Wang, S., et al.: Assessment of an Integrated Solar Combined Cycle System ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 5A, pp. 3923-3937 3923

ASSESSMENT OF AN INTEGRATED SOLAR COMBINED CYCLE
SYSTEM BASED ON CONVENTIONAL AND ADVANCED
EXERGETIC METHODS

by

Shucheng WANG*, Pengcheng WEI*, Sajid SAJID®, Lei QI°, and Mei QIN**

aSchool of Energy Power and Engineering,
Northeast China Electric Power University, Jilin, China
b State Key Laboratory of Alternate Electrical Power,
System with Renewable Energy Sources, School of Renewable Energy,
North China Electric Power University, Beijing, China

Original scientific paper
https://doi.org/10.2298/TSCI210825325W

An integrated solar combined cycle system based on parabolic trough solar col-
lector and combined cycle power plant is proposed. The advanced system is so-
cio-economic significance compared to traditional combined cycle power system.
Plainly, the exergetic analyses (exergy destruction and efficiency) via conventional
and advanced methods are used for thermodynamic properties of the integrated so-
lar combined cycle system components. In addition, the exergy destruction is divid-
ed into endogenous, exogenous, avoidable, and unavoidable. The results show that
the combustion chamber has the largest fuel exergy and the highest endogenous
exergy destruction rate of 1001.60 MW and 213.87 MW, respectively. Additionally,
the combustion chamber has the highest exergy destruction rate of 235.60 MW
(60.29%), followed by the parabolic trough solar collector of 54.20 MW (13.87%,).
Foroverall system, the endogenous exergy destruction rate of 320.83 MW (82.10%)
and exogenous exergy destruction rate of 69.97 MW (17.90%,) are resulted via the
advanced exergy analysis method. Besides, Several methods to reduce the exergy
destruction and improve the components’ efficiency are put forward.

Key words: combined cycle power plant, advanced exergetic analysis,
exergy destruction, exergy efficiency

Introduction

Parabolic trough solar collector (PTSC) technology is one of the most promising so-
lar thermal power generation technologies [1-3]. An integrated solar combined cycle system
(ISCCS) consists of a PTSC system and a combined cycle power plant (CCPP) system. How-
ever, the challenge is to reduce the cost of this technology compared with traditional power
generation systems [4]. The ISCCS can provide significant solar integration allotment into the
system, achieve substantial economic and environmental friendliness compared to solar inte-
gration into other types of power cycles [5]. The net thermal efficiency of the ISCCS plant has
been demonstrated over 60% which is 5~10% higher than the conventional CCPP systems [6].
In addition, natural gas is a source of clean energy, less pollutant emitter and an alternative
for environmental protection [4, 7]. The ISCCS has been widely recognized for its superior
environmental protection performance, high thermal efficiency, energy saving, water saving,
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load stability and other advantages of interest implemented in different regions of the world [8].
The energy utilization efficiency, energy conversion and components destruction of a system
can be analyzed through exergetic analyses method. Baghernejad et al. [9] has been analyzed
the ISCCS using the energy and exergy analysis method to investigate the plant performance
and pinpoint sites of primary exergy destruction. It has been noticed that the energy and exergy
efficiencies values for ISCCS were higher than simple CCPP. Thermal power systems driven
by PTSC with detailed exergy analysis method has also been displayed higher energy efficiency
with increased solar radiation.

However, the conventional analysis does not take into account the components’ inter-
action and real potential for energy conversion improvement in the complex system [10]. To
overcome this shortcoming an advanced exergetic analysis method has been reported [11]. The
bottom ORC cycle via conventional and advanced exergetic analysis has been displayed high
potential improvement [12]. Besides, the advanced exergetic analysis revealed expander as the
first improvement priority followed by pump, condenser and boiler. In addition, the advanced
exergetic analysis has been shown the endogenous/exogenous irreversibilities and combina-
tion with avoidable/unavoidable irreversibilities of each component for real CCPP [13]. The
avoidable exergy destruction rate has been affected by 20.7% with an increased compressor
pressure ratio for the combustion chamber. Furthermore, a diagnosis method based on advanced
exergetic analysis has been studied for coal-fired power plants. Strikingly, this method has been
identified the deviations successfully [14]. Noticeably, the advanced exergetic analysis method
has a key role to analyze exergy destruction of complex system components especially in the
investigation of ISCCS. Song et al. [15] determined the solid oxide fuel cell system combined
with a kinetic-based molding pre-reformer using conventional and advanced analysis. The re-
sults showed that the component heat exchanger is the greatest potential for improvement due
to the largest avoidable endogenous exergy destructions and negative endogenous destructions.
Yang et al. [16] performed the advanced exergy analysis to achieve more valuable information
by taking the component interconnections and technological limitations. The results indicated
that the interactions among components are weak and the proposed system had a large potential
for improvement due to the avoidable exergy destruction. Li et al. [17] provide directions for
further improvement on the efficiency of this system and deeper understandings of interactions
between the components for the proposed system via the conventional and the advanced exer-
gy analysis methods. Zhang et al. [18] analyzed an integrated energy storage system based on
transcritical CO, energy storage and ORC via the conventional and advanced exergy analyses.
Results showed that the proposed system had great potential for the improvement of system
performance for the exergy efficiency was 34.62% under the real condition and the theoretical
maximum for unavoidable condition was 43.48%. Wang et al. [19] proposed a system inte-
grated the CO, capture and storage process and the waste heat utilization processes. It results
provided guidance for the optimization of system irreversibility and help to determine the im-
provement potential of components. Jain et al. [20] reported the thermodynamic potential and
risk estimation of NH;-H,O and H,O-LiBr integrated vapor absorption refrigeration system via
the advanced exergy analysis.

Herein, the assessments of the overall design of ISCCS to reduce exergy destruction
and improve exergy efficiency are analyzed. The highest and main exergy destruction is point-
ed out in the combustion chamber and PTSC. Besides, the main exergy destruction is divided
into endogenous, exogenous, avoidable, and unavoidable. Compare to other research using
advanced exergy analysis method, our results firstly provide the significance of the applied
exergetic analysis method to reduce exergy destruction and improve energy-saving in ISCCS.
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System description

The model is built on a conventional CCPP system (SGT5-4000F), which includes a
SIEMENS V94.3A gas turbine and a three-pressure HRSG with reheat. As depicted in fig. 1, a
part of compressed air is used to cool turbine blades while the remaining is burned with natural
gas in the combustion chambers. The expanded exhaust gas with high temperature and pressure
in turbines operates a generator to produce electricity. Furthermore, the flue gas gets into HRSG
and heats the supplied steam. The HRSG has three different pressure levels such as HP, IP, and
LP with economizers, evaporators, and superheaters. Firstly, the economizer heats water and
then supplies it to the evaporator to get saturated steam. Secondly, the produced superheated
steam at three different pressures and temperatures is injected into steam turbines.
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Figure 1.

The PTSC is coupled to the conventional CCPP. A part of feed water (149 °C) from
the condensate preheater is injected into the heat exchanger of PTSC and heated to superheated
steam (358 °C). Then it is mixed with the exhaust steam (351°C) of the high pressure turbine
and the intermediate pressure superheated steam (329.5 °C). The reheater further heats these
steams to the temperature of 349 °C before they are injected back to the intermediate pressure
turbine.

Mathematical modelling
Energy and conventional exergy analysis
The thermodynamic balance of the ISCCS is defined [13]:

Q+zminhin =W+Zmouthout (1)
Qu = m(hout - hin) (2)
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where O and ¥ are entering the energy and output work of a system. Similarly, the expressions
for combustion reactions [21, 22]:

AC H +(x5 0, +xy N, +x, (H,0+x., CO, +x, Ar)
= YVeo, CO, + N, + ynonzO + Y\ Ar

Yeo, =(4Ax, +Xeo,)s In, = X, 3)
Ay n
yHZOZ(xH20+ 4Ij7 Yar = Xars A=—"L

The mole values of flue gas can be calculated by the aforementioned formula and 4 are
the mole ratio of the fuel to air mixture.

For collector system, the amount of solar thermal energy available depends on the
total area of collectors and direct normal irradiation (DNI) [23]:

0. = Nx AxDNI @)

where N is the number of collectors and A — the area of collectors. The energy absorbed by the
absorber tube was given:

O, =ng, (5)
where 7 is the optical efficiency of the collectors which depends on the surface reflectivity
of compound parabolic concentrator (CPC), receiver transmissivity, receiver absorption rate,
acquisition factor, mirror utilization rate, radiation, convective heat loss efficiency, and a cor-
rection factor of the incident angle. Furthermore, the 7 is expressed:

n=n,n.n,11,1.,K (6)

where 7, is the surface reflectivity of CPC, #, — the receiver transmissivity, 7, — the receiver
absorption rate, 7, — the acquisition factor, 7, — the mirror utilization rate, 7, — the radiation and
convective heat loss efficiency, and K — the correction factor of incident angle.

According to the balance conventional exergy analysis, the exergy is the part of the
energy that cannot be completely converted to mechanical energy. Stream exergy consists of
physical exergy and chemical exergy when potential and kinetic exergies are neglected [22]:

Ex= Exph + Exch (7
where physical and chemical exergies are defined as [21, 22, 24]:
Exy, =m[(h=hy =Ty (s =s,)] ®)
Ex,, = n'{Zx,.E)H-RTOZx,. lnx,} ©)
i=1 i=1

It is complicated to calculate the chemical exergy of fuels with the previous equation.
Therefore, the following equation is used for the calculation [25]:

Ex, = ELHYV, (10)

where LHV is the lower heating value of natural gas and £ — the the ratio of fuel chemical exergy
to a low calorific value of 1.06.

The exergy of solar radiation absorbed by the receiver tube can be calculated by Pete-
la’s formula which is expressed [26]:

Ex, =0y (11)
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where for the ideal process, Q; is the received solar energy. The stands for the maximum work
obtained from the solar radiation [27, 28]:

4
4T, 1(T,
T A ) 12
V=TT 3(TJ (12)

S

where 7, and T are the ambition temperature and the equivalent temperature of the Sun as a
black body (~5770 K), , respectively.

Advanced exergetic analysis

The primary method for the implementation of the advanced exergy analysis is the
conventional exergy analysis method. The comparative results of two kinds of analysis can
calculate the exergy destruction due to the low efficiency of each component. The processing
system and thermodynamic system always pay a certain price to achieve a certain product. The
cost is defined as fuel and the final yield is called product. Furthermore, fuel and products refer
to the exergy input and output of a subsystem. The difference between fuel exergy consumed
Ex;, and product exergy Exp, is expressed as exergy destruction Exp; in the process of energy
conversion [29]:

ExD,k = ExF,k - ExP,k (13)
Exergy efficiency and the destruction rate of £" component are defined [23]:
Ex
& =7 (14)
Ex;,
E
You =5 (15)

F.k

For the overall system, the exergy balance equation can be written [30]:
.Ftot = Ptot+zE ,k+EL,tot (16)

where Ex; ., is the fuel exergy entering to the system, Exp .— the product exergy, and Ex; ., — the
exergy lost in the system (the heat loss from smoke evacuation or leaking of the system).

There is no doubt that every component interacts with each other in a complex system.
It is obvious that the variable working state of a component leads to change thermodynamic
properties. In order to analyze the interaction between components, exergy destruction is divid-
ed into endogenous and exogenous exergy destruction [30-34]:

ExD, P = E‘x]];f\,lC + Exgi (17)
For the potential energy saving of system components, the advanced exergy analysis
method of exergy destruction is categorized as avoidable and unavoidable [30-35]:

ExD’ P = E.x]’;l + Exgi (18)

Assumptions and system parameters
Assumptions

The considerations are followed in various operating conditions during the analysis
as [13, 25]:
— All processes are steady-state along with constant DNI.
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— The temperature and mass-flow rate are constant for the exhaust gases from the gas turbine.
— The fuel is natural gas at a lower heating value (LHV = 49015 kJ/kg).
— The ambient operating temperature and pressure are 20 °C and 1.0 bar, respectively.

System pararmneters

The viable mathematical model of the PTSC system and a CCPP are built by
EBSILON® Professional, which is widely used in power plant design, evaluation, optimization,
and other thermal cycle processes. In order to validate the accuracy of the simulation pro-
cess of the proposed model, a series of main parameters were selected. The design values and
simulation results with an acceptable range of relative error in main parameters are shown in
tab. 1. Thermal systems, mainly analyze through two approaches: one is based on the First law
of thermodynamics (the energy and conventional exergy analysis) while the other is based on
the First and the Second law of thermodynamics (the advanced exergy analysis). Importantly,
the exergy analysis method reveals the cause, location, and direction of the destruction com-
pared to energy analysis.

Table 1. Main parameters of SGT5-4000F

Parameters Design values Simulation results Units
Capacity 387 389 [MW]
Main steam 12.5/566/72.6 12.6/567/73.1 [MP], [°C], [kgs™]
Reheated steam 2.99/551/85.6 2.91/551/87.8 [MPa], [°C], [kgs™']
Low pressure steam 0.45/239/12.3 0.46/240/12.9 [MPa], [°C], [kgs™']
Gas turbine exhaust 590/643 590.6/646 [°C], [kgs™']
Ambient temperature 20 20 [°C]
Exhaust gas temperature 90 90.9 [°C]

The parameters of CCPP are based on the SGT5-4000F running data from an Electric
Power Generation. The thermal performance of PTSC is collected from Salgado et al. [32]. This
plant is located at 113°42'E, 34°44'N, with 57% peak optical efficiency of PTSC. The ambient
temperature is 20 °C, wind speed is 1.5 m/s and the DNI is about 800 W/m?. The aforemen-
tioned analysis is carried out on the 2% of June at 12:00 a. m. The estimation of unavoidable
conditions is assumed from previously reported work [13] and the basic parameters are shown
in tab. 2. The endogenous exergy destruction is related to the operation of component £ it self.
It is obtained when the considered component operates under real conditions and all other com-
ponents of the process operate without irreversibility (theoretically) [10].

Table 2. The basic parameters for advanced exergetic analysis

Component, k Real condition Theoretical condition Unavoidable condition
Compressor N = 98% N = 100% N = 99%
CC 0.=2% 0L=0% 0L=0%
Expanders N = 98% N = 100% N = 99%
Exchangers AP, =0.05Pa AP, =0 Pa AP, =0.05Pa
AP, =0.002 Pa AP, =0 Pa AP;;=0.002 Pa
Pumps N = 95% N = 100% N = 99%
7is = 80% 7is = 8100% s = 99%
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Herein, the total incident radiation on the collectors is about 183 MW with total ener-
gy absorption of 99.72 MW. The mass-flow rate of molten salt in collectors is 229.57 kg/s. The
temperature of the feedwater is 149.5 °C and the outlet temperature of the superheated steam is
358.5 °C. The main design parameters of CCPP and PTSC are listed in tabs. 1 and 3.

Table 3. Main parameters of PTSC system

Parameters Values [3, 9, 36] Units
DNI 800 [Wm™2]
Length 150 [m]
Width 5.76 [m]
Temperature of water in/out of the receiver 149.5/358.5 [°C]
Number of collectors 280 -
POEC 0.57 -
Surface reflectivity, 7, 0.92 -
Receiver transmissivity, 7, 0.90 -
Receiver absorption, 7, 0.91 -
Acquisition factor , 7, 0.93 -
Mirror utilization, 7, 0.91 -
Radiation and convective heat loss efficiency, 7, 0.90 -

Results and discussion

The thermodynamic data for each selected material stream of the overall proposed
system is list in Appendix A. The results are used for further conventional exergetic analysis and
advanced exergetic analysis.

Conventional exergetic analysis results

The conventional exergy analysis method is applied to get exergy variables for select-
ed components as shown in tab. 4. It is revealed that the reheater, HPECON, and compressor
have the highest exergy efficiency of 95.0 %, 94.87 %, and 94.37 % , respectively. The preheater
displays the lowest exergy efficiency. In addition, the combustion chamber delivers the largest
exergy destruction of 235.63 MW followed by PTSC of 54.21 MW and expander of 31.59 MW.

Figure 2 describes the exergy destruction and production exergy of components for
the proposed system. The total value of the exergy destruction and the production exergy is the
fuel exergy. The fuel exergy of the compressor is from the expander, the fuel exergy of the CC is
from the compressed air and the fossil fuel energy. Moreover, the fuel exergy of the expander is
from the work done by the exhaust gas expansion under high temperature (1247.5 °C) and pres-
sure (1.7 MPa). It can be seen that the CC has the largest fuel exergy (1001.6 MW), followed
by the expander (556.4 MW), compressor (261.7 MW), exchangers (194.4 MW), turbines
(193.2 MW), solar field (99.7 MW), condenser (40.2 MW), and the deaerator (17.4 MW),
while the pumps have the lowest value of 1.0 MW. Additionally, it can be noticed that the gas
turbine (compressor, CC, and expander, 1819.8 MW) accounts 76.9 % of the total fuel exergy
(2365.9 MW) of the overall system.

The exergy efficiency and the exergy destruction rate of selected components for the
proposed system are shown in fig. 3. The deaerator has the largest exergy efficiency of 96.6%,
followed by the compressor (94.37%), expander (94.32%), exchangers (90.8%), steam turbine
(86.5%), and pumps (84.7%). It can be noticed that the exergy efficiency indicates the exergy
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Table 4. Calculated exergy variable for selected components

Component, k Er [MW] Ery [MW] Epi [MW] & [%] Yo [Y%0]
Compressor 261.77 247.03 14.73 94.37 5.63
CcC 1001.64 766.00 235.63 76.47 23.52
Expander 556.41 524.82 31.59 94.32 5.67
Reheater 34.57 32.84 1.72 94.99 5.00
HPSH 37.57 34.31 3.25 91.33 8.66
HPEVAP 47.67 44.20 3.47 92.71 7.28
HPECON 16.86 16.00 0.86 94.87 5.12
IPSH 2.45 2.15 0.29 87.81 12.18
IPEVAP 14.44 13.53 0.91 93.67 6.32
IPECON 13.57 12.42 1.14 91.54 8.45
LPSH 1.54 1.15 0.38 74.86 25.13
LPEVAP 11.57 10.31 1.26 89.11 10.88
Preheater 14.14 9.69 4.45 68.49 31.50
HPST 28.28 26.12 2.15 92.36 7.63
IPST 69.92 58.06 11.86 83.03 16.96
LPST 95.04 83.04 12.00 87.36 12.63
HP Pump 1.03 0.87 0.15 84.81 15.18
IP Pump 0.30 0.25 0.05 82.82 17.17
LP Pump 0.001 0.001 0.0002 83.68 16.31
Condensate pump 0.07 0.06 0.01 78.04 21.95
Condenser 40.27 30.27 10.00 75.16 24.83
Deaerator 17.43 16.84 0.59 96.61 3.38
PTSC 99.72 4551 54.20 45.64 54.35
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Figure 2. The exergy destruction and
production exergy of components

Figure 3. The exergy efficiency and the
exergy destruction rate of components

utilization of the component, while the exergy destruction shows the degree of exergy loss. The
solar field shows the lowest exergy efficiency of 45.6% for the reason that it has a long pipe-
line and a higher proportion of energy loss. Additionally, solar collectors deserve more attention
improve the exergy efficiency.
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Additionally, the distribution of exergy 8.1%
destruction for the proposed system is depict-
ed in fig. 4. As can be seen, the CC shows the
largest exergy destruction rate (235.6 MW) fol-
lowed by the solar field (54.2 MW) according E Solar fiely
to the Second law of thermodynamics. For the
gas turbine (compressor, CC, and expander, 282 5,
MW), accounts for 70% of the total exergy de-
struction rate (390.8 MW) of the overall system.
The reason why the CC has the largest exergy
destruction is that the process of fuel conversion  Figure 4. The distribution of exergy destruction
from chemical energy to the heat energy is ir-
reversible and there is a lot of irreversible loss. In addition, the temperature of the fuel and air
entering the combustion chamber is relatively low, and the temperature difference between the
fuel and the exhaust gas temperature at the turbine inlet is quite large. Although the exergy
efficiency of CC is relatively higher than other components from the results of fig. 3, however,
the fuel exergy is quite large for the CC, which contributes to the second reason why CC has
the largest exergy destruction.

The exergy flow distribution of ISCCS with a solar exergy rate of 99.72 MW and nat-
ural gas exergy rate of 754.61 MW are pictured in fig. 5. A number of 415.80 MW (48.67%) of
the total exergy is converted into electricity with 438.52 MW (51.33%) input loss of the system.
Due to the introduction of solar collectors, the power output of the proposed ISCCS is 26.8
MW higher than the traditional combined cycle. Moreover, the fuel efficiency (55.10%) is of
the overall proposed ISCCS is 3.55% higher than the conventional CCPP of 51.55%. Besides,
the combustion chamber, PTSC, expander, and turbines are found as main exergy destruction
components with 60.29%, 13.8%, 8.08%, and 6.66% , respectively. Besides, pumps, deaerator,
and condenser components show the lowest exergy destruction.
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Figure 5. Exergy flow distribution of ISCCS

Advanced exergetic analysis results

To improve the accuracy of exergy analysis with a thorough understanding of thermo-
dynamic inefficiencies, the exergy destruction is divided into avoidable, unavoidable, endoge-
nous, and exogenous as shown in tab. 5. The exergy destruction rate of ISCCS components is
shown in fig. 6. This approach facilitates the optimization and evaluation of each component
of the system. Plainly, the advanced exergy analysis of the components results in 82.1% and
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17.9% for endogenous exergy destruction rate (320.83 4MW) and exogenous exergy destruc-
tion rate (69.97 MW) , respectively. It indicating that the overall system’s exergy destruction is
mainly caused by the structure of the proposed ISCCS, while the exergy destruction caused by
the interaction between various component units of the system is relatively small. Herein, the
highest endogenous exergy destruction rate of 213.87 MW results in the combustion chamber
followed by the PTSC’s endogenous exergy destruction rate of 52.79 MW. Additionally, the
exogenous exergy destruction of " component can be reduced by improving the reliability of
other components in the system. While the endogenous exergy destruction of & component
can be reduced by improving the technical level and the equipment structure. For example, the
inevitable energy loss of the compressor can be reduced by interstage cooling and the efficiency
of turbines can be improved by reheating the exhaust gas or steam.

Table 5. Results of the advanced exergy analysis of components

Component, k| Ep; [MW] ESN IMW] ESY IMW] ESY [IMW] ESY [MW]
Compressor 14.738 0.940 13.798 3.197 11.541
CcC 235.634 213.870 21.764 213.870 21.764
Expander 31.592 19.991 11.602 24.098 7.494
Reheater 1.729 1.527 0.202 1.764 —0.035
HPSH 3.254 2.936 0.318 3.039 0.215
HPEVAP 3.473 2.931 0.541 3.031 0.442
HPECON 0.865 0.618 0.246 0.714 0.150
IPSH 0.299 0.197 0.102 0.297 0.002
IPEVAP 0.913 0.764 0.149 0.860 0.053
IPECON 1.148 0.823 0.325 0.913 0.235
LPSH 0.387 0.247 0.140 0.358 0.029
LPEVAP 1.260 0.863 0.397 0.953 0.307
Preheater 4.457 3.981 0.477 4.097 0.361
HPST 2.159 0.126 2.032 0.404 1.755
IPST 11.864 7.720 4.143 8.373 3.491
LPST 12.009 0.795 11.213 1.668 10.341
HP Pump 0.157 0.0003 0.156 0.011 0.146
IP Pump 0.052 0.0001 0.052 0.004 0.049
LP Pump 0.000 0.0000 0.000 0.000 0.000
Condensate Pump 0.017 0.0004 0.017 0.001 0.016
Condenser 10.003 9.041 0.961 9.046 0.957
Deaerator 0.590 0.665 —0.075 0.664 —0.074
PTSC 54.207 52.797 1.410 52.790 1.417
SUM 390.805 320.834 69.971 330.150 60.654
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Figure 6. Exergy destruction rate of ISCCS components

Furthermore, the unavoidable exergy destructions of each component are calculated
based on the unavoidable conditions, as demonstrated in tab. 2. The simulated results reveal
the total unavoidable and avoidable exergy destruction rates of 330.15 MW and 60.65 MW,
respectively. The combustion chamber, PTSC, and expander to unavoidable exergy destruction
rates of 213.87 MW, 52.79 MW, and 24.01 MW. The highest exergy destruction rate of the
combustion chamber is not only attributed to the large temperature difference between fuel
and exhaust gas but also the irreversible combustion process. There is no doubt that most of
the exergy destruction from the system is caused by structural factors in the component itself
while the external system structure has less effect on operation status or exergy destruction.
The reduced air-fuel ratio and preheated fuel can decrease the exergy destruction rate in the
combustion chamber.

The second-largest exergy destruction rate is in the PTSC due to various exergy loss-
es during the process of water heating into steam via solar energy and low temperature heat
addition in the whole cycle. The high temperature of feed water supplied to PTSC and novel
materials can reduce the exergy destruction. In the simulation, the positive or negative values
of exergy destruction rates are resulted due to differences in flow rates between comparative
conditions of interacted components. The efficiency of the components is improved due to the
reduced exergy destruction rate under ideal and inevitable conditions.

Conclusions

The conventional and advanced exergetic analysis methods are adopted to investigate
the exergy destruction of selected components in ISCCS. The energy-saving potential of com-
ponents is calculated by the advanced exergetic analysis. The main conclusions are as followed:

The solar and chemical exergy are 99.72 MW and 754.61 MW for the ISCCS. For
the overall system, a number of 48.67% of total exergy is converted to electricity with 51.33%
loss. Additionally, for the components, the combustion chamber has the largest fuel exergy and
the highest endogenous exergy destruction rate of 1001.60 MW and 213.87 MW, respectively.
The combustion chamber has the highest exergy destruction rate of 235.60 MW (60.29%),
followed by the PTSC of 54.20 MW (13.87%). For the overall system, the endogenous exergy
destruction rate of 320.83 MW (82.10%) and the exogenous exergy destruction rate of 69.97
MW (17.90%) are resulted via the advanced exergy analysis method.

It is revealed that there are irreversible processes and a large amount of exergy de-
struction in the combustion chamber and PTSC. The structure of the system components and
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integration method for ISCCS are considered feasible in order to improve the thermal perfor-
mance of the system. The addition of multi-stage compression, an inter-cooling process in the
compressor, reduce the air-fuel ratio and preheat fuel before burning in the combustion chamber
can be the promising factors for the reduced exergy destruction under optimized operating con-
ditions. The significance of the applied exergetic analysis method to reduce exergy destruction
and improve energy-saving in the ISCCS.
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Nomenclature
DNI — direct normal irradiance, [Wm™] n,  —acquisition factor of collector
Ei . —exergy loss in the system, [klkg'] n,  —radiation and convective heat loss
Ex  —exergy of a stream, [klkg'] efficiency of the collector
Exp — exergy destruction of kth component, n,  —surface reflectivity of collector
[kTkg 7, — receiver transmissivity of collector
Exg, — fuel exergy of kth component, [kJkg™'] ns  —mirror utilization of collector
Exp; —product exergy of kth component, [kJkg]
Ex,, —physical exergy, [kJkg™] Acronyms
Exy — chemical exergy, [kJkg™'] AC — air compressor
Exp) —avoidable exergy destruction of kth CC - combustion chamber
component, [kJkg'] CCPP — combined cycle power plant
Exf)} — endogenous exergy destruction of kth CPH - condensate preheater
component, [kJkg™] CPC - compound parabolic concentrator
Exp} — exogenous exergy destruction of kth GT - gas turbine
component, [kJkg™'] Gen - generator
Expy —unavoidable exergy destruction of kth HEC - high-pressure economizer
component, [kJkg'] HEV — high-pressure evaporator
hi,  — specific enthalpy entering the system, HP - high pressure
[kIkg ] HS - high-pressure superheater
how  — specific enthalpy leaving the system, HRSG — heat recovery steam generator
[kJkg™] IEC - intermediate pressure economizer
LHV —lower heating value, [kJkg'] IEV - intermediate pressure evaporator
m — mass-flow, [kJs™] IP - intermediate pressure
O;  —energy received by the collector, [kJ] ISH - intermediate pressure superheater
Q1 —energy loss, k] ISCCS - integrated solar combined cycle power
O, —energy absorbed by the absorbers, [kJ] plant
T,  —ambient temperature, [°C] LEV — low-pressure evaporator
ypx  — exergy destruction rate, [%] LP  —low pressure
LSH - low-pressure superheater
Greek symbol POEC- peak optical efficiency of collector
nn  — mechanical efficiency PTCS — parabolic trough solar collector

Na

— receiver absorption of collector

REH - rehaeter
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Appendix A. Calculated thermodynamic variables for selected material streams

Stream, j 7, [°C] P, [bar] m, [kes™] ¢ [Kkg ! iy [klkg '] E[MW]
1 20.0 1.00 636.40 0.00 20.29 0.00
2 407.5 17.00 636.40 388.18 423.40 247.03
3 50.0 17.00 14.52 51955.9 109.05 754.61
4 1247.5 17.00 650.92 1176.80 1477.61 766.01
5 590.4 1.04 650.92 322.00 654.88 209.60
6 90.9 1.01 650.92 23.32 96.07 15.18
7 495.6 1.03 650.92 247.78 543.74 161.29
8 445.5 1.03 650.92 211.16 486.11 137.45
9 3355 1.03 650.92 137.92 361.73 89.78
10 329.6 1.03 650.92 134.15 355.14 87.32
11 285.6 1.02 650.92 108.24 306.50 70.45
12 281.7 1.02 650.92 105.87 302.16 68.91
13 240.6 1.02 650.92 83.68 257.07 54.47
14 197.8 1.02 650.92 62.83 210.54 40.90
15 156.1 1.02 650.92 45.05 165.68 29.32
16 329 0.05 125.34 247.92 2375.07 31.07
17 329 0.05 125.34 7.58 137.76 0.95
18 329 4.70 125.34 8.06 138.35 1.01
19 119.0 4.65 125.34 85.37 499.87 10.70
20 149.1 4.65 199.52 127.67 628.46 25.47
21 149.1 4.70 199.52 127.68 628.47 25.47
22 149.1 4.65 199.52 179.24 774.48 35.76
23 149.1 4.65 13.80 875.06 2744.86 12.07
24 243.6 4.60 13.80 958.61 2949.36 13.23
25 149.1 4.65 83.87 127.67 628.46 10.71
26 149.6 29.90 83.87 130.66 631.90 10.96
27 230.6 29.85 83.87 278.83 992.97 23.39
28 233.6 29.85 199.52 352.66 1153.83 70.36
29 233.6 29.90 199.52 285.01 1007.07 56.87
30 233.6 29.85 16.22 1112.97 2803.26 18.05
31 329.5 29.80 16.22 1245.98 3067.68 20.20
32 230.6 29.85 67.66 278.53 992.97 18.85
33 2333 126.10 67.66 291.47 1007.47 19.72
34 322.6 126.05 67.66 527.99 1475.47 35.72
35 328.5 126.10 70.50 549.85 1515.68 38.76
36 328.5 126.05 70.50 1176.82 2664.04 82.97
37 328.5 126.05 67.66 1181.22 2672.09 79.92
38 563.3 126.00 67.66 1688.43 3510.08 114.24
39 349.2 29.20 67.66 1270.33 3115.99 85.95
40 349.1 29.20 118.13 1270.14 3115.66 150.05
41 547.9 29.10 118.13 1548.17 3565.68 182.89
42 299.0 4.50 111.54 1012.82 3063.73 112.97
43 2929 4.50 125.34 1006.27 3051.14 126.12
44 15.0 2.00 5209.85 1.77 63.17 9.20
45 27.9 1.50 5209.85 5.63 117.00 29.32
46 149.1 4.65 34.26 127.67 628.46 4.37
47 149.5 29.30 34.26 130.59 631.82 4.47
48 358.5 29.20 34.26 1282.58 3137.70 43.94
49 236.7 35.00 229.58 128.61 431.55 29.53
50 237.6 50.00 229.58 130.51 433.68 29.96
51 395.0 35.00 229.58 328.76 805.50 75.47
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