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Abstract: This paper analyzed the problems associated with physical exergy splitting, and based
on this, presented a new splitting method. This new method splits the physical exergy into three
parts according to the feasible working ways, i.e.,: the direct, indirect, and adaptive exergy. The
computational method and the physical meaning of the three exergy parts were presented in detail
in terms of graphic representation and mathematical derivation. Then, it was applied to the exergy
analysis of a thermal power cycle. The results show that compared with the conventional method
which splits the physical exergy into thermal and mechanical parts, the current exergy splitting
method can better represent the change rule of the working ability of the real working stream in the
cycle and the influence of some operation parameters, such as the turbine inlet temperature, on the
real working ability. The study suggests that the new method can make the exergy analysis more
helpful and guidable in its applications.
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1. Introduction

The term “exergy” has been used for more than 60 years to describe how much energy
can be utilized or what the “working ability” of the energy media is. Although the concept
somewhat developed further, this terminology has been widely used, and the exergy
analysis is used as a standard method for understanding, evaluating, and optimizing
energy-conversion systems, especially those related to power generation, refrigeration, and
chemical processes, etc. Splitting exergy into several parts is a common method used in
the study of system exergies. For example, when analyzing the utilization of energies in a
system, the exergy is generally split into physical exergy, chemical exergy, kinetic exergy,
potential exergy, etc. In certain circumstances, the physical exergy is further subdivided
into the thermal part and the mechanical part [1-3].

Based on the conventional method of exergy analysis, Tsatsaronis and his research
group developed an advanced method [4,5] in which the exergy destruction is split into an
endogenous part and an exogenous part, namely, the unavoidable part and the avoidable
part. By refining the division of the exergy destruction further in this way, it provides more
useful information, making the exergy analysis more detailed and instructive. Therefore,
this advanced exergy analysis has attracted extensive attention and has been widely
adopted in many applications by various investigators, e.g., the absorption refrigeration
machine [6], the recompression supercritical CO, power cycle by Mohammadi et al. [7],
the wind turbine by Ehyaei et al. [8], the milk processing factory by Biihler et al. [9], the
grid connected underwater compressed air energy storage facility by Ebrahimi et al. [10],
the carbon dioxide ammonia cascade refrigeration system by Gholamian et al. [11], the
solar flat plate air collectors by Mortazavi et al. [12], the organic Rankine cycle system by
Chen et al. [13], and the marine steam power plant by Koroglu et al. [14]. Undoubtfully, the
application list is getting longer and longer, and the advanced exergy analysis has become
a popular method for investigating the energy-savings potentials of systems.
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In comparison with the division of exergy destruction using the advanced exergy
analysis, the splitting of physical exergy has a much longer history, and it generally splits
physical exergy into a mechanical part associated with system pressure and a thermal part
associated with system temperature [1]. When the stream concerned is the ideal gas, the
mechanical exergy changes only with the system pressure, and the thermal exergy depends
only on the system temperature. In this circumstance, the physical meaning of physical
exergy is completely consistent with its literal expression. However, when a real fluid is
involved, the thermal exergy changes with not only the system temperature but also the
system pressure; the physical meaning of the thermal exergy is no longer the same as what
its words indicates. Consequently, the splitting of physical exergy becomes somewhat
confusing and it results in the associated analysis becoming less guidable. This should be
the main reason why splitting physical exergy is less popular in applications compared
to the method of exergy destruction division. To this end, the “ambiguit” problem was
investigated in this study. In particular, the problem of splitting physical exergy and the
related irrationality of the conventional splitting method are revealed. Based on this, a new
exergy splitting method is proposed. A mathematical deduction is introduced in detail,
followed by a case study to demonstrate the applicability of the new splitting method.

2. Problem Description

Physical exergy is due to the difference in the temperature and the pressure between
the system and the environment. For a material stream with a certain temperature and
pressure (point C in Figure 1) higher than those of the reference condition (point O in

Figure 1), its specific physical exergy (egh) is calculated by:

eéh = (hc — ho) — To(sc — s0) 1)

where h and s stand for specific enthalpy and specific entropy respectively; subscripts C
and 0 stand for point C and reference condition respectively.

Physical exergy can then be conventionally split into the thermal part (e), associated
with the temperature deviation, and the mechanical part (eé/l), associated with the pressure
deviation) [1]:

Pl — el 4 M )

e(T: can be calculated along the isobar from the current state (T¢, pc) to an intermediate
state (To, pc) (point I in Figure 1), that is,

el = (he —hy) — To(sc — s1) (3a)

or
el = szOC (T — Tp)ds (3b)
p=pc
The eé’l in Equcation (2) is calculated along the isotherm from state (T, pc) to the
referenced state (T, po), that is,

e = (hy — ho) — To(s1 — s0) (4a)
or M .
— C
¢ = Jp, vdp (4b)

T=T,
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Figure 1. Graphic representation of specific mechanical exergy and specific thermal exergy on (a) a
p-v diagram and (b) a T-s diagram.
These two parts correspond to the grey area (I-O-pg-pc) on the p-v diagram in
Figure la and the grey area (C-I-O’-C) on the T-s-diagram in Figure 1b, respectively.
The differential form of Equation (1) is:

deP" = dh — Tyds (5)
Substituting ds = qu = dh_Tvdp and dh = CpdT into Equation (5) gives:
dePt = <1 - ?)cpcnwr %vdp (6)
For the ideal gas, there is:
dePl = (1 — 7;?) CpdT +v(p, To)dp @)

Note that for the ideal gas, % =0and % = 0. These conditions, together with

Equation (7) give:
9%ebh
opoT

0 (8)
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Meanwhile, integrating Equation (7) gives the specific physical exergy in two parts:

T pc
ph _ [1c To Jreovdp
= [ (17 )gar e g, e
—_————
partl part2
Equation (9) suggests that:
d(partl)
=0 10
dpc (19
d(part2)

Considering C,dT = Tds when the pressure p is a constant, Equation (9) can be also

written as: . .
C C
C p=const T=Typ

(12)

partl part2

where the const can be valued as any pressure value including p¢. Clearly, Equation (12)
is the combination of Equations (3b) and (4b), which are illustrated in Figure 1. In other
words, for the ideal gas:

eg = partl (13)

eéA = part2 (14)

Therefore, Equations (2) and (10)-(14) together suggest that the physical exergy of the
ideal gas stream can be split into two independent parts: the part represented by el (or
partl) is dependent only on the temperature, while the other part represented by e (or
part2) changes only with the pressure. In summary, the splitting of the physical exergy
in the conventional method is rational for the ideal gas stream. However, this is not the
case when the material stream involved in the analysis is not the ideal gas. Specifically,

because of aa% # 0 for a real material stream, it leads to that the “thermal” part is no longer
independent of the pressure:
del
dpc

Consequently, Equation (8), (10) and (11) become invalid for a real material stream.
In fact, the “thermal exergy” of such a fluid changes with both the temperature and the
pressure. In this circumstance, the thermal exergy split calculated by Equation (3) is a
function of factors more than the temperature and, thus, and it becomes more complicated
than what its literal meaning indicates. Similarly, the mechanical exergy calculated by
Equation (4) is incomplete because it does not include all pressure-related components.
Therefore, the conventional splitting method by Equations (2)—(4b) becomes unsuitable,
which makes the splitting less instructive for practical engineering problems.

Generally speaking, the “classification” of exergy should refer to the “causes” or the
“effects” of the concern. In exergy analysis, the difference in the temperature and the
pressure between the stream and the environment can be regarded as the causes of physical
exergy, and the working ability of the stream are then considered as the effect. However, the
aforementioned exergy analysis uses the “causes” as the criteria to split the physical exergy,
which is not suitable for a real material stream, because Equation (8) only applies to ideal
gas. For this reason, splitting the physical exergy by its “effect” is preferred. In particular,
physical exergy can, in theory, be converted into useful work, although it depends heavily
on the possible methods of transformation. As such, physical exergy is to be split by its
feasible working ways in the current study.

£0 (15)
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3. Splitting of Physical Exergy by Its Feasible Working Ways
3.1. Splitting Principles and Potential Application

Two basic feasible working ways generally occur for a material stream, through which
one directly drives mechanical devices, such as a turbine, and the other releases heat to
another material stream, and the subsequent heated stream drives some working devices.
To facilitate the following discussion, the first one is referred to as the “direct way”, while
the second one is referred to as the “indirect way”. Correspondingly, the work produced
by the direct way is named as the “direct work” and that produced by the indirect way is
the “indirect work”.

The physical exergy of a material stream represents the maximum work that it can
produce theoretically. However, not all of the physical exergy can be converted into work
in the same way. Therefore, the physical exergy is split into three parts according to the
feasible working ways including the direct exergy, the indirect exergy, and the adaptive
exergy:

(1) The direct exergy, which can work only in the direct way, and the corresponding
specific direct exergy is denoted as eP;

(2) The indirect exergy, which can work only in the indirect way, and the corresponding
specific indirect exergy is denoted as ¢;

(3) The adaptive exergy, which can work in either the direct way or the indirect way,
the corresponding specific adaptive exergy is denoted as e?.

With the above definitions, the splitting of the physical exergy can then be expressed

as:
Can work in direct way

D A I
ePh = P +e+e (16)
——
Can work in indirect way

It has been established that for thermal power cycles, such as the Brayton cycle, only
the e and the e can drive turbines working. In other words, the increment in the e” and
the ¢# plays a dominating role in increasing the working ability of the working fluid. Thus,
a proportion index is introduced:

B AeP + Aet

F AePh

(17)
Here, AD represents the increment in the variable ® compared to the reference state,

that is:
AD = - — P (18)

where the subscripts C and 0 represent the current and the reference state of the studied
material stream, respectively, and ® denotes e”, ¢4, and e””. For the working fluid entering
a turbine in a thermal power cycle, a larger F indicates a larger proportion of the physical
exergy that can be worked directly and generate electricity, which is helpful for improving
the exergy efficiency of the thermal power system. From this viewpoint, F is called as the
“maximum direct working proportion”.

Besides, based on the split physical exergy parts, two other indices are defined to
represent the suitability of the thermal power system:

Wy, = AeP + Aed (19)

Wy = (AeD + AeA) /v (20)

where w;, denotes the increment in the available direct work per unit mass of the working
fluid, and w, denotes the increment in the available direct work per unit volume. Provided
that the electricity capacity of the cycle is a constant, the bigger w, or wy is, the less mass
or volume of working fluid is needed. Correspondingly, the power to convey the working
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fluid and the size of the main equipment can be reduced, subsequently decreasing the
construction and operation costs of the thermal power system.

3.2. Theoretical Analysis

When a material stream can exchange heat only with the environment (that is, there
is no other heat source existing), it will only absorb (or release) heat from (or to) the
environment if its temperature is lower (or higher) than the environmental temperature.
Thus:

(T~ To)dq < 0 (21a)

where g denotes the specific heat of the material stream. Considering that dg = Tds and
T > 0, Equation (21a) can be rewritten as:

(T —Tp)ds <0 (21b)

Correspondingly, when no other work is considered, except for those produced by the
environment or the stream, the stream can only provide (or obtain) work for (or from) the
environment if its pressure is higher (or lower) than the environmental pressure, that is:

(p—po)dw >0 (22a)

In Equation (22a), w; denotes the technical work that the stream provides for the
environment. Combing dw; = —vdp and v > 0 with Equation (22a) gives:

(p—po)dp <0 (22b)

Equations (21b) and (22b) restrict the feasible direction of the material stream spon-
taneously shifting between its isobar line and its isentropic line when it interacts only
with environment as illustrated in Figure 2. The points C;, Cp, C3, and Cy, respectively,
represent the four general thermodynamic states that the stream can take.

Equations (21b) and (22b), as illustrated by Figure 2, suggest that for a material stream
with high temperature and high pressure (represented by point C; in Figure 2), the possible
reversible state shifting process that produces the minimum direct work should include
an isobaric compression, an isentropic expansion, and an isobaric expansion. Its path is
C(C')-I;-11;-O as shown in Figure 3. The specific direct work produced by the process is
represented by the area (pc-1;-1I1-pg) in the p-v diagram (Figure 2a). The specific direct
work (as defined in Section 3.1.) equals to the specific direct exergy of the material stream.
Thus, the specific direct exergy of the stream at the thermodynamic state of point C or point
C’ (as shown in Figure 3) can be presented as the area (pc-I;-1I;-pg), or expressed as:

eg/c, = hll - hHl (23a)
ot D pe
/o= Jp vdp (23b)

s=s(pc,To)
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L Q
To 'rl - 2
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Figure 2. Graphic representation of the feasible shifting direction of the thermodynamic state on (a) a
p-v diagram and (b) a T-s diagram.

In Equation (23b), s(pc, Tp) represents the specific entropy of the material stream with
pressure pc and temperature Tp, respectively. According to Figure 2a, Equation (23a,b), it
can be concluded that the specific direct exergy of a material stream with high temperature
and high pressure is determined by its pressure, and the higher the pressure, the larger the
specific direct exergy.

Figure 3 shows that when the thermodynamic state shifts along the path C(C')-I;-1I;-O
for a material stream of unit mass, its physical exergy keeps decreasing until it reaches
0. The physical exergy lost in the subprocess (I;-II;) is the specific direct exergy, ", as
defined in Section 3.1, and such loss in other subprocesses equals to the sum of the specific
indirect exergy, ¢!, and the specific adaptive exergy, e*. For the process (C(C')-I;-I1;-O),
neither e/ nor e can perform work directly, but, in theory, they can be changed into work
in the indirect way. The sum of e/ and e” is represented as the sum of the area enclosed
by C(C')-I1-I,0(Iy/) and the area enclosed by I;-II;-O inn the T-s diagram. This sum can be
expressed as:

eIC/C’ + eé/c’ = (hcycr — 1y, + by — ho) — To(sccr — so) (24a)

or

Sc/c! S0
I a Jotoep) (To — T)ds
€cicr T/ = p:;ép o) (T — To)ds + Sp(fc 0) (24b)



Processes 2021, 9, 2091

8of 17

D
[ - e~ =area(p,-l,-Il,- 1
c’ c (pc 171 po)
Pef— ==t % ,
I} ‘ ed =area(l,-11,-1,-C)
\ »
I \ \ A o 7
P . ec=area(l,-C-1,-0-11)
L N o\ 4
N\
» AN
r \\! : N\
P
: 1> N
S
Po ﬁ«; Tl
+ 1 O
L T=To
v
(a)
T el =area(l,-l,,-0) Cy
C 2 '20 ///
es =area(l,-Il,-1,-C) 7
1 /’/
[ e.=0 -
N //;‘\svm )
e.. =area(l,-C-1,-O-Il,) ,/\3//G |
e 2
[ c
L P
S e " +
L-~ I’ /// 0 l20
o
R
I

(b)

Figure 3. Graphic representation of the thermodynamic state shifting and exergy splitting on (a) a
p-v diagram and (b) a T-s diagram.

Equations (21b) and (22b) also suggest that the shifting path of the reversible state
in the p-v-diagram and the T-s diagram to produce the maximum direct work should be
C(C')-Iy(I)-O as shown in Figure 3. By definition, the maximum direct work produced by
the material stream per unit mass equals to the sum of e” and e” of the stream. However,
in order to calculate the (¢P + e?) of the material stream, two situations must be considered.
One is the state of point C in Figure 3, which represents the condition that the isentropic
temperature of the material stream at py is no lower than Ty, i.e.,

T(po,sc) = To (25)

The other is the state of point C’ in Figure 3, of which the condition is that the isentropic
temperature of the material stream at py is lower than Ty, i.e.,

T(po, SC/) < T() (26)

In Equations (25) and (26), T(po,sc) is the isentropic temperature of the material
stream at py, i.e., the temperature of the material stream when its pressure decreases to py
during the process shifting along the isentrope in the p-v-diagram and the T-s diagram.

At the state of point C corresponding to Equation (25), the sum of ¢P and ¢ is
represented by the area included by p.-C-I»-pg in the p-v-diagram, and it can be calculated
by:

eg + Eé = hc — hy, (27a)
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or
pc
vd

R yef= Jm"F (27b)

where sc represents the specific entropy of the material stream for the pressure of pc and
the temperature of T¢.

The lost specific physical exergy in the subprocess (I,-O) equals to the specific indirect

exergy, which corresponds to the area enclosed by I,-I,0-O in the T-s diagram, and is

expressed as:

e¢ = (h, —ho) — To(sc — so) (28a)
Or I f;(o 7 (To — T)ds
ec = p:poﬁcf 0) (28b)
Combing Equations (24a) and (28a), it gives:
e¢ = (he — ) — (hy, — Iy, (29a)

Note that this equation can also be derived using Equations (23a) and (27a). Moreover,
with Equations (24b) and (28b), there is:

fS(Pc,To)(TO — T)ds IN; (To—T)ds [2(Ty — T)ds

eé — p:;g + p:;(OPC/To) p:SpCo (29b)
Or by Equations (23b) and (27b), e can be also calculated as:
Pcud Pcoud
A _ vap Sy, vdp
eC - S:SPCO - S:Sp(()pc,To) (29C)

In summary, at the thermodynamic state of point C which is represented as in Inquality
(25), the three components of the split specific physical exergy of a material stream, namely,
the specific direct exergy, the specific indirect exergy, and the specific adaptive exergy, can
be calculated by the groups of Equations (23a) and (23b), Equations (28a) and (28b), and
Equations (29a) and (29c¢), respectively.

Similarly, at the thermodynamic state of point C’ which satisfies Inequality (26), the
specific indirect exergy of the material stream is 0, i.e.,

et =0 (30)

The specific adaptive exergy can be represented graphically by the area enclosed by
I;-C’- Iy-O-II; in the p-v diagram or the T-s diagram, as demonstrated in Figure 3, and
calculated by any one of Equations (31a)—(31c).

et = (her — ho) — (hy, — hny) — To(sr — s0) (31a)
A — fss((;?/c To)(T — To)ds f:(or’c/To) (To — T)ds 31b
‘T p=pc T rmo (31b)
p(scrTo) pc d PCud
a_ vdp 1) 24P vdp
‘o= T:%% + szspc(’sc R B Szf(OPC/To) (310)

3.3. Reference Condition Setting

The reference condition is the starting point of the exergy computation; hereby, it
has an immediate impact on the exergy analysis. In the existing exergy analyses, the
reference condition was set to be either the local environmental condition (i.e., the pressure
and temperature of the local atmospheric) or the standard state (py = 101.325 kPa and
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Ty =15 °C). In principle, these two settings do not differ significantly, especially when the
system studied runs at a thermodynamic state far away from the reference condition. This
makes the analysis results from different settings comparable.

For systems interacting with the environment, for example, a vehicle engine sys-
tem [15], setting the local atmospheric environment or the standard state as the reference
condition is suitable. However this is not the case for systems isolated from the atmospheric
environment, such as the supercritical CO, power cycle shown in Figure 4, for such sys-
tems are often operated in thermodynamic states that are far away from the environment
and have no interactions with the atmosphere unless they run out of normal conditions.
Although the local environment or the standard state can still be taken as the reference con-
ditions in these circumstances, the subsequent exergy results calculated cannot accurately
reflect the working ability of the streams. For a system of this type, if what we are concerned
are the system’s working characteristics and the working potentiality, it is considered to
be more reasonable to select the state point that is the closest to the local environment
among those experienced by the working stream and use it as the reference condition. For
example, for the aforementioned supercritical CO, power cycle, when the stream enters the
compressor, the thermodynamic state is nearly under the local atmospheric environment,
and this state (for example, point 0 in Figure 4) is more suitable to be used as the reference
condition than the local atmospheric state. This selection helps to generate reliable results
in analyzing the working characteristics of the cycle, for example, the power generation
capacity per unit working fluid.

— T T T

#*
T heater 3 \‘
I
|
|8 0 “‘
% cooler 3 \‘
= |
E] g
L|g s "
g1 2 3 4
4 2,
I recuperator i 1
) * ]
1y 5
|
| 0 . . . . .

S
Figure 4. T-s diagram for a basic s-CO, Brayton cycle.

4. Applications of Splitting Method in the Exergy Analysis of the Supercritical
CO, Cycle
4.1. Simulation of the Supercritical CO, Brayton Cycle

The supercritical carbon dioxide (s-CO,) Brayton cycle is considered one of the most
promising thermal power generation cycles nowadays due to the fact of its advantages
over others including simplicity, compactness, good stability, improved safety, etc. [16,17].
Several layouts of the s-CO, cycle were developed including the simple cycle, the recom-
pression cycle, and the preheating cycle. In the past, various efforts have been made to
conduct an exergy analysis of these cycles [7,18-20], leading to a better understanding
of these cycles. In this section, the current physical exergy splitting method is applied
to the exergy analysis of an s-CO; cycle to demonstrate the applicability of the method
developed. The considered cycle (as shown in Figure 4) is a simple one but represents
the basic form of complex cycles. In this cycle, the high-pressure s-CO, at state 1 was
successively heated in the recuperator and a heater; then, the heated high-pressure s-CO,
at state 3 was expanded to a lower pressure in the turbine. Part of the energy of the exit
stream at state 4 was recovered in the recuperator, while the rest was rejected in the cooler.
The cold and low-pressure stream was then compressed to a higher pressure at state 1.
Here, part of the work produced by the turbine was used to drive the compressor.
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Based on the methods introduced in References [19,20], a simulation program was
developed using MATLAB. The assumptions made in the simulation included: (1) the
pressure remained constant in the pipes and the heat exchanger; (2) all the components
were well insulated; (3) the cycle operated under steady-state conditions. This program
was validated with References [19,20], and the values of the parameters listed are in Table 1.
The thus calculated thermal efficiencies were compared with those obtained by the current
method, and the results are shown in Figure 5. As seen from this figure, the deviations
between the results calculated and that reported in literature were less than 2.0%.

Table 1. Input parameters used for the validation [19,20].

Parameters Value
Turbine efficiency 93%
Compressor efficiency 89%
Heat exchanger effectiveness 95%
Turbine inlet temperature 500-800 °C
Low pressure 7.353 MPa
Pressure ratio 3.4
Compressor inlet temperature 32°C
0.5
__ 048
=
E
S 0.46
%
g Turchi et al.
5 044r Padilla etal. |
ﬁ This paper
3
& 042

0.4}

038 — : . L . : .
500 550 600 650 700 750 800 850

Turbine inlet temperature('C)
Figure 5. Comparison of the different methods.

4.2. Comparison of Two Exerqy Splitting Methods

The exergy of a material stream usually includes four major parts: the physical exergy,
the chemical exergy, the kinetic exergy, and the potential exergy. The last three can be
neglected for the s-CO; stream in the power cycle because the unique working fluid is
used, and no chemical reactions occur. In these circumstances, only the physical exergy
needs to be considered. Below, the physical exergy and its three split parts are calculated
using the formulas given in Section 3.2.

Generally, for a s-CO; stream, the possible working ability through the cycle is much
related to the thermodynamic state, represented by point 1 (Figure 4), rather than the state
of the local environmental condition. Thus, the state conditions of point 1 are set to be the
reference condition in the exergy analysis. Below are the reference conditions considered
in this study:

To =32°C, (32)

po = 7.353 MPa (33)

For an s-CO; stream with a temperature of 550 °C at the inlet of the turbine, the
physical exergy and the three parts defined by this paper in the cycle are shown in Figure 6.
Here, the two parts (that is, the specific thermal exergy and the mechanical exergy) obtained
using the conventional method are also included in Figures 7 and 8 to compare them with
the present results.
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Figure 6. Specific physical exergy of an s-CO, stream in the cycle and the three parts split by the
proposed method in different regions: (a) from the compressor inlet to the heater outlet and (b) from

the turbine inlet to the cooler outlet. Here, the stream temperature at the turbine inlet temperature
was 550 °C.
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Figure 7. Specific physical exergy of an s-CO, stream in the cycle and the two parts split by the
conventional method in different regions, corresponding to Figure 6: (a) from the compressor inlet to
the heater outlet and (b) from the turbine inlet to the cooler outlet.
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Figure 8. Specific mechanical exergy and specific thermal exergy of an s-CO, stream in the cycle.

The comparison of Figures 6 and 7 suggest the new splitting method provides more
detailed information of the stream’s “working ability” than the conventional method. As
shown in Figures 6a and 7a, though the two methods all illustrate the physical exergy of
the stream increasing in both the compressing process and the heating process and their
qualitative results seem consistent, great differences exist in the details of the results.

Firstly, the new method developed in the study can provide more information about
how the increased exergy can be used in different feasible working ways. For example,
as illustrated in Figure 6a, the increased exergy in the compressing process is consisted
of P and e, and the increased exergy in the heating process is consisted of e# and e’.
As discussed previously, the increased part in the compressing process may be entirely
converted into work by adopting an ideal turbine; however, this is impossible to be
achieved for the part increased in the heating process. Besides, although it can be also
found in Figure 7a that both e’ and e increased in the compressing process while only e”
increased in the heating process, the difference in the increased feasible working ways of
el resulting from the two processes cannot be distinguished.

In addition, by comparing Figures 6b and 7b, information can only be obtained by the
method proposed in this study that the physical exergy of the stream was found to still be



Processes 2021, 9, 2091

14 of 17

high when it left the turbine, and this indicates that this residual physical exergy cannot
be further converted into work directly or be used to drive the turbine to work directly
because it is e!. In contrast, using the conventional method, not only cannot these types of
information be obtained, but the results in Figure 7b may even cause a misunderstanding
that it is the turbine that fails to convert the thermal exergy into work efficiently.

The advantages of the current method over the conventional method can be further
highlighted by the results shown in Figure 8. When the stream was at different states with
the same temperature but different pressures (e.g., the states representing by point 2 and
point 2’ in Figure 8), the specific thermal exergy of the stream was different, which means
that the thermal exergy was not only influenced by the temperature but also changed with
the pressure. This result confirms the analysis in Section 2. Based on the current method,
the overlap between the split parts was avoided, benefiting from dividing the physical
exergy into three parts. In addition, three subsequent split exergies can be clearly defined,
and their literal meanings are coincident with their physical meaning. These results cannot
be achieved using the conventional method.

4.3. Exergy Splitting and Exergy Analysis for the s-CO, Brayton Cycle

The Brayton cycle aims to convert the heat of working stream, such as s-CO,, into
mechanical work. However, according to the second law of thermodynamics, not all
of the heat in a stream can be converted into mechanical work. Furthermore, for the
physical exergy of the stream, only the direct part and the adaptive part can be converted
into turbine work. In the Brayton cycle as illustrated in Figure 4, as the s-CO; stream
was heated in the recuperator and the heater, the temperature of the stream rose from
approximately 111 to 550 °C, and the specific physical exergy increased by approximately
274.0 kJ/kg. Correspondingly, the exergy (= e + e”) that can work directly rose by only
132.1 kJ /kg. Apparently, a considerable proportion of the increased exergy cannot work
directly, and this proportion generally becomes larger as the stream temperature at the
turbine inlet rises.

Figure 6 presents information on the heat energy lost in the power cycle. As shown
in Figure 6b, approximately 17.0 kJ /kg of exergy was wasted in the cooler, and in the
recuperator, approximately 13.1 k] /kg of exergy was released by the hot stream, and only
11.1 kJ /kg was transformed into the cold stream. In this process, approximately 15.4%
of the exergy was destructed. Figure 6 also shows that the ¢ remained constant during
the entire heating process, where the stream flowed through the recuperator or the heater.
Based on this understanding, Equation (17) can be rewritten for the heating process as:

Aet
Fe—— 34
AeA + Ae! (534
More concretely, this equation can be written as:
A _ LA
F=__ ¢ "¢ (35)

eA —eAy el —ely

where the subscript 1 represents the thermodynamic state when the stream exits the
compressor, corresponding to point 1 in Figure 4. Via Equation (35), the maximum direct
working proportions of the s-CO, stream at the turbine inlet were calculated under the
conditions of different “high pressure” and “turbine inlet temperature” while keeping the
other parameters constant (see Table 1), and the results are shown in Figure 9.
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Figure 9. Max direct working proportions of the S-CO, stream at different system settings.

Figure 9 shows that by increasing the high pressure of the Brayton cycle (i.e., making
the stream more compressed), the F value of the stream is increased. This result means
a larger proportion of the exergy obtained in the heating process can be converted into
turbine work, which helps to improve the thermal efficiency and the exergy efficiency of the
cycle. Note that F changes non-linearly with the pressure. For example, at the temperature
of 950 °C, F increased by 62.9% when the pressure rose from 11.029 to 14.706 MPa, but it
increased by only 8.5% when the high pressure changed from 25.735 to 29.412 MPa.

The increments in the specific available direct work, defined by Equations (19) and (20),
were also obtained for the s-CO, stream in different states as given in Figure 10. From
this figure, it can be seen that both the specific generating capacity per unit mass (wy,)
and the specific generating capacity per unit volume (w,) of the working fluid increased
with its pressure and temperature at the inlet of the turbine. This result means that more
electricity will be generated by the cycle with equivalent or even less flow of working fluid
if the pressure and/or temperature at the inlet of the turbine rises. Figure 10b also shows
that the w, of the working fluid was more susceptible to pressure than the temperature.
Therefore, to reduce the sizes of some main equipments, such as the turbine, while keeping
the electricity capacity of the cycle constant, increasing the high pressure of the cycle should
be more effective than increasing the turbine inlet temperature.

Figures 9 and 10 show that by increasing the high pressure, it can benefit the Brayton
cycle in several ways. Nevertheless, too much high pressure may create too many require-
ments for manufacturing and maintenance of the power system, which also means too
high of a cost. Therefore, the high pressure should not be too “high” from the viewpoint of
cost performance and should be controlled within a proper range.
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Figure 10. Increments in the specific available direct work of the s-CO; stream under different high
pressures, calculated by (a) per unit mass and (b) per unit volume.

5. Conclusions

A new splitting method of physical exergy was proposed in this paper, by which the
physical exergy was split into the direct, the indirect, and the adaptive parts according
to their feasible working way. Three indexes were also defined to describe the working
characteristics of the working stream in a general thermal power cycle, which were:

(1) The maximum direct working proportion (F), which is the proportion of the
increment of the direct work ability to the increment in the physical exergy of the stream
relative to a reference state;

(2) The increment in the available direct work per unit mass (wy,), which reflects the
increment in the direct work ability of per unit mass of stream, relative to a reference state;

(3) The increment in the available direct work per unit volume (wy), to reflect the
increment in the direct work ability of the per volume mass of stream, relative to a reference
state.

The proposed method was applied in the exergy analyses of a s-CO; Brayton cycle,
and the results show that:

(1) The method proposed in the paper can provide us with more detailed information
about the working characteristics of the stream, especially how much exergy obtained in
the heating process can be converted into turbine work. This is an advantage that cannot
be achieved using the conventional method;
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(2) The three indexes proposed and defined in the paper can be used to analyze how
reasonable and appropriate the cycle parameters are, such as the turbine inlet temperature
and the high pressure; thus they can also be used as references for the optimization of these
cycle parameters.
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