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EXERGY IN CHEMICAL REACTIONS OF COMBUSTION AND GASIFICATION
PART 1: THEORETICAL APPROACH

EXERGIE V CHEMICKYCH REAKCICH SPALOVANI A ZPLYNOVANT{
CAST 1: TEORETICKY PRISTUP

Abstract

The exergy concept applied to chemical reactions of combustion and gasification has been
presented and discussed in detail. Especially the building of thermodynamic effectivity quotients has
been emphasized. Different cases have been presented: for stoichiometric homogeneous, stoichio-
metric heterogeneous, simultaneous and non-stoichiometric chemical reactions the special approach
was pointed out. Thus, the special procedure of partition exergy changes into vanishing and created
exergies (i.e. thermodynamic expenditures and advantages in a process) could be presented. Such an
approach makes it possible regarding chemical reactions of combustion and gasification in thermo-
dynamic models of modern power engineering systems, in which these processes have been taken
into account only in their simplified form.

Abstrakt

Exergeticka koncepce byla aplikovana na chemické reakce spalovani a zplynovani a byla
piedlozena a projednana detailné. Zvlasté bylo zdiraznéno pojeti termodynamickych koeficientl
efektivity. Rlzné ptipady byly prezentovany a zdiraznéné pro: stechiometrické homogenni, stechio-
metrické heterogenni, simultdnni a ne-stechiometrické chemické reakce. Specialni procedury zmén
energie pii tvorbé a ztratich byly analyzovany (tj. termodynamické vydaje a vyhody v procesu).
Takovy piistup se tyka chemickych reakci spalovani a zplyfiovani V termodynamickych modelech
popisujici moderni energetické systémy, V nichZ tyto procesy byly vzaty V uvahu pouze ve své zjed-
nodusené forme.

1 INTRODUCTION

The problem of exergy rating of chemical reactions was first discussed even before the name
for such a thermodynamic property has been developed (by Z. RANT), [01]. The analysis made by
K.G. DENBIGH was the typical Second-Law Analysis, which additionally took into account the natu-
ral environment with the known intensities Ty and/or p,. Their numerical values were assumed to be
equal to the standard chemical ones T° or p°, respectively, and the example of the stoichiometric am-
monia synthesis reaction has been worked out for which the total efficiency of 6% has been obtained
(in the sense of the Second Law), [02]. There are many further trials to notice, e.g. [03], referring to
the chemical synthesis processes, especially the ammonia production, [04]-[08], nitric acid, [04]-
[05], [09]-[10], or methanol, [10]. The full spectrum of chemical industry processes, however, was
analyzed by V.S. STEPANOV, [11], and by I.L. LEITES ET AL., [12]. All the trials of rating chemical
processes, especially the chemical reactions, have been taken as global ones (except that of
K.G. DENBIGH), i.e. they considered the whole technological system, in which the analyzed chemical
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reaction took place (further papers: [06], [13]-[23]). Some papers deal with the very important chem-
ical process, the combustion, e.g. [24]-[30]. For the symmetry investigations of thermodynamic cy-
cles, however, it is necessary to know the creation algorithm for an appropriate rating quotient and to
apply it to the chemical reaction in the same way, as it is usually done to other thermodynamic pro-
cesses, typical for the mechanical and power engineering. The goal of such investigations is the
presentation of chemical cycles as thermodynamic models of the appropriate energy devices in the
way, which can be understandable by a power engineer, and which can be compared with other typi-
cal power engineering cycles. For this reason it is important to apply the already worked out universal
exergy rating algorithm, [31]-[36], to the stoichiometric chemical reactions. This algorithm has been
successfully proved for almost all possible mechanical and chemical engineering processes, and es-
pecially to chemical reactions of combustion and gasification presented several times by authors in
different application possibilities, eg. [37]-[45].

2 EXERGY BALANCE OF THE CHEMICAL ENERGY CONVERSION
The chemical reaction can be balanced as an open thermodynamic system, characterized both,
by the inner energy or the enthalpy. The appropriate general exergy balance equations are:

dE, :[1—Ede+[l—&]dL+z 1- 50 dL,; ~TodSiq
T p H;
and

dE, = [1—:_—0]dQ+ dL, +z( _fio

]dLm -T,dS,,

H;
or, considering the conditions dT=dp=0 or dT=dV=0 without an external chemical work (dL,;=0),
viz

Wb Tb
AE, = 1—? dQ-T,AS,, = 1—? Qrea — ToAS,,,
for p=po, or

AE, = j(l—TT—OJdQ +[ ( —%JdL —ToAS,, = (1— %)Qma +(Pp = Po)AV,e, ~ToAS,,

for p = po, Whereby Qe is the heat of reaction at temperature T and AV, the volume change in the
analyzed process, e.g. [46]-[47], and

AE}l = j(l_Tr_ode + I—t _TOASirr = [l_Tr_onrea +VAp _TOASi"

in the case, the useful (shaft) work has been done (in a flux system, e.g. combustion chamber
of the aircraft engine). The useful (or technical) work L, can be thought as the appropriate electrical
work (e.g. of the galvanic cell or of the MHD/MGD device).

Because of the fundamental exergy equations, [48], it is valid

— X: _ X
dE, = Z(yf —yfo)dnj + RTOZ{InX—‘]dnj orE, = an(yf —yﬁo)+ RT, >N, InX—J
5.0 i.0
and in the case T=T, and p=pq (or V=V,) with the appropriate equation for the zero—exergy of
the specie j

0 = X;
E, =>ng’ +RT, X, Inx—J =E)+E}
j,0
whereby the first term of the right-hand side is the reactive,
0 =0 =0 =0
Eu :anew or eu :ijeM

150



and the second one the concentration part (constituent) of the system chemical exergy,
e.g. [48]-[52],

=X D X; =X —X D X;
EX=Yne;=RT,Xn, Inx—J or & =Y x& =RT, XX, Inx—J (01)
J,0 j,0
Hence, the exergy balance will be to

P X X: _ .
> AnE? + RT{Z njvzlnxL'z—anvllnxLlJ = ZA(nef)j +ZA(neu ),- =
.0 j.0

T, T,
= I[l_?ode _TOASirr = (l_?onrea _TOASirr

for p=py, or to

1.0 j,0

= D X‘,Z X',l = =X
Y Ang? + RTO[Z nj'zlnx+_znj'1lnx+J = ZA(nef)j +ZA(ne“ )]_ =

= j(l_ -_I—I__Ode + J.(l_ %Jdl- _TOASirr = (1_ %jQrea + (p —Po )Avrea _TOASirr

for p= po (usually p>p,). The concentration exergy, Eq. (01), is a thermodynamic parameter
of state, which has been already proved (the SCHWARZ's conditions) in [52].

3 THERMODYNAMIC EFFECTIVITY QUOTIENT

The presented exergy balances form is a base for the formulation of the so—called thermody-
namic transformation in an analyzed energy conversion process. The appropriate mathematical nota-
tion of such a transformation will be generally to

3 [v(ne?) +z‘v(né;)]? +z‘v(néﬁj N [1—;—0)@;; +‘(1—TT—OJQ,;; N
(02)
- ¥|alne? )|+ [aex )|+ |ale; ) +(1—TT—°jQr;; +‘[1—TT—OJQ:;2 ~TAS,,
and
s fvloe? )+ Sfvloe; ||y« [1_TT—on,;; _‘[1_1_0]@;; (P Po )V Vo] >
- ¥[a(e) |+ |awe ]|+ |alne ]|+ [1—-_||—_—°ij§ - [1_TT—OJQ;; . (03a)
+ |(p = Po )Avreac| _TOASirr

for pressures p>po, or
5|vine?) |+ S[vlne; |+ lne; |+ [1—1—‘)}62@; - (1—1—(’)(3;;

+|(p - po )Avreac| - (O3b)
-» e )| o e -l ) 2 Yol -1 o

+ |(p — Po )ereac| _TOASirr
for pressures p<p,, where AV, >0, VV,,, <0, and
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Eqrea = (1 %JQM >0, i.e. Qg <0 (the process exothermic) at T<T,

Eqrea = (1 %}Qm <0, i.e. Q. <0 (the process exothermic) at T>T,

Egrea = [1 %}Qm >0, i.e. Q. >0 (the process endothermic) at T>T,
T

+<
EQ, rea (

Thermodynamic advantages and expenditures by means of exergy are terms, which fulfill the
conditions
sign (advantages ) =sign (T,AS,,) and  sign (expenditures)=—sign (T,AS;,)

respectively, and which have been described in detail e.g. in [33]-[35], [46]-[47]. With
Eq.(02) it becomes the thermodynamic effectivity

jQ,ea <0, i.e. QL >0 (the process endothermic) at T<T,

zp@ql+zA@qx+zA®qf+@f¥qqﬁ @fijQ;
.
vl |+ Zfvloe ) foloer |+ - 7 Jou ‘(1 ycs
or
3[alne? )|+ 3|almex ) |+ |abe || +[Eqrl+ [Egre
&= (04)
3|v(ne?) |+ 2\ lnex |+ V08 )|+ Eqrua] +[Eden

and from Eq.(03) the appropriate rating quotient considering exergy changes due to the vol-
ume changes. Such thermodynamic effectivity quotients are valid for chemical exergy changes in
isotherm—isobaric processes. The superscripts > and < refer to the changes above or below the alge-
braic sign inversion point. In the case of the process heat Qr., the algebraic sign of the appropriate
heat exergy will depend on the natural environment temperature Ty as the heat exergy change inver-
sion point. In the case of the zero—exergy changes, no inversion point is to state, but in the case of the
concentration exergy changes on the contrary: inversion point will be observed, but it does not direct-
ly refer to the appropriate natural environment intensity value. It is its functional dependence, [46]-
[48], [52]-[58].

The same regularities described for the reaction heat exergy Eq . and its position in the ther-
modynamic effectivity quotient refer to the volume work exergy E, e, in non—equimolar chemical
reactions.

3.1 Absolute volume work of the chemical reaction

If the chemical reaction analyzed occurs isobar at the natural environment pressure po, the ex-
ergies of the absolute volume work equal to zero. In the case of higher pressures p>p, (like in the
special combustion and/or gasifying technologies), it should be taken into account additionally

E = (1 %’JL;& = —(p— Po)Vieas—Viea) if greater than zero (>0)

or

Elrea :{ F;OJ roa = p po)(Vreaz Viea, 1) if less than zero (<0)
Assuming the perfect gas relations it becomes
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Vrea,z_vrea,1: (nz - nl)T =1 —

whereby T and p are given (isobar—isotherm chemical reaction) and n, —n, results from the chemical

reaction formula. The both above expressions for the absolute work of a chemical reaction should be
taken into account in the thermodynamic effectivity quotient, i.e. Eq.(04) will be to

i > [alne?) +2‘A(né;)j> +Z‘A(né: N1+ Eqic + [Edeal +E e
S |v(ne?) |+ 2 |ving | +x|vine: )

+

+

E+<

+ Q,rea

+|E’>

Q,rea

+|E’>

L,rea

4 STOICHIOMETRIC CHEMICAL REACTIONS
Advancement of the chemical reaction:

dn
dé=—=
r
whereby the subscript r points to the appropriate reactant. In the reaction analyzed there is for all the
reactants:
N =n,+v,é
and the reaction advancement changes from zero to a certain number of moles, usually one for
the special chosen stoichiometric coefficients (for —type reactions, i.e. with equilibrium on the prod-
ucts side) and from zero to &=¢&* (for =type reactions, i.e. the equilibrium one).
The whole amount of reactants in a process yields

Ny = zr:n, = zr:nr,l + gz{:vr =n + §Zr:vr
In every moment of a process the molar fraction of r reactant equals to
- N, +Vv,.& _ n,+v.¢é
Zr:nrv1 + szr‘,vr n + §Zr‘,vr

Thus, the concentration part of chemical exergy of the gaseous reactant r in a gas phase react-
ing mixture is

= X
X
E. =nRT;In—
Xr,O
and its dependence on reaction advancement and the start concentrations

_ n.,+qgv
E:,r :(nr,l""é:‘/r)RToln irl—ér
Xr,O nﬁ'fZ"r
r

whereby only reactants in the gas phase are taken into account. It does mean the sum > v,

r

(05)

and n, refers only to gaseous reactants.
Finding the inversion point &, of the concentration exergy change depends on the chemical
reaction type. If only it is non—equimolar in the gas phase, i.e.

v, %0
the procedure is the obvious search for the function minimum
dE;, _ d E:" _
dé dé RT,

which is the same. It yields
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dE, Lonatdr | X’v{”ﬁéz”j

=y - In| — —— |+ “r,1+§Vr)' X
d§ RTO Xr,O n1+§ZVr (nr,l—’_fvrj

(nl + §zvrj' X0 Ve _(nr,l+9€vr)' X0 'er

(06)

r

X

(nl +§Zvrj 'sz,o

E ‘“)=|AEj<|—|VEj>| Xix X;

i@ =i

|
L
| )
Lo

‘:L‘A

Fig. 1 The K—point for the concentration exergy change algebraic sign inversion, [36], page 91.

After rearrangement it follows

1 nr,l + gr,extrvr nr,l + §r,extrvr

v, Inf — —————— |+v, -——————— > v,

Xr,O n + gr,extrzrlvr n, + égr,extrzrlvr r

from which the for the r gas phase reactant the inversion point K can be iteratively determined.
The appropriate quantity is & e It is right, i.e. the concentration exergy inversion point K exists, if
only the obtained numerical value lies in the only logical range between 0 and 1 (for —type reactions
the value of & at the end can be set as £*=1) or between 0 and &* (for =type reactions). It should be
only proved, if in the given range of the r reactant concentration change from &, to & there is the
appropriate concentration value & ex.

Parameters of this inversion point K are
.) amount of the gaseous reactant r: L | -

nextr,(r) =M+ §r,extrzvr

r

.) total amount of the gas phase reaction mixture:
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nr‘extr _ r]r,l + gr,extrvr
nextr,(r) nl + gr,extrzvr
r

Examples for such chemical reactions are H,+%0,—H,0 and C+H,0=CO+H,. Heterogene-
ous chemical reactions of combustion (e.g. C+0,—CO,) and gasification (e.g. C+H,0=CO+H,) can
be analyzed in the same way like just presented above homogeneous ones. The only difference is that
the condensed phase (e.g. the solid and/or liquid state) is not taken into account in molar fractions
determinations. It follows from the general principles of the co—called chemical thermodynamics,
which look somehow strange for the power engineer knowing only the simplified stoichiometric
combustion calculations from the so—called engineering—thermodynamics text—books. In fact, the
modern text-books take into account the general approach for these calculations, i.e. they do not
regret between the so—called chemical and the so—called engineering thermodynamics at all.

The main assumption for the heterogeneous chemical reactions analysis is that there is enough
condensed phase reactant in the reactive mixture, i.e. it can be schematically presented as in Fig. 2.
After the appropriate chemical reaction has been completed there are no more condensed phase spe-
cies in the resulting mixture. The same refers to the combustion (or gasification) of sulphur S.

.) molar fraction: X extr =

CO, H,0

/
element carbon
C (solid)

v
element carbon
C (solid)

Fig. 2 Schematic diagram of heterogeneous carbon combustion and gasification.

4.1 Equimolar chemical reactions
In the case of an equimolar chemical reaction (in the gas phase) it will be

v, =0
and the Eq. (05) yields

D 1 n.+c3<cv
EX, =(n,,+&v RT, In(_.r,l_frJ
X n

r,0
The first derivative becomes

d E. 1 Nt n - X 1% 1 N +&v
T :Vr’ln _rl—g‘/r +(”r,1+§Vr)' 1" %o | r =Vr'|n e 5 r +v,
dé RT, X0 n N.+&v, N-Xo

or from Eq.(06) substituting > v, =0

i E:r =v, .In i nr,1+§vr

d¢ RT, X0 n,

which is the same, just like deriving step—by-step the appropriate exergy equation.
The algebraic (so—called analytic) solution of the equation

1 n,+<& .V,
Vr'"{—'w +v, =0

+v

r

Xr,O nl
can be done, i.e. dividing first by v, #£0 gives
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In iw =—1lor 1 X nr,l+§r,extrvr —et =1
Xr.0 n X0 n, e
where e is the basis of natural logarithms. Further one becomes

X0y - 1 X0y
N, +§r,extrvr = and fma”y gr,extr = =Ny
e v, e

taking into account that anytime yields ny=n,=n. The solution is right, if its numerical value
lies in the range between 0 and 1 (for —type reactions, i.e. from £&=0 to &=1) or between 0 and &*
(for =type reactions).

Thus, parameters of this inversion point K are

nr,extr: nr,l + §r,extrvr

nextr,(r) = nl + é:r,extrzvr =n
r

.) amount of the gaseous reactant r:

.) total amount of the gas phase reaction mixture:

nr,exlr _ nr,l + gr,extrvr
rextr -

.) molar fractions: n n
because always > v, =0. Examples for such chemical reactions are C+0,—CO, and
r

X =

CO+Hzo:COZ+H2.

4.2 Stoichiometric Chemical Reactions with Inerts
Advancement of the chemical reaction:
dn,

dée =

whereby subscript r points to the appropriate reactant and int to the inert. In the reaction analyzed
there is for all the r reactants:

n =n,+v¢é

and for inerts

Mint = Minz = Mine2

and the reaction advancement changes from zero to one (for —type reactions, i.e. &,=¢&=1) and from

zero to é’eq:f (for =type reactions).
The whole amount of reactants and inerts in a process yields

n= znr + nint;L = nint,l +znr,l + éngr = nl +§Z"r
r r r r
because
2N+ M =1y
.

In every moment of a process the molar fraction of reactant r equals to

— nr,l + Vré:
' nl + ‘fz Vr
r
and that of the gaseous inert int
n n

Xint — int — int
nint1+znr,1+§zvr nl+é:zvr
r r r

Thus, the concentration part of chemical exergy of the reaction partner reactant r in a reacting
mixture is

EX =nRT,In-"

wr

Xr,O
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and its dependence on reaction advancement and the start concentrations of gas phase reac-
tants

+év,
EX =(n ,+& RT In —-rl—
. (r,l - ) X0 ”1+§ZV

This is the general criterion derlved in [36], Eq. (B121), page 90, and the equation has been
obtained before (the case without inerts).

After the chemical reaction with inerts has been calculated, obviously there are known all the
molar fractions (including inerts, X1 and Xiy2) and total amounts n; at the beginning and at the end
of a process n,. The unchanged inerts amount n;,, is known either. For composition part of chemical
exergy determination it is not important, what kind of specie or species are inerts: their molar fraction
in total is important. Now the criterion equation should be derived for proving the existence of the
inverse K—point for the inert. It is

EX =n RT In

wint int
th 0

and

E:r:(n1+52vrj i RT, In( J
r XlntO

where
nl = Z nr,l + nint
r

The mathematical procedure is the obvious search for the function minimum

X X
d p,lnl =0 d Ewnt —
dXlr‘lt d |nt RT
which is the same. It yields
d E; X 1 X, X
L = Kjpg - ——— 4 In M =1 4 n
A ﬁTo ,(nl +EYY j Xt Xinto Xint0 Xint,0
r
r
After rearrangement it follows
1+In mtextr :0
Xlnt,O
where from
Xint,O
Xint,extr =
e

where e is the base of natural logarithms. The result has been first obtained in a monograph [36],
page 54-55.

Examples for such chemical reactions are the combustion in the atmospheric air or gasification
in the presence of nitrogen, i.e. Hy+%20, + -2 2 21 N,—H,O0+ -2 51 N2 and C+H,0+N,=CO+H,+N, as non—
equimolar (in the gas phase) processes and agam the combustion in the atmospheric air or the so—
called CO—shift of the “water gas”, i.e. C+ O+ & N;—CO,+ 2 N, and CO+H,0+N,=CO,+H,+N, as

the equimolar (in the gas phase) processes.
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5 SIMULTANEOUS STOICHIOMETRIC CHEMICAL REACTIONS
Advancements of chemical reactions 1 and 2:

dn dn
"% and dg, =—%

rrl rr2

whereby subscript r points to the appropriate reactant in the stoichiometric reaction system, and sub-
script rl or r2 the stoichiometric chemical reaction 1 and chemical reaction 2 (the set of two simulta-
neous chemical reactions). In the reaction 1 analyzed there is for all the reactants:

I”|r,rl = nr,rl,l + Vr,rlérl
and in the reaction 2
nr,r2 = nr,r2,1 +Vr,r2§r2

Taking into account the both simultaneous chemical reactions rl and r2 yields for the r reac-
tant, which can be present either in the reaction 1 or 2 or both:

I”'r = nr,rl,l + nr,rZ,l + Vr,rlérl + Vr,r2§r2 = nr,l + Vr,rlérl + Vr,r2§r2
because
nr,rl,l + nr,r2,1 = nr,l

The whole amount of all reactants in a process (i.e. the reactive mixture) is then to
n= Z nr,rl + Z nr,rZ = z nr,rl,l + é:rlzvr,rl + Z nr,rz,l + érzzvr,rZ =
r r r r r r
= z nr,l + é:rlzvr,rl + §r22vr,r2 = nl + grlzvr,rl + é:rzzvr,rz
r r r r r
because there is obviously

2N 2N =2 Ny =N
r r r

In every moment of a process the molar fraction of r—th reactant in the gas phase equals to
I’]r,l + Vr,rlérl + Vr,rZé:rZ _ nr,l + Vr,rlé:rl + Vr,rzé:rz

Xr = =
Z nr,l + érlzvr,rl + frszr,rz nl + grlzl:‘/r,rl + é:rZZVr,rZ
r r r r r

The chemical concentration exergy is therefore to

d§r1 =

_ X _ 1 N,+Vv, .&q+V, ¢
EX =N RT I = (0, +v, y &y +V, &, ) RT, In| — - AT ion 7o
wr r r, rr. r. rr. I
Xr,O Xr,O nl + grlzvr,rl + grz Zvr,rz
r r

For the convenience the two simultaneous chemical reactions should be taken in such a form,
that the appropriate stoichiometric coefficients refer to the appropriate amounts of species at the pro-
cess begin.

(07)

5.1 Simultaneous Stoichiometric Chemical Reactions with Inerts
Advancements of chemical reactions 1 and 2:

dn dn
"L and dg, =—%

rrl rr2

whereby subscript r points to the appropriate reactant in the stoichiometric reaction r1 and r2, and so
on. In the reaction r1 analyzed there is for all the reactants:

Ny =Npg+ Vr,r1§r1
and in the reaction r2
Mg =Ny +Vién
and for inerts

d‘frl =

nint = nintl = nint,Z
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Taking into account the both simultaneous chemical reactions rl and r2 it yields for the r reac-
tant, which can be present either in the reaction r1 or r2, or both:

nr = nr,rl,l + nr,r2,1 + Vr,rl§r1 + Vr,rZé:rz = nr,l + Vr,rlérl + Vr,r2§r2
because
nr,rl,l + nr,r2,1 = nr,l

The whole amount of all reactants in a process (i.e. the reactive mixture) including inerts
is then to

n= Znint + an,rl + an,rz = Znint + znr‘rl,1+ é:rlzvr,rl + an,r2‘1+ érzzvr,rz =
r r r r r

int r int

= nl + érlzvr,rl + frszr,rz
r r

because there is obviously

Znint + znr,rl,l +an,r2,1 = nl
r r

int
In every moment of a process the molar fraction of r—th gaseous reactant equals to
_ r.|r,r1,l + r.|r,r2,l + Vr.rlérl + Vr,rzérz

nl + égrl z Vr, rl + §r2 Z Vr,r2
r r

r
and of the inert int
nint

Xi nt =
nl + C.’grl Z Vr, rl + é:rz Z Vr, r2
r r

The chemical concentration exergy of reactant r in reaction 1 or 2 is therefore to

— X — 1 n,+v +v
E:,r = nr ' RTO In = (nr,l + Vr,rlé:rl + Vr,rzé:rz )RTO |n ' L r,rlérl r,r2§r2 (08)
Xr,O Xr,O nl + é:rlzvr,rl + ‘§r2 Z Vr,rz
r r

and for an inert int

— X. — n.

Xt =Ny - RTyIn—"-=n,_ RT;In : L

Xint,O Xint,O nl + grlzvr,rl + §r2 Zvr,rz
r r

wint =

5.2 Searching the Concentration Exergy Inversion Point K

The concentration exergy inversion point K, i.e. & e and & exr, in @ two—dimensional case

(for & and &) will be now determined. The equations system should be simultaneously solved and
inspected:

9, =0 and 9 =0
d(:Krl dé:rz

evtl.

dE:,int =0 and dE:,int —
dégrl d§r2

for the inert free case of two simultaneous equations rl1 and r2. The case with inerts, however,

is a more general one, just like for the simple chemical reaction discussed above. Egs. (07)—(08) are
of the same form. Appropriate derivations are
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d Exr 1 nr 1 + Vr r1§r1 + Vr r2§r2
d ﬁ =Vin- In| —- Y ' Y + (nr,l + Vr,rlérrl + Vr,rzgrz)><
é:rl 0 Xr,O nl + grlz Vr, rl + §r2 z Vr,rZ
r r

X0 [nl + é:rlz Vint é:rz er,rz)
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« r r r

2
2
(nl + 512141 + 522142} “Xio
rl r2
and

d Exr 1 nr 1 + Vr rlgrl + Vr r2§r2
d ﬁuT =Vir: Inf —- : : : + (nr‘l + Vr,rlgrl + Ve r2§r2)><
§r2 0 Xr,O nl + grlz Vr, rl + §r2 er,rz
r r

Xr,O '(nl + é:rlzvr,rl + grzzvr,rZ\J
X ! ! X
nr,l + Vr, r1§r1 + Vr, rchrz

Xr,O . (nl + grlzvr,rl + frZZvr,rzj Vi~ (nr,l + Vr,rl§r1 + Vr,r2§r2)' Xr,O : zvr,rz
r r r

X

2
2
(nl + é:rlzvr,rl + §rzz"r,rzj “Xio
r r

The non-linear equation system (& exr and & exr are the searched unknown variables) after
rearrangement has the following form

1 I”|r,1 + l/r,rlgrl,extr + Vr,r2§r2,extr (nr,l + Vr,rlgrl,extr + Vr,r2§r2.extr)
Vrrl'ln ’ Ve~ '2:Vrr1:0
’ Xr 0 nl + §r1 extrz Vr rl + §r2 extrz Vr r2 ' r '
' ' r ' ' r ' nl + grl,extrz Vr,rl + érz,extrz Vr,rZ
r r
1 nr,l + Vr,rlgrl‘extr + Vr,r2§r2,extr (nr.l + Vr,rlérl,extr + Vr,rzgrz,extr)
v”2~ln ’ Vi~ 'ZV”Z:O
’ Xr 0 nl + §r1 extrz Vr rl + §r2 extrz Vr r2 ' r '
' ' r ' ' r ' nl + grl,extrzvr,rl + égrz,extrz Vr,r2
r r

In the case a reactant r is a reaction partner in the reaction ri, the advancement &; e Of the
reaction r2 is set to be equal to the original value, e.g. & exr=2&2. The same yields for another case.
But if the reactant r is areaction partner in both the simultaneous reactions, the equation system
should be solved and the resulting values &; exir and &, exr Should be found.

After the values &; exr and &2 exr have been found, parameters of the concentration exergy in-
version point K is given by the following values

) amount Of reactant r: nr,extr = nr,l +Vr,r1§rl,extr +Vr,r2§r2,e><tr

A i nextr,(r) =m+ é:rl,extrzvr,rl + é:rz,extrzvr,rz
.) total amount of the reactive mixture (reactants): r r

X _ nr,l + Vr,rlgrl,extr + Vr,r2§r2,extr
rextr
N+ S e Vi T Srtextr 22 Ven
r r

.) molar fraction of specie reactant r:
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Subscripts r refer to the reactants only (in the first r1 and the second r2 chemical reaction).
The example of a such simultaneous reactions set is the combustion of the water gas (from gasifica-
tion), i.e. CO+%0,—C0O, & Hy+40,—H50.

For an inert int it has been derived above

= X = 1 n.
:,int =Ny - RTO In— = nintRTO In : -
Xinl,O Xint,O nl + grlzvr,rl + grz zvr,rZ
r r
and because
n= nl + grlzvr,rl + §r2 Zvr,rz
r r
itis
— X: "
:int =(nl+§rlzvr,rl+§r22‘/r,r2j'xint : RTO In -
r r Xint,O
Thus
d E:int XintO 1 Xint Xirlt
3 =Xy —— +In =1+In—%
X. — X. X X: X.
int RTO(nl + grlzvr,rl + frzzvr,rzj int int,0 int,0 int,0
r r
where from
1+1In Xim,extr =0
Xint,o
The result is (viz. [36], page 54-55)
X _ Xint,O
int,extr e

The example of such a simultaneous process is the combustion of a water gas (CO+H,) in
presence of the atmospheric nitrogen, i.e. CO+%0,—CO, & H,+%40,—H,0 & N,. It is the combus-
tion in an atmospheric air.

In fact, the complex simultaneous equilibria for combustion and gasification processes can be
analyzed using simplified chemical reactions sets, maximum of two reactions, just like pointed
above. The exactness of numerical results obtained, especially in case of large technological systems,
in which these chemical reactions occur, is practically not reduced. It could be proved in many calcu-
lation tests, [46]-[48], [59].

6 NON-STOICHIOMETRIC CHEMICAL REACTIONS

Not always is the chemical reaction stoichiometry given at the hand. There can be a set of re-
actions solved to get the molar composition of the resulting combustion of gasification products.
Such methods are detailed described e.g. in [60]-[61]. The number of simultaneous chemical reac-
tions to solve is usually six up to ten, and the appropriate mathematical non—linear equation system
with six up to ten unknown parameters is to solve. In fact, not all the reaction mixture resulting prod-
ucts are important for the thermodynamic analysis: their impact onto the numerical results can be
omitted. Taking into account their presence in a calculation procedure, however, is essential. In such
calculation methods the combustion of carbon (element C) with an atmospheric air (O, and N, mix-
ture) needs to take into consideration atomic oxygen (O) and nitrogen (N). Their molar concentra-
tions in flue gases can be set to zero for further analyzes. In this resulting mixture molar concentra-
tions of following species are generally determined: CO, CO,, O,, N,, NO, C, (gas), C; (gas), N and
O. The appropriate non—stoichiometric chemical reaction can be written down as
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C +ap,0, + anpoNy = bcozCOz + bcoco + b0202 + bN2N2 + bNoNO +....

The nitric oxides NO, are treated as the only one nitric monoxide NO. This is justified because
it has been experimentally proved that in usual combustion processes the nitric monoxide fraction in
all possible nitric oxides NO, equals approximately to 85%.

For such a chemical reaction the exergy balance and the thermodynamic effectivity should be
determined. It is not that complicated, as it seems to be, because the gas phase species can be all
schematically described as

C - 0 (ZerO) 0 (ZerO) - bcoCO,
0 (ZerO) —> bcoCO 0207 —> b0202
anoN» —> szNz 0 (Zero) —> bNoNO

an so on. Thus, the molar concentrations vary between the start value (mostly zero) and certain
values at the end. The appropriate exergy change inversion point can be found without problems and
exergy changes (the created and/or diminished ones) calculated. In course of tests made by authors
there could be stated that with a rising number of species taken into account the less number of them
crossed the algebraic sign inversion point can be observed. The main difficulty in exact analysis and
rating of non-stoichiometric chemical reactions is the lack of the resulting heat effect. The appropri-
ate calculation procedure in the case of simultaneous reaction set containing more than two processes
is not that easy (that’s why it wasn’t presented in [60]-[61], the following Band was expected about
energy effects, but it was rejected by the publisher), and very often it should be taken from the prac-
tice. The general rule is that the thermodynamic effectivity quotient should be greater than one, be-
cause only in such a case the Second Law of Thermodynamics is fulfilled.

7 CONCLUSIONS

The presented approach to exergy analysis and rating of combustion and gasification process-
es as common chemical reactions is universal and made in the same way as analyzes of other so—
called unit operations, which are important in thermodynamic considerations of modern power engi-
neering systems. But not only these systems can be discussed using the general concept of the ther-
modynamic effectivity quotient: the concept can be applied to all the chemical reactions in the chem-
ical & process engineering.

Numerous tests made by authors had lead to the statement that the presented method is univer-
sal. Some problems occurred in the case of catalytic chemical processes (e.g. for the “shift reaction”
CO+H,0=CO0,+H,, realized in two-three stages), where the numerical values of the thermodynamic
effectivity was greater than one. But such a process is thermodynamically not possible, because of the
Second Law. It could be stated that even such not directly defined chemical reactions can be analyzed
correctly by appropriate reactants quantities, [63].

Worked out within the research project:
Evaluation, Verification and Interpretation of the Environmental Loads of the Czech Republic — IN-
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