergy method of
thermodynamic analysis should be used. It is possible after some problems of its applications have
been overcome. The discussion bases on the technological scheme of the so—called clean coal
combustion system.

Abstrakt

Specialni pfistup k termodynamické analyze a modelovani je prezentovan. Moderni energetické
systémy se odliSuji cily optimalizace oproti systémiim chemického a procesniho inzenyrstvi. Proto
musi byt analyzovdny jinymi metodami. Hlavnimi vlastnostmi je zjednoduSeni pfisptisobivosti
s realnymi procesy v energetickych zafizenich a jejich nezavislost na vnitini struktufe systému.
Obvykle je vyuZivana exergetickd metoda termodynamické analyzy. Pocate¢ni problémy s jeji
aplikaci byly uspésné vyfeseny. Diskuze je zalozena na technologickych schématech Ccistych
uhelnych spalovacich systémi.

1. INTRODUCTION

Modern power engineering systems (PESs) become more and more complex. They do not only
contain processes typical for the mechanical (power) engineering like compression, expansion in
a turbine or heat exchange. They have to take into account processes typical for process & chemical
engineering systems (PChESs) like chemical reactions, substance separation and so on. The chemical
reactions that are to analyze in modern PESs are not only complex processes of fuel combustion, but
also gasifying processes. There is often needed to foreseen emissions and to reduce some of flue
gases components, e.g. the sulfur oxides SO,. The NO, emissions can be reduced by the appropriate
run of the combustion process (regarding its thermodynamics and fluid mechanics), and the CO,
emissions by the fundamental new system structure and use of new processes, which are typical for
PChESs, in particular the absorption (the so—called CO,—wash).

It can be stated that the analysis of PESs becomes similar to the analysis of PChESs. The
statement, however, is a very apparent one. The existing, very sophisticated modeling and analysis
methods and appropriate tools for PChESs can not be directly applied that easy for modern PESs. In
the first case the substance as a product is the goal, in the second one, however, the energy. Although
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some requirements to standards should be fulfilled, e.g. that of emissions, the most important
characteristics and demand is the power (energy) output. In the case of PChESs there are practically
an infinite number of structures (or... cycles). E.g. a very small amount of a particular substance
should be obtained for pharmaceutical or cosmetics branches and the appropriate huge and complex
PChES should be built and operated. Hence, very flexible methods for its analysis have to be applied.
In fact, the economy is not the most important factor. In opposite to them PESs are usually very
typical structures (the very good known thermodynamic cycles of heat engines), even systems of
modern power technologies. They can differ only by a special fuel application (e.g. biomass) or by
emissions reduction utilities of particular components. In Fig. 1 the example of a simple PES (the
clean coal combustion system, the so—called Integrated Gasification Combined Cycle, but without the
CO-shift, i.e. the CO conversion process: CO+H,0—CO,+H,). The main goal of the system first is
to achieve maximum energy output with an optimized CO, emission. Will be the system treated as
the PChES then the goal of its operation is to produce carbon dioxide CO, with appropriate energy
supply and recovery. The main goal of such a system, however, is to achieve maximum substance
output with optimized energy consumption, Fig. 2.
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Fig. 1 The clean coal combustion system (simplified IGCC)

In Fig. 1 has been presented one of the modern power systems (simplified), which should fulfill
the special requirements due to CO, emissions. There are three possible ways to build such CO, free
(or CO, poor) power systems. One of them is the presented one, the so—called Integrated Gasification
Combined Cycle, [1]. Besides, clean coal combustion can be achieved using the so—called Post
Combustion Cycle where the carbon dioxide will be separated after the fundamental power processes
have been done, i.e. at the end of the fuel-flue gases track. The third group of clean coal combustion
is the so—called OxyFuel Method, in which the oxygen from the air separation device will be supplied
to the combustion chamber, and after the fundamental power processes have been occurred, the water
steam will be condensed and the pure CO, stream obtained.
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Fig. 2 Power Engineering System (PES) vs. Process & Chemical Engineering System (PChES)



There are two main ways of CO, utilization: either it is pumped into the underground caverns or
used in the so—called CO,—chemistry (instead of coal, oil and natural gas).

2. THERMODYNAMIC APPROACH

For usability analysis and optimization of PChESs there have been worked out some special
methods, which are not strictly thermodynamic ones. E.g. the so—called process integration is widely
used for chemical engineering systems analysis because of the very practical existing software. In
fact it is applied for energy supply optimization, especially the heat recovery in particular processes
of a complex system. It can be stated that is has been developed to avoid problems in advanced
thermodynamic analysis in the early seventies of the last century. The problems arose by taking into
account the exergy method. Appropriate approaches for typical chemical processes like chemical
reactions or technological mass transfer processes (rectification, absorption, and so on) were not
ready at that time, and the need for special optimization methods was very essential.

The founder of the most advanced existing optimization method for PChESs has pointed out that
in fact they are thermodynamic approaches and the appropriate thermodynamic quantity is exergy,
[2]. Moreover, other researchers point out the importance of the exergy analysis for improving
system’s operation. E.g. ,Increasingly environmental issues are coming more to the fore. An
approach to considering environmental issues has been to consider exergy utilization. The tools of
process integration also utilize this concept. It is a widely held belief that greater integration
contributes to greater control difficulties particularly because of the energy recycles causing greater
interactions”. And ,,Exergy is the useful energy that can be used in a process. It can easily be wasted
by inefficient use of heat and mass transfer fluxes. The optimal thermodynamic operation of a heat
exchanger for example is achieved by a small temperature difference between hot and cold streams. It
was shown that major reductions in exergy loss could be achieved by optimizing the heat transfer
conditions”, [3]. The statement of the author of the contribution cited was that the exergy analysis is
essential and indispensable. The very interesting trials to optimize the power output (and not the
useful work output) using the so—called Finite Time Thermodynamics did not bring any useful results,
e.g. [5]

Because of the major importance of the energy in the PESs (maximum output power!), the
exergy analysis for these systems is a natural way of analysis and optimization. The exergy is the
thermodynamic property, which is every day used by a power engineer (according to [6] or [7]: Der
Energiebegriff des Energietechnikers und Energiewirtschaftlers deckt sich nicht mit dem
Energiebegriff des Physikers, sondern weitgehend stimmt mit dem Exergiebegriff tiberein).

There are some misunderstandings to the exergy concept. The most popular and probably the
only logical way of defining exergy is making it symmetrical to the free inner energy (Helmholtz
potential or function) or to the free enthalpy (Gibbs potential or function). The energy consists of two
parts: the first is the convertible one (exergy) and the second one is the inconvertible on (anergy).
This statement formulated by Zoran Rant is the so—called exergy impression of the 1. Law of
Thermodynamics, e.g. [8]. Thus, the exergy is the maximal part of energy (i.e. system energy or
energy interaction), which in the presence of natural environment can be converted into any other
form of energy (i.e. system energy or energy interaction), especially into the useful work. In addition
to it, the term “maximal part” is a requisite for the reversible energy conversion.

In the subject literature there is another definition promoted very strongly, which is a very
original (or personal) one and in fact does not fulfill expected aims (the discussion in [9]). Because of
its rarity it can not be applied in the praxis of thermodynamic analyzes, although it marks some new
problems.

The unsolved subjects in applying the energy method for analyzing complex technological
systems were:

—  the lack of the universal rating quotient that would express the obvious advantages of the
energy concept (irreversibility’s and the natural environment), and which would be in the
only logical range between zero and 1;



— no method of investigation of the influence of the particular constituent process
thermodynamic efficiency onto the in the same way defined thermodynamic efficiency of the
whole systems;

—  the variable natural environment intensities, especially the temperature and pressure, which
have to be held constant during the analysis.

These three problems have found their solutions, which do emphasize the exergy concept advantages.
The third problem mentioned above is in fact not an obstacle because it allows a very important
influence analysis of the variable natural environment onto the energy conversions in a system (the
early discussions in [10]-[11]. The very good known experience is the operation of the automobile
engine by different environmental temperatures, pressures and air humidity. The same is valid for
every technological system, especially for a complex one. The first problem has been solved by
taking into account the very special property of the exergy concept in processes crossing the natural
environment intensities. It has been stated, that the whole exergy changes in such processes do
consist of two parts: the created and the disappearing one. E.g. while supplying heat started from
temperatures below the environment temperature T, the system exergy gets lower (disappears) and
after crossing the value of Ty, it gets higher (will be created). Thus, the total system exergy change in
the process consists of two parts or it is an algebraic sum of the disappearing and created one. The
same refers to the heat exergy supplied. The problem solution of the process exergy rating using the
universal exergy rating quotient, the so—called thermodynamic effectivity, has been worked out in the
research team of professor Wolfgang Fratzscher, one of the most important founders of the exergy
method of thermodynamic analysis, [12] presented later on in its matured form e.g. in [9]. The
thermodynamic effectivity rating quotient allows also a solution of the second problem mentioned
above.
*

The exergy balance of a particular constituent process of a complex system is thus divided into
created and disappearing exergy parts (or ,,exergies”) whereby the thermal, mechanical and chemical
terms are do be distinguished. E.g. during gas compression the technical (shift or useful) work is
supplied; the gas pressure and temperature increase. The supplied work is exergy (its anergy equals to
zero), and the increased gas exergy consists of the thermal (temperature change) and the mechanical
(pressure change) parts. Hence, the useful work supplied will be the exergy disappearing in the
process, and the gas thermal and mechanical exergy change the exergy created. Thus, he last ones
will placed in the numerator of the appropriate process rating quotient, the thermodynamic
effectivity, and the work into its denominator. If the heat exchange is present, i.e. the compression is
not an adiabatic one; the exergy of heat carried away in the process will be an advantage and will be
placed into the numerator. Cooling in a gas compression means a better thermodynamic efficiency,
which is expressed by the thermodynamic effectivity quotient. And this is a very logical — one can
say an obvious — conclusion, very good known in thermodynamics.

The process effectivity is in general
2E
whereby it results from the exergy balance in a form
ZE; g ZE; + 7:)ASirr
This equation shows that in an analyzed process exist i disappearing (superscript —) and j created
(superscript +) exergies. It does not mean, however, the equality sign should be placed instead of
a pointer: every term of the classical exergy balance can consist both, of the disappearing and created

exergies, ¢.g. [8]-[9]. Joining all the disappearing and created exergies, which occur in complex
systems of an unrestricted structure consisting of m constituent processes,
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the thermodynamic effectivity of this complex technological system is
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whereby

The main disadvantage of the presented method is that the thermodynamic effectivity quotient
approaches the value one, if it contains a very large number of constituent processes. E.g. for infinite
process number yields

limegg =1

independently of the Second Law irreversibilities. Thus
Vm —0

On a contrary, for a system consisting of only one process it will be
lime; =¢, or Vo =1

m—l

respectively. It is obvious that this circumstance confirms the correctness of the presented method. In
[9] the way of overcoming these difficulties has been discussed. Nevertheless, the decisive advantage
of the method presented above is the possibility of the complex system sensitivity investigations
using the mathematical weight coefficients y,. Moreover, the last analysis can be made for different
values of natural environment intensities, especially the temperature 7). Computations of simplified
power systems containing chemical reactions of combustion and gasifying have confirmed this
statement and pointed out the correctness and usefulness of such analyses.

3. MODELING APPROACH

The modeling approach should be strictly oriented onto thermodynamic analyzes. The basics of
such a method have been worked out in the research team of professor Wolfgang Fratzscher, [12]—
[13], and later on developed and tested many times, e.g. [14]-[17]. The most powerful modeling
approach uses dimensionless parameters of numerical values between 0 and 1 that can univocally
determine the process in the praxis.

The processes that are parts of complex technological systems, especially the power engineering
ones, can be divided into:

—  working (or pressure changing) processes;
—  equilibrium approaching processes;
—  supporting (or coupling) processes.

The working processes are the most popular pressure changing processes in compressors and
turbines with or without heat exchange with surroundings (cooling by compression, heating up by
expansion). The equilibrium approaching processes are all heat and substance exchange processes in
heat exchangers and absorbers (desorbers) and chemical reactions. To the last group belong such
processes like simple water vaporization to obtain water steam (e.g. for chemical reactions),
throttling, etc.

After detailed analyzes have been made there could be stated that for univocal determining of
pressure changing processes in compressors and turbines the obviously known polytropic efficiency
is very useful. With its help the main thermodynamic parameters of the most important working
processes can be calculated: the useful (i.e. technical or shift) work, heat exchanged and



irreversibilities. There are known polytropic efficiency experimental values for the typical pressure
changing processes, e.g. [13]. For compression processes it is defined as
e fvdp om k-1
T com _Z_ jvdp-ﬂ—qm - m—1 k
and for expansion ones (in a turbine, detander, which is an expansion machine working in
temperatures 7<T, and so on) as

lt;_j‘}dp+qirr _m-1 k

n m,exp = -

l Ivdp m k-1
Numeric values of these quotients lie always between zero (no process) and one (a perfect,
reversible adiabatic process). Irreversible heat losses g, due to the irreversible entropy production
according to the Second Law (g;,=T"As;,) are not heat losses because of the non—adiabatic apparatus
characteristics; they are the so—called friction (or throttling) losses, [18]-[19]. The above
dimensionless parameter can be also applied to the water—cooled compressor units, while the
water/gas heat exchange will be assumed to occur in a separate cooling device (heat exchanger). In a
case of cylinder cooling, the appropriate polytropic efficiency is also applicable to get the exponent

m, thus the heat exchanged with surroundings (more details in [12]).

t,m

It should be mentioned here that the problem of polytropic efficiency is very rarely discussed in
the conventional thermodynamics monographs. One of the positive exceptions is the text-book by the
late professor Tadeusz Haupt, where the problem is very carefully explained, [20]. The appropriate
thermodynamics research were also led at the AGH — University of Science and Technology by the
late professor Roman Wozniacki. Very interesting and complete analysis of the polytropic efficiency
for compression processes has been presented in the monograph [21].

Knowing the 7, value the polytropic exponent m can be determined. The adiabatic exponent is x
(or as a mean value: k), thus

me— 1 and R
k-1 S k-1
k 77m,com

ok ey

for a compression and expansion process, respectively. In the special case of adiabatic ones, which
are also called the pseudo—polytropic processes, the appropriate useful (technical) work can be
determined as

Ai

and / Ai
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The transfer processes will be detailed presented for the case of heat exchange (subscript /ex)
one. The characteristic dimensionless coefficient here, suitable for modeling purposes, is the so—
called process intensity z, [12]. It takes into account how does the real process differ from the perfect
process, in which the equilibrium could be reached. Another words, it gives an information about the
process kinetics in an indirect manner.

The intensity dimensionless coefficient for heat transfer (exchange) processes is defined as
0 0

by =—o or oy =— 01

hex Q* hex Q70 ( )
where Q is the heat transferred (exchanged), O the heat transferred (exchanged) until the equilibrium
has been reached, and Q., is the same as Q°, but written down as the heat exchanged on the infinitely
large apparatus. It can be generally distiguished between cocurrent and counter—current. The last one
is the usually applied media guidance, Fig. 3.

Additionaly one more dimensionsless coefficient can be formulated that takes into account heat
losses to the surroundings. Basicaly they are very law, but they can be expressed by the energy (or
thermal) efficiency, just like the quotient
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is, where Q. is the heat supplied from the hot (subscript H) medium, and Qy., the heat absorbed by
the cold (subscript C) one. Usually the temperatures (or in general the parameters) at the start of
a process are known, depending on system analyzed.
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Fig 3 Heat exchange in a counter—current flow: characteristic cases Wc<Wy and Wc>Wy

In Fig. 3 the equilibrium temperatures 7., have been shown for the both cases. With the given
process intensity the heat supplied from the hot medium Qy will be determined. For the water value
W (German: Wasserwert), which is the product of the medium quantity (mass M or substance n) and
the specific heat ¢, (or c,, respectively) greater than Wy of the hot medium (Fig. 3, left), the process

intensity, Equation (01) will be to
CP’C (Tcailabat _ ch)I ) B Tgc;abat _ TC)I

lhex = - - (02)
cp,c(Toc _Tc.l) Ty —Tc,
where from
Tagiabm =Tc, + (TH,I T, ) Thex
But from the energy balance for the lack of heat losses (in the sense of the First Law),
neCyc (Tégiabat -Tc, ): - Con (THJ - THA,z)
yields
n 'Eﬁ adiabaf
Ty =Tay— . —L)C (Tcgbl_TC,l) (03)
Ny Cpc

and the heat carried away from the hot medium is
Oies =Ny 'Ep,H (TH,I - TH,z)
Taking the thermal efficiency into account the heat absorbed byu the cold medium equals to
Oc = On =1 'Ep,c(Tc,z - TC.I)
where from the end temperature of the cold medium can be expressed by the formula

Ter =Te) + e T .ip’H (THA - TH,Z) (04)
c " Cpe
or using Equation (03)
Tep =Tty + Mhex (Tcagiabm -Tc, ) (05)
and with Equation (02)

Ter =To g+ Mhex (TH,l —-Te, ) Thex
Applying Equations (04)—(05) it becomes

e Cpe
TH,z = TH,l _——p(TH,l _Tc,l)'lhex

Ny -Coy



The equation obtained is the same, as Equation (03), if only no heat losses to the surroundings
exist, i.e. 7hex=1. The case W-<W} has been already analyzed in a simple gas turbine model for the
heat regeneration process, e.g. [22]-[25]. For the another case, i.e. for Wc>Wy (Fig. 3, right), is the
process intensity coefficient

L= TH‘I _TH,z _ TH,I _TH,Z
T -, Ty, T,

H1 ™ too H1 ™

Furthermore, for the adiabatic (no heat losses to the surroundings: 77,.,=1) follows
TH,z = TH,] - (TH,Z - TC,l ) ex

- adiabat _ -
e Cpc (TC,Z —Tt, )_ Ny Con (TH,I _TH,2)

"G (g 7,,) (06)

adiabat __
T; C2 - TC,I +
e "Cpe

and taking into account heat losses (7,ex#1), it will be
Ouvs = Oc = Mhex O =11 'Ep,c (Tc,z - TC,I ): Thex'c 'Ep,c (Tcaf;abaI - TC,I)
ne 'Ep,c (Tcz -Tc, ): Thex"u 'Ep,H (TH,I -Tc, )

c "Cpe

adiabal nH'E,H
T, =T, +77hex(TC; o _Tc,l): Ty + Mhex n—p(TH,l _TH,z)

Ny - C,
Teo =Te) + e H——p’H(THA,l -TI, ) Thex
c"Cpe
The last equation is the same, as Equation (06), if only heat losses does not exist (77,.x=1). The
exergy analysis of such a heat exchange has been presented e.g. in [26] and [27].

The very similiar approach can be applied to the mass transfer (exchange) porcesses, although
certain simplifications are needed.

Finally, the combustion process will be determined by the reaction intensity parameter, which
can be calculated as a quotient

4

b = (07)
whereby £is an extent of a chemical reaction (according to [29], or reactions coordinate according to
[30]; in Polish: liczba postepu reakcji, [28]). The superscript asterisk means the state of equilibrium.
Numerical values of & vary from zero (no reaction) to £=£# (equilibrium). Jozef Szarawara, who also
defined such a parameter ([28], page 405) calls it the thermodynamic (theoretical) yield (Polish:
termodynamiczna teoretyczna wydajnos¢ reakcji) and marks it symbolically by the Greek letter 7.
The extent of a chemical reaction in a differential form is defined by

d{::dn_A: dnyg _ dn. -
al - bl el

and it can be written down in an integral form as

; An,  Ang :Anc _

Wl vl el

or

n =n vV V.

£ (08)

substrate substrate,start T |Vsubstrate| * § - nsubstrate‘O |V substrate

for parent substances (substrates), and

nproduct = nproduct‘start product : g (09)

+|v

. é = nproduct,O + |Vpr0duct

or

nproduct = |Vproduct : é



for products obtained from a given chemical reaction. The last relation is valid, if no reacting
substance that has been earlier marked as a reaction product does occur in the reaction mixture at the
start of a process.

By presence of non—reactive substances in a process, the inerts, additionally yields
n =n n

inert inert,start = inert,0

Is then the reaction intensity parameter t., equal to zero, there is no process. Is it, however,
equal to one, the equilibrium state will be reached. Equations (08)—(09) can be written down
according to the definition equation (07) as follows

n =n vV,

substrate

\Z

* *
substrate substrate,start ) lreac : § - nsubstrate,[) T |Vsubstrate| ” lreac : 6

and
n =n

: lrcac : é*

After computing the value of &* in an equilibrium state, the “real” extent of reaction can be
determines and the appropriate quantities of reactants in a resulting reacting mixture.

+|v

*
product product,start product : lrcac : § - nproduct,o + |Vproducl

3.1. An Overall Computing Example for the Reaction Intensity Parameter

It will be analyzed the so—called water—gas—shift reaction
CO+H,0=CO0O, +H,
that occurs at the temperature 1100 K. The intensity parameter value will be chosen to be ,.=0.9,
which is up to the process kinetics. The composition of the reacting mixture at the end of the process
should be determined (Example 15.6 from [29]).
For the temperature 1100 K the reaction equilibrium constant equals to K=1, and there is
K= Xpp " Xco2
X¢o ¥ino
Are there at the start of the process 1 kmol H,O and 1 kmol CO (the stoichiometric mixture), then
the amounts of reactants in equilibrium can be determined with help of the extent of reaction, i.e.

Neo =Neogan —6 =1-¢ Mo = Mippogan — ¢ =1—& Mgy =Ny +E = Neo =Neogan +6 =&
and
n=301 = Neg + Mg + My + oy :Zni,stan+§zl’i SI-E+1-8+&+¢8=2
where from
n 1-¢ n 1-¢
Xep =0 _ 75 Xppo =22 =—2 (10)
n 2 n 2
n & n g
Xy = M2 =5 Xppp =22 =2 an
n 2 n 2

It is obvious, that in the equilibrium state yields £=&*. It follows then

PO SR ) (12)
Xco Xm0 (1 =&
and as a result
=05

But according to equation (07) there is

E=1, £ =09-05=045
and the mole fractions of reactants in the ,,real” reacting mixture at the end state of the process are up
to the given value of the reaction intensity parameter z.,., taking into account process kinetics. With
equations (10)—(11) they equal to

ney 1-& 1-0.45

Xeop =——=—"=—"—=0275 Xy = Moo _

n 2

1-& 1-045
2 2

=0.275
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In the equilibrium state these fractions were equal to
. ony 1= 1-05 . My 1-E 1-05
= =——=——"=0.250 = = = =0.250
Xco n > > *m20 n 2 5
xp =t 26 096550 st s 0555
n 2 2 n 2

The above water—gas—shift reaction, as an equimolar one (n=n%*), gives the same already
computed values for an arbitrary chosen process pressure. At the temperature e.g. 7=1650 K, the
molar fractions, however, are different. The appropriate equilibrium constant equals to K=0.316, and
according to the equation (12) the extent of the reaction at equilibrium will be £&¥=0.36. Hence, in the
equilibrium state there is

Xt =0.320 Xm0 =0.320 x5, =0.180 Xiop =0.180
and in the given ,,real* process, where &=1.,.'£*=0.9-0.36=0.324 yields:
Xeo =0.338 Xm0 =0.338 Xy, =0.162 Xep =0.162

The method allows taking into account the special behavior of processes that do not reach their
equilibrium state because of their kinetics. Are there inert substances in the reacting mixture, just like
nitrogen (from the air), the amount of the last substance equals to 2 kmol for the stoichiometric
water—gas—shift reaction, the equation (12) will be solved in the same manner and the resulting value
of the extent of the reaction will be either equal to £*=0.5 (resp. £¥=0.36). The nitrogen molar
fraction will be the same at the start of a process and at its end (equimolarity). The computed values
of molar fractions will be then by assumed amount of 2 kmol nitrogen N, (and 1 kmol CO or/and 1
kmol H,0) two times less.

In the case, the reacting mixture at the start is not a stoichiometric one; the computing procedure
should be made in a little bit different way. Are there the 1 kmol H,O and 2 kmol CO, i.e.

M0 st = 1 kmOI and Neo g = 2 kmol
taken to the reaction process, there are then in total 3 kmol at the start, equations (09)—(10) will be to
xcoznﬂzﬁ xmo:”HA:ﬂ xm:ﬂzé xcozz”cozzé (13)
n 3 n 3 n 3 n 3
and the equation (12) for 7=1100 K will be to
— ")
K = Xh2 " Xeor _ (‘f ) _

X0 * X0 (1—9"*12—5*)
The solution for the process temperature 7=1100 K gives £*=0,667. Taking into account the
process intensity it follows &=, £¥=0.9-0.667=0.6003, and with equations (13)

X0 =0.1332 Xipo = 0.4666 X =0.2001 Xeop =0.2001
whereby
Xio =0.1110 Xpo = 0.4443 X, =0.2223 Xiop = 0.2223

Very similar should be proceeded in the case, in which there are some reaction products in the
reacting mixture at the start of the process. Are there for example 1 kmol H,O, 1 kmol CO and 1
kmol CO; at the start, then in an every moment of the process there will be also

n, 1-¢& n 1-¢& n & n 1+¢&
n 3 n 3 3

n 3 n
and the equation (12) will be to

co

et (=8
Xo o (1-6')}2-¢8)
The solution gives the value of £*=0.333, and hence £=0.9-0.333=0.2997. Using this result there will
be at the end




X =0.2334 Xpo =0.2334 Xy, =0.0999 Xeop =0.4332
or in the case of full equilibrium
Xio =0.2223 X0 =0.2223 X\, =0.1110 Xiop = 0.4443

Herewith all the typical cases of simple chemical reactions could be discussed. Another
dimensionless parameter for the chemical reaction determining in a model is the appropriate thermal
efficiency, which can be formulated in the same manner, just like it was by the heat exchanging
processes. This thermal efficiency refers to the heat absorbed or created in a given chemical process.

4. CONCLUSIONS

The modern power technologies become similar to the complex process & chemical engineering
systems. The goal of their operation, however, is somehow different. Thus, optimization procedures
developed for the PChESs can not be applied directly. They need to be adopted, or a definitely
different approach should be worked out. In the present paper a modeling oriented onto pure
thermodynamic analyzes has been introduced. Many tests have proved its advantages.
Thermodynamic analyzes of complex power systems, but also of process & chemical ones, can be
made in a very convenient way. Using dimensionless parameters determining each process
appropriate thermodynamic statements can be made. The parameters refer very strong to realized
processes. Not only working (pressure changing) and equilibrium approaching processes can be
univocally described by them. The supporting processes can be also determined by dimensionless
parameters, e.g. the water vaporization can be characterized by the parameter equal to 1, if there are
no heat losses to the surroundings. The same can be made with all coupling processes, i.e. for cases
where between two main unit processes (operations) the energy or substance will be transferred. The
value 1 will refer two the losses free couplings.

There are two tasks to make the presented modeling method mature for practical thermodynamic
analyzes. The first one is an exact analysis of the dimensionless parameters for the important
processes that can be here treated as the unit operation as they are known from the process &
chemical engineering. As a result general indications for their use should be formulated. The second
task, however, is the practical use of the whole method of modeling and thermodynamic analysis. It
means an appropriate programming language and the overall model building. It can be made just like
the known good programming tools for optimizing process & chemical engineering systems, which
allows on the base of the given system flow chart appropriate model creation. The task, however, is
more aimed for modeling specialists.

Worked out within the research project:
Evaluation, Verification and Interpretation of the Environmental Loads of the Czech Republic —
INTERVIRON 2B06068

REFERENCES

1. BURCHHARDT U., JENTSCH N.: Das CO,fieie Kraftwerk — eine Ubersicht zu maoglichen
Konzepten, XXXVI. Kraftwerkstechnisches Kolloquium ,Entwicklungspotentiale fiir
Kraftwerke mit fossilen Brennstoffen”, 19.-20.10.2004, Dresden, Tagungsband II, Vortrag
V25, Technische Universitit Dresden, Institut fiir Energietechnik

2. LINNHOFF B.: Pinch Analysis and Exergy — A Comparison, ENSEC'93, Energy Systems and
Ecology, Proceedings of the International Conference, Cracow, Poland, July 5-9, 1993,
Volume 1, p.43-52

3. BOGLE D.: Analysing the controllability of nonlinear process systems, 30" International
Conference of Slovak Society of Chemical Engineering, Hotel Hutnik, Tatranské Matliare
(Slovakia) May 26-30, 2003, Proceedings (Editors: JOZEF MARKOS & VLADIMIR STEFUCA),
Slovak University of Technology, Bratislava 2003, p.2 (abstract); electronic version



10.

1.

12.

13.

14.

15.

16.

17.

18.

Proceedings on CD—ROM SSCHI 2003 (for Windows 9x/2000/NT), Industrial Equipment and
Processes, Ref. PL2 (full text), pp.9 (ISBN 80-227-1889-0)

CURZON F.L., AHLBORN B.: Efficiency Of A Carnot Engine At Maximum Power Output,
American Journal Of Physics 43, 1975, 1, p.22-24

LEFF H.S.: Thermal Efficiency At Maximum Work Output: New Results For Old Heat Engines,
American Journal Of Physics 55, 1987, 7, p.602-610

GRASSMANN P.: Energie und Exergie, Brennstoff-Warme—Kraft (BWK) 13, 1961, 11, p.484—
486, +ref.: Glasstechnische Berichte 36, 1963, 9, p.379-380

NITSCH R.: Zur Theorie der exergetischen Kostenbildung, Wissenschaftliche Zeitschrift der
Technischen Hochschule fiir Chemie ,,Carl Schorlemmer® Leuna—Merseburg 7, 1965, 2,
p-100-104

RANT Z.: Exergie und Anergie, Wissenschaftliche Zeitschrift der Technischen Universitét
Dresden 13, 1964, 4, (M)— und (T)-Reihe Nr 34, p.1145-1149

KozaczkA J.: Thermodynamic Analysis of Energy Conversion Processes, Problems of
Mechanical Engineering and Robotics Nr 8, Faculty of Mechanical Engineering and Robotics,
AGH - University of Science and Technology, Krakow 2002 (ISBN 83-913400-0-7)

FIALA W.: Zur Exergie in einer Umgebung mit verdnderlicher Temperatur, Brennstoff—
Wirme—Kraft (BWK) 33, 1981, 6, p.287-289

FIALA W.: Exergetische Analyse verschiedenartiger Wirmespeicher bei verdnderlicher
Umgebungstemperatur, Brennstoff-Warme—Kraft (BWK) 33, 1981, 12, p.482-486
KozACzKA J.: Thermodynamische Analyse und Beurteilung verfahrenstechnischer Prozesse,
Manuskript, Sektion Verfahrenstechnik (Wissenschaftsbereich Technische Thermodynamik
und Energiewirtschaft, Leiter: W. FRATZSCHER), Technische Hochschule Leuna—Merseburg,
Merseburg 1981

KOzZACZKA J.: Analiza termodynamiczna (Thermodynamic Analysis), Wydawnictwo AGH,
SU 1110, Krakow 1988

KozaczkA J., KOLAT P.: Thermodynamic Approach to the Combined Coal Utilization in
a Gasifying—Combustion Process (Termodynamicky pristup ku kombinovanému vyuzitiu uhlia
v procesoch splynovania a spalovania), Acta Mechanica Slovaca (KoSice) 8, 2004, 3-A,
p.45-48

KozACzKA J., KOLAT P.: Modeling and Analysis of a Clean Coal Combustion System, 10.
mezinarodni konference: ZIVOTNI PROSTREDI A UPRAVNICTV] (10" International Conference
on ENVIRONMENT AND MINERAL PROCESSING, Vysoka skola banska — Technicka univerzita
Ostrava (VSB-TUO, Czech Republic), Hornicko—geologicka fakulta (Faculty of Mining and
Geology), Institut environmentalniho inzenyrstvi (Institute of Environmental Engineering),
22.-24.06.2005, Part I, p.241-247 (ISBN 80-248-1088-3)

KozaczkA J.: Thermodynamic Analysis and Rating of Systems Containing Chemical
Reactions, 33" International Conference of Slovak Society of Chemical Engineering, Hotel
Hutnik, Tatranské Matliare (Slovakia) May 22-26, 2006, Proceedings (Editors: JOZEF
MARKO$ & VLADIMIR STEFUCA), Slovak University of Technology, Bratislava 2006, p.53
(abstract); electronic version Proceedings on CD-ROM SSCHE 2006 (for Windows
XP/2000/NT/9x%), Industrial Equipment and Processes and Control, Ref. 082p (full text), pp.6
(ISBN 80-227-2409-2)

KozAczkA J., KOLAT P., WOICIK G.: Dimensionless Parameters in Modeling Systems
Containing Chemical Reactions, 33" International Conference of Slovak Society of Chemical
Engineering, Hotel Hutnik, Tatranské Matliare (Slovakia) May 22-26, 2006, Proceedings
(Editors: JOZEF MARKOS & VLADIMIiR STEFUCA), Slovak University of Technology,
Bratislava 2006, p.52 (abstract); electronic version Proceedings on CD-ROM SSCHE 2006
(for Windows XP/2000/NT/9x), Industrial Equipment and Processes and Control, Ref. 080p
(full text), pp.11 (ISBN 80-227-2409-2)

ANDRYUSHCHENKO A.l. — AHJPIOMEHKO A.W.: OcHosbl mexnHuueckou mepmoouHamuru
peanvhbvix npoyeccos, 13a 2—oe, ,,Bricias mkomna”, Mocksa 1975



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

KLENKE J.W.: Wirme und Arbeit in der Thermodynamik, Brennstoff-Wéarme—Kraft (BWK)
30, 1978, 2, p.45-52

HAUPT T.: Podstawy termodynamiki (Fundamentals of Thermodynamics), SU 743, Akademia
Gorniczo—Hutnicza (University of Science and Technology), Wydzial Maszyn Gorniczych
i Hutniczych, Instytut Maszyn Hutniczych i Automatyki, Krakow 1980

TRAUPEL W.: Thermische Turbomaschinen, 1 Band, 3. neubearbeitete u. erweiterte Auflage,
Springer—Verlag, Berlin 1977 (2 Band: 1982)

KozACZKA J.: Ein Beitrag zur Untersuchung thermochemischer Kreisprozesse, XXXIV.
Kraftwerktechnisches ~ Kolloquium  ,Heizkraftwerke, = Thermische  Kleinkraftwerke,
Fernwirmeversorgung und ThermofluidmeBtechnik”, 24.-26. September 2002, World Trade
Center Dresden, Beitragsmanuskripte (VK12), Institut fiir Energietechnik der Technischen
Universitit Dresden (Bundesrepublik Deutschland), p.142—145

KozACZKA J.: Chemical Engineering Approach To The Thermodynamic Power Cycles
Analysis, 30" International Conference Of Slovak Society Of Chemical Engineering, Hotel
Hutnik, Tatranské Matliare (Slovakia) May 26-30, 2003, Proceedings (Editors: JOZEF
MARKOS & VLADIMIR STEFUCA), Slovak University of Technology, Bratislava 2003, p.63
(abstract); Proceedings on CD-ROM SSCHI 2003 (for Windows 9x/2000/NT), Industrial
Equipment And Processes, Ref.IEP11 (full text), pp.9 (ISBN 80-227-1889-0)

KozaczkA  J.:  Energieverfahrenstechnik  im  Einsatz:  Thermodynamik  des
Gasturbinenprozesses, Mezinarodni konference: Spalovani a zivotni prostfedi — 2003
(International: Combustion And Environment — 2003), Vysoka Skola banska — Technicka
univerzita Ostrava (VSB-TU, Czech Republic), Fakulta strojni (Faculty Of Mechanical
Engineering), Katedra energetiky (Power Engineering Department), 17.—18.6.2003, Materialy
konference, p.246-249, Sbornik CD-ROM (*.pdf), pp.4 (ISBN 80-248-0394-1)

Ko0zACZKA J.: Thermodynamische Effektivitit einer Methan— und Wasserstoff-angetriebenen
Gasturbinenanlage, Mezinarodni konference: Spalovani a Zivotni prostfedi — 2003
(International: Combustion And Environment — 2003), Vysoka Skola banska — Technicka
univerzita Ostrava (VSB-TU, Czech Republic), Fakulta strojni (Faculty Of Mechanical
Engineering), Katedra energetiky (Power Engineering Department), 17.—18.6.2003, Materialy
konference, p.250-253; Sbornik CD—ROM (*.pdf), pp.4 (ISBN 80-248-0394-1)

KozACzkA J: The Unified Exergy Rating Quotient for Processes in Turbines and
Compressors, Kwartalnik AGH Mechanika 17, 1998, 4, p.559-570

KozAczkA J.: Efektywnos¢ termodynamiczna procesu (Thermodynamic Effectivity of
a Process), Zeszyty Naukowe AGH nr 1238, Kwartalnik Mechanika 7, 1988, 3—4, p.75-92
SZARAWARA J.: Termodynamika chemiczna stosowana, wyd. 3. zmienione, Inzynieria
Chemiczna, Wydawnictwa Naukowo—Techniczne, Warszawa 1997 (ISBN 83-204-2121-7)
DENBIGH K.: The Principles of Chemical Equilibrium, 4. Edition, Cambridge University
Press, Cambridge — New York — New Rochelle — Melbourne — Sydney 1987 (ISBN 0-521—
28150-4)

SMITH J.M., VAN NESS H.C.: Introduction to Chemical Engineering Thermodynamics, 4.
Edition, McGraw—Hill Book Company, New York — St. Louis — San Francisco — Auckland —
Bogota — Hamburg —London — Madrid — Mexico — Milan — Montreal — New Delhi — Panama —
Paris — Sdo Paulo — Singapore — Sydney — Tokyo — Toronto 1987 (ISBN 0-07-058703-5)





