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In this paper, detailed exergy analysis of selected thermal power systems driven by parabolic trough solar
collectors (PTSCs) is presented. The power is produced using either a steam Rankine cycle (SRC) or a com-
bined cycle, in which the SRC is the topping cycle and an organic Rankine cycle (ORC) is the bottoming
cycle. Seven refrigerants for the ORC were examined: R134a, R152a, R290, R407c, R600, R600a, and
ammonia. Key exergetic parameters were examined: exergetic efficiency, exergy destruction rate, fuel
depletion ratio, irreversibility ratio, and improvement potential. For all the cases considered it was
revealed that as the solar irradiation increases, the exergetic efficiency increases. Among the combined
cycles examined, the R134a combined cycle demonstrates the best exergetic performance with a maxi-
mum exergetic efficiency of 26% followed by the R152a combined cycle with an exergetic efficiency of
25%. Alternatively, the R600a combined cycle has the lowest exergetic efficiency, 20–21%. This study
reveals that the main source of exergy destruction is the solar collector where more than 50% of inlet
exergy is destructed, or in other words more than 70% of the total destructed exergy. In addition, more
than 13% of the inlet exergy is destructed in the evaporator which is equivalent to around 19% of the des-
tructed exergy. Finally, this study reveals that there is an exergetic improvement potential of 75% in the
systems considered.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Utilization of solar energy has become crucial and it is expected
to increase significantly in the near future. Therefore, there is a
need to improve the performance of thermal power plants inte-
grated with solar thermal energy. Parabolic trough solar collector
(PTSC) technology is considered the most established solar thermal
technology for power production. It has been used in large power
plants since the 1980s in California and has demonstrated a prom-
ising renewable energy technology for the future. Hence, this tech-
nology has been selected for this study.

A number of papers had examined ORCs integrated with PTSCs
for electrical power production, e.g. [1–6]. He et al. [1] considered
three organic working fluids, R113, R123, and pentane, for an ORC
and found that pentane had the best performance. In another
study, Quoilin et al. [2] carried out thermodynamic modeling of a
proposed small scale PTSC integrated with an ORC for power pro-
duction, considering different design options to be located in a rur-
al location in Berea District of Lesotho, South Africa. In a different
paper, Bamgbopa and Uzgoren [3] developed a transient model
for a simple ORC in which the working fluid was R245fa and found
that the heat exchanger was the critical part of the model. In a
different study, the performance of a low temperature solar ther-
mal electric system using an ORC and a compound parabolic
trough was examined by Gang et al. [4]. It was shown that the
overall electrical efficiency was about 8.6% when a solar irradiation
of 750 W/m2 was assumed. They further examined their system for
selected cities and considered an improved design of the oil and or-
ganic fluid heat exchanger [5]. Derscha et al. [6] carried out a study
that compared the performance of integrated solar combined cycle
systems (ISCCs) with a solar electric generating system (SEGS) and
found that ISCCs provided a better option than SEGS.

A few studies considered integrating ORC with PTSC for cogen-
eration or trigeneration, e.g. [7–13].

Li et al. [7] assessed the performance of their system for both
power and water production through reverse osmosis (RO) and
their system had efficiency between 18% and 20%. In a different
study, Nafey and Sharaf [8] conducted thermodynamic analysis
for both power and water desalination using RO. They selected four
refrigerants for the PTSC case: dodecane, nonane, octane, and tolu-
ene and found that toluene was the best option. In another study,
Sharaf et al. [9] conducted thermo-economic analysis of PTSC inte-
grated with an ORC and a multi-effect distillation. Two scenarios of
generation were considered in their study: the first one was with
only water production and the second one was with both power
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Nomenclature

Aap aperture area, m2

Ac area of the receiver cover, m2

Ar area of the receiver, m2

Cp specific heat, kJ/kg K
Cols total number of solar modules per single row (in series)
Colr total number of solar collectors rows
D diameter, m
ex specific exergy, kJ/kg
Ex exergy, kW
Exd exergy destruction, kW
FR heat removal factor
F1 collector efficiency factor
Gb solar radiation intensity, W/m2

h enthalpy, kJ/kg
HTF heat transfer fluid
hc convection heat coefficient, kW/m2 K
hr radiation heat coefficient, kW/m2 K
IP exergetic improvement potential, kW
k thermal conductivity, kW/m
_mr mass flow rate through the receivers in one row, kg/s
_mrt total mass flow rate though all receivers in parallel, kg/s
_mst mass flow rate in the steam Rankine cycle, kg/s

Nus Nusselt number
ORC organic Rankine cycle
P pressure, kPa
Pv vapor pressure, kPa
_Q heat rate, kW
_Qu;o overall useful heat rate through all the collectors, kW

S entropy, kJ/kg
SRC steam Rankine cycle
SRC-A steam Rankine cycle with atmospheric condensing pres-

sure
SRC-V steam Rankine cycle with vacuum condensing pressure
T temperature, K
Ts temperature of the sun, K
Uo overall heat loss coefficient, kW/K

UL solar collector heat loss coefficient between the ambient
and receiver, kW/K

v velocity, m/s
w collector width, m
YD exergetic fuel depletion ratio
YD
⁄ irreversibility ratio

z height (elevation), m

Greek letters
a absorbance of the receiver
g efficiency
�cv emittance of the receiver cover
�r emittance of the receiver
c intercept factor
Kc incidence angle modifier
r Stefan–Boltzmann constant, kW/m2 K4

qc reflectance of the mirror
s transmittance of the glass cover

Subscripts
0 atmospheric conditions
d destruction
el electrical power
ev evaporator
ex exergy
g generator
i inlet
j property value at state j
o organic
op ORC pump
ot ORC turbine
r receiver
rt all the receivers (collectors in parallel)
st steam
u useful
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and water production. It was found that the first option is more
attractive. Delgado-Torres and García-Rodríguez [10,11] conducted
thermodynamic analysis of a thermal system consists of an ORC, a
PTSC, and an RO. Initially, they analyzed the system assuming only
water production through RO [10] and then they extended their
study to include both electrical and water production [11]. The
main objective of their study [11] was to examine the effect of dif-
ferent organic fluids on the aperture area of the PTSC. In another
study, the energetic performance of PTSC integrated with an ORC
in which the waste heat from the ORC is used for cogeneration
was conducted by Al-Sulaiman et al. [12]. It was found that there
was an energy efficiency improvement, when trigeneration was
used, from 15% to 94% (utilization efficiency). On the other hand,
using exergy analysis, Al-Sulaiman et al. [13] found that there
was an exergetic efficiency improvement from 8% to 20% when tri-
generation is used as compared to only power generation. Al-Sulai-
man [14] conducted energy analysis of PTSC integrated with a
steam Rankine cycle as a topping cycle and an ORC as a bottoming
cycle. His study considered the energetic performance of his sys-
tem and the effect of selected parameters on the size of the solar
collector field.

It can be observed from the literature review that there is no
exergy analysis that has been conducted on parabolic trough solar
collectors integrated with combined steam and organic Rankine
cycles. Furthermore, with fossil fuel depletion and significant
increment of CO2 emissions, finding an improved thermal power
system driven by a renewable energy, such as solar energy, is
becoming more crucial. Therefore, the current study is original
and of significant importance. The objective of the current study
is to examine, in detail, the exergetic performance of a thermal
power system driven by parabolic trough solar collectors that are
integrated with combined steam and organic Rankine cycles. The
steam Rankine cycle (SRC) is the topping cycle while the ORC is
the bottoming cycle. Severn refrigerants for the ORC were consid-
ered: R134a, R152a, R290, R407c, R600, R600a, and ammonia. In
this study, key exergetic parameters are examined: exergetic effi-
ciency, exergy destruction rate, fuel depletion ratio, irreversibility
ratio, and improvement potential.
2. System descriptions

The current study considers two systems. The first one is a PTSC
integrated with an SRC, as shown in Fig. 1. Two operating condi-
tions were considered for this system: vacuum condensing pres-
sure and atmospheric condensing pressure. The second system is
a combined vapor cycle, which is similar to the first; however, an
ORC, as a bottoming cycle, is integrated with SRC that has condens-
ing atmospheric pressure (SRC-A), as a topping cycle, as shown in
Fig. 2. The ORC is integrated with an SRC-A since there is a
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Fig. 1. Schematic of the parabolic trough solar collectors integrated with steam Rankine cycle.
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Fig. 2. Schematic of the parabolic trough solar collectors integrated with the steam and organic Rankine cycles.
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sufficient amount of waste heat that can be utilized from this SRC-
A, unlike the case with an SRC operating under vacuum condensing
pressure (SRC-V). Moreover, the combined cycles examined in this
study, have another two major advantages as compared to the SRC-
V. The SRC-V design is relatively complex because: (a) The pressure
in the condenser is at vacuum and, consequently, the capital and
operating & maintenance costs are relatively high; which is not
the case for the combined cycles; (b) The specific volume of the
steam in the condenser is high (SRC-V) and, hence, the SRC-V re-
quires a relatively large condenser while the SRC-A does not. Fur-
thermore, the combined cycle requires another cycle that adds
cost. The other two SRCs in this study, SRC-V and SRC-A, are con-
sidered as a reference for the combined vapor cycle for
comparison.

The solar collector field consists of a few hundred solar collector
rows. Each collector row consists of ten modules. The length of
each module is 12.27 m [15,16]. Table 1 lists the geometric data
of the solar collectors selected. The LS-3 collector type was selected
in this study, because it is the latest collector design in SEGS plants,
and has proven performance in the field. The temperature at the
exit of the solar collector row is 390 �C (663 K) [17]. This temper-
ature is considered the maximum practical operating temperature
of the selected oil that is circulated through the receivers of the
PTSC. The oil selected is Thermonil-VP1. It is a synthetic oil that
has both good heat transfer properties and good temperature con-
trol [18]. Therefore, it is used in many power plants driven by PTSC,
[15,19] and, consequently, it has been selected for this study. The
thermodynamic characteristics of this oil can be found at [18].
The mass flow rate of the HTF per single row of solar collectors is
0.35–0.8 kg/s [20]. It should be noted that this mass flow rate is
for a single solar collector row without looping.

The SRC examined is integrated with the solar field through an
evaporator. The pinch point temperature of the evaporator was as-
sumed to be 10 K [21]. For the combined vapor cycle, seven refrig-
erants were selected. These refrigerants were R134a, R152a, R290,
R407c, R600, R600a, and ammonia. They were selected based on
the recommendation of Tchanche et al. [22], in which they have
recommended these refrigerants for a low temperature ORC, like
the case for the bottoming cycle in the combined vapor cycles
considered.



Table 1
Input values to the system.

Steam and Rankine cycles
Steam and ORC turbine efficiency 85%
Steam and ORC pump efficiency 80%
Baseline mass flow rate of the steam Rankine cycle 94 kg/s
Baseline steam turbine inlet pressure 12.0 MPa
Baseline steam turbine inlet temperature 663 K
Pinch point temperature of the evaporator/condenser 10 K
Electrical generator efficiency 96%
Electrical motor efficiency 96%

Solar collectors [16,27]
Single collector width 5.76 m
Single collector length 12.27 m
Receiver inner diameter 0.066 m
Receiver outer diameter 0.07 m
Cover inner diameter 0.115 m
Cover outer diameter 0.121 m
Emittance of the cover 0.86
Emittance of the receiver 0.15
Reflectance of the mirror 0.94
Intercept factor 0.93
Transmittance of the glass cover 0.96
Absorbance of the receiver 0.96
Incidence angle modifier 1
Number of collectors in series 10

Ambient conditions
Ambient temperature 298.15 K
Ambient pressure 101.3 kPa

Table 2
Validation of the current model as compared with Dudley et al. [25]. Heat losses
change with the average temperature above the ambient of the fluid inside the
absorber.

Ta,am difference Heat loss (Model) Heat loss (Exp. [26])

100.6 8.7 10.6
149.1 19.3 19.3
196.7 34.2 30.6
245.8 53 45.4
293.3 75.5 62.9
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3. Mathematical modeling

Mathematical modeling of the systems considered is presented
in this section. The equations developed were programmed using
Engineering Equation Solver (EES). The input data used in the code
are listed in Table 1. Modeling of the PTSC in this section is based
on the equations presented in [23,24]. The developed equations
were validated with these two references and with the experimen-
tal study by Dudley et al. [25]. The validation is presented later in
this section.

Modeling the solar system is presented first. Then the exergy
analysis of the overall system is presented. It was assumed that
the systems are at steady state. In addition, it was assumed that
the pressure change is negligible except in the pumps and tur-
bines. The useful collected energy rate from a single collector is
defined as:

_Q u ¼ _mrðCproTro � CpriTriÞ ð1Þ

where Cp is the specific heat, _mr is the mass flow rate in the recei-
ver, and T is the temperature. The subscripts ro and ri refer to the
receiver inlet and the receiver outlet, respectively. This useful en-
ergy can also be calculated from:

_Q u ¼ AapFR S� Ar

Aap
ULðTri � T0Þ

� �
ð2Þ

where FR is the heat removal factor, S is the heat absorbed by the
receiver, Aap is the aperture area, Ar is the receiver area, and UL is
the solar collector overall heat loss coefficient. The heat absorbed
by the receiver is defined as:

S ¼ Gbgr ð3Þ

where Gb is the direct irradiation intensity and gr is the receiver effi-
ciency which is defined as [17]:

gr ¼ qccsa Kc ð4Þ

where qc, c, s, a and Kc are the reflectance of the mirror, intercept
factor, transmittance of the glass cover, absorbance of the receiver,
and incidence angle modifier, respectively; their values are listed in
Table 1. The heat removal factor is defined as:
FR ¼
_mrCpr

ArUL
1� exp

�ArULF1

_mrCpr

� �� �
ð5Þ

where _mr is the mass flow rate through the receiver and F1 is the
collector efficiency factor and defined as:

F1 ¼ Uo=UL ð6Þ

The solar collector heat loss coefficient between ambient and
receiver is defined as:

UL ¼
Ar

ðhc;ca þ hr;caÞAc
þ 1

hr;cr

� ��1

ð7Þ

The radiation heat coefficient between ambient and the cover is
defined as:

hr;ca ¼ �cvrðTc þ TaÞðT2
c þ T2

aÞ ð8Þ

where r is Stefan–Boltzmann constant and �cv is the emittance of
the cover. The radiation heat coefficient between the cover and
the receiver is defined as:

hr;cr ¼
rðTc þ Tr;avÞðT2

c þ T2
r;avÞ

1
�r
þ Ar

Ac

1
�cv
� 1

� � ð9Þ

where the subscript av refers to average and �r is the emittance of
the receiver. The convection heat loss coefficient between ambient
and the cover is defined as:

hc;ca ¼
Nus kair

Dc;o

� �
ð10Þ

where Kair is the thermal conductivity of the air and Nus is Nusselt
number. The overall heat coefficient between the surroundings and
the fluid is defined as:

Uo ¼
1

UL
þ Dr;o

hc;r;inDr;i
þ Dr;o

2kr
ln

Dr;o

Dr;i

� �� �� ��1

ð11Þ

where hc,r,in is the heat loss coefficient between the receiver and the
cover which is defined as:

hc;r;in ¼
Nusrkr

Dr;i
ð12Þ

The subscript r refers to the receiver. The temperature of the
cover can be calculated using this equation:

Tc ¼
hr;crTr;a þ Ac

Ar
ðhc;ca þ hr;caÞT0

hr;cr þ Ac
Ar
ðhc;ca þ hr;caÞ

ð13Þ

The amount of the solar irradiation that shines upon the collec-
tor, which is considered as heat into the system, is defined as:

_Qsolar ¼ AapFRSColrCols ð14Þ

where Cols and Colr are the total number of modules in series and
the total number of the collector rows (parallel). The aperture area
is defined as:
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Aap ¼ ðw� DcoÞL ð15Þ

where L, w, and Dco are the collector (module) length, collector
width, and receiver cover outer diameter, respectively. The valida-
tion of the PTSC model is presented next.

The solar collector model is validated against the experimental
study by Dudley et al. [25], as shown in Table 2. The model demon-
strates good agreement with the experimental work. The small
deviation in the current model as compared to [25] is due mainly
to the approximation used to calculate the heat loss coefficients.

Exergy is a measure of the departure of a state of a system from
that of the surroundings. It is defined as the maximum theoretical
work that can be attained from a system as it interacts with the
equilibrium state (surroundings). The exergy balance of a control
volume at steady state can be defined as:

0 ¼
X

j

1� To

Tj

� �
_Q j � _Wcv þ

X
i

_miexi �
X

e

_meexe � _Exd ð16Þ

where _Exd
, ex, and T are the exergy destruction rate, exergy per unit

mass flow rate, and temperature, respectively. The subscript 0 is the
value of the property at the surrounding and the subscript j is the
property value at state j. The subscripts i and e refer to the inlet
and exit, respectively. The physical exergy per mass flow rate, exph,
at a given state is defined as [17]:

exph ¼ ðh� h0Þ � T0ðs� s0Þ þ
V2 � V2

0

2

 !
þ gðz� z0Þ ð17Þ

where h, s, v, g, and z are enthalpy per unit mass, entropy per unit
mass, velocity, gravity, and elevation, respectively. In this study,
the elevation and velocity are neglected because they are signifi-
cantly small as compared to the other values.

The exergy efficiency is defined as the ratio of the actual ther-
mal efficiency to the maximum reversible thermal efficiency in
which both are under the same conditions. The net electrical exer-
gy efficiency is defined as:

gex;el ¼
_Wnet

Exin
ð18Þ

where Exin is the inlet exergy to the system and function of the sun’s
outer surface temperature (Ts = 5800 K) and defined as Petela [26]:

_Exin ¼ Aap;tGb 1þ 1
3

To

Ts

� �4

� 4
3

To

Ts

� � !
ð19Þ

The exergetic fuel depletion ratio of a component j is defined as
[21]:

Yd;j ¼
Exd;j

Extotal;in
ð20Þ

The irreversibility ratio of a component j is defined as [21]:

Y�d;j ¼
Exd;j

ExD;total
ð21Þ

Improvement potential of a component j is defined as:

IPj ¼ 1�
gex;el

100

� �
Exd;j ð22Þ
4. Results and discussion

In designing a solar thermal power plant, the main variable to
examine is the variation of solar irradiation on the plant perfor-
mance. To assess its effect on power plant exergetic performance,
variation of the steam turbine inlet pressure is another key vari-
able. Furthermore, investigating the effect of varying the net
electrical power output, which in turn affect the solar field size,
is another key variable in the exergetic performance of the system.
The variation of the net electrical power output in the steam Ran-
kine cycle is attained through varying the mass flow rate of the
steam. Therefore, the effects of these three variables on the exer-
getic performance of the systems considered were examined. The
exergetic performance of the systems considered were evaluated,
in detail, under solar irradiation intensity – Gb = 0.8 kW/m2 – as
an average peak value in which the thermal power plant is oper-
ated. Furthermore, the effect of the solar irradiation during day-
time on the systems considered was examined, and a wide range
of solar intensity was considered, Gb = 0.5–0.9 kW/m2. The thermo-
dynamic properties under the baseline conditions for the solar irra-
diation intensity Gb = 0.8 kW/m2 case for the three systems are
listed in Tables 3–5. As discussed before, the results are presented
for three cases, in which all are integrated with the PTSC. These
cases are the steam Rankine cycle under vacuum condensing pres-
sure (SRC-V), the steam Rankine cycle under atmospheric condens-
ing pressure (SRC-A), and the combined cycle operated through
steam and a refrigerant in which the exit pressure of the steam tur-
bine is atmospheric pressure for the reasons discussed before. For
the combined cycles, seven refrigerants were investigated.

4.1. Solar irradiation intensity variation results

Solar irradiation intensity variation effects on the exergetic per-
formance of the system considered is illustrated in Fig. 3–5. Fig. 3
reveals that as the solar irradiation intensity increases, the exerget-
ic efficiencies of the thermal cycles increase. This result can be ex-
plained as follows. First, the solar field is designed to work with a
specific range of solar collector rows. Second, receiving more solar
radiation means better utilization of the available solar collector
field, which could result in using fewer numbers of solar collectors.
Therefore, as demonstrated in the figure, improvement in the over-
all exergetic efficiency of the system can be obtained as the ther-
mal irradiation increases. This figure illustrates that the SRC-V
has the highest exergetic efficiency while SRC-A has the lowest
exegetic efficiency. Among the combined cycles considered, the
R134a combined cycle has the highest exergetic efficiency fol-
lowed by R152a combined cycle, while the R600a combined cycle
has the lowest efficiency. Furthermore, this figure shows that the
exergetic efficiency of the R134a combined cycle increases from
around 23% at Gb = 0.5–25.5% at Gb = 0.9 5 kW/m2 while the
R600a combined cycle exergetic efficiency increases from 20.2%
to 22.5% as the solar irradiation intensity increases. In addition, it
is revealed that the other combined cycles have marginal differ-
ences in their exergetic efficiency values.

To further assess the exergetic performance of the cycles con-
sidered, total exergy destruction rates of these cycles are demon-
strated in Fig. 4. This figure reveals that as the solar irradiation
intensity increases, the total exergy destruction rates decrease.
This decrement is expected, owing to the increase in the exergetic
efficiency as the solar irradiation intensity increases, where the
exergetic efficiency is an inverse function of exergy destruction
rate as long as the exergy loss is less than the exergy destructed.
This figure demonstrates that SRC-A has the largest exergy
destruction rate while the R134a combined cycle and SRC-V have
the lowest exergy destruction rates. Moreover, R407c, R600, and
ammonia combined cycles have marginal differences in their exer-
gy destruction rate values. The exergy destruction rate of the
R134a combined cycle decreases from almost 157 MW to
136 MW as the solar irradiation intensity increases while the exer-
gy destruction rate of the SRC-A decreases from around 190 MW to
160 MW as the solar irradiation intensity increases.

The main source of exergy destruction in these cycles is the
solar collectors and, hence, it will be significant to examine the



Table 3
Properties of the selected refrigerants [22].

Substance Physical data Safety data Environmental data

Molecular mass (kg/kmol) Tbp
a (�C) Tcrit

b (�C) Pcrit
c (MPa) ASHRAE 34 safety group Atmospheric life time (yr) ODPd GWPe (100 yr)

R134a 102.03 �26.1 101 4.059 A1 14 0 1430
R152a 66.05 �24 113.3 4.52 A2 1.4 0 124
R290 44.1 �42.1 96.68 4.247 A3 0.041 0 �20
R407c 86.2 �43.6 86.79 4.597 A1 n.a. 0 1800
R600 58.12 �0.5 152 3.796 A3 0.018 0 �20
R600a 58.12 �11.7 135 3.647 A3 0.019 0 0 �20
R717 17.03 �33.3 132.3 11.333 B2 0.01 <1
(ammonia)

n.a., not-available.
a Tbp: normal boiling point.
b Tcrit: critical temperature.
c Pcrit: critical pressure.
d ODP: ozone depletion potential, relative to R11.
e GWP: global warming potential, relative to CO2.

Table 4
Thermodynamic properties of the stations for PTSC and R134a combined vapor cycle.

St# Fluid type _m ðkg=sÞ P (kPa) T (K) h (kg/kg) ex (kJ/kg)

1 Therminol-VP1 134.8 17,254.1 334.2 557.2 37.5
2 Therminol-VP1 134.8 23,544.7 663.0 1718.1 758.8
3 Therminol-VP1 134.8 17,254.1 334.2 557.2 37.5
4 Steam 61.5 12,000.0 374.3 433.0 46.7
5 Steam 61.5 12,000.0 653.0 2977.2 1204.0
6 Steam 61.5 100.0 372.8 2278.2 406.2
7 Steam 61.5 100.0 372.8 417.5 33.7
8 R134a 591.8 2678.9 309.6 102.8 44.8
9 R134a 591.8 2678.9 362.8 296.1 71.4

10 R134a 591.8 887.5 315.5 277.0 49.0
11 R134a 591.8 887.5 308.2 100.9 43.2
12 Cooling water 2343.0 101.3 298.2 104.8 0.0
13 Cooling water 2343.0 101.3 308.8 149.3 0.8

Table 5
Thermodynamic properties of the stations for PTSC and SRC-V cycle.

St# Fluid type m (kg/s) P (kPa) T (K) h (kg/kg) ex (kJ/kg)

1 Therminol-
VP1

131.6 17,254.1 334.2 557.2 37.45

2 Therminol-
VP1

131.6 23,544.7 663 1718.1 758.8

3 Therminol-
VP1

131.6 17,254.1 334.2 557.2 37.45

4 Steam 54.25 12,000 309.19 161.6 12.73
5 Steam 54.25 12,000 653 2977.2 1204
6 Steam 54.25 5.627 308.15 2000.8 60.76
7 Steam 54.25 5.627 308.15 146.6 0.5903
8 Cooling water 2250 101.3 298.15 104.8 0
9 Cooling water 2250 101.3 308.84 149.5 0.7825

Table 6
Thermodynamic properties of the stations for PTSC and SRC-A cycle.

St# Fluid type m
(kg/s)

P (kPa) T (K) h (kg/kg) ex (kJ/kg)

1 Therminol-VP1 167.3 17,254.06 334.2 557.2 37.45
2 Therminol-VP1 167.3 23,544.66 663 1718.1 758.8
3 Therminol-VP1 167.3 17,254.06 334.2 557.2 37.45
4 Steam 76.34 12,000 374.33 433 46.67
5 Steam 76.34 12,000 653 2977.2 1204
6 Steam 76.34 100 372.78 2278.2 406.2
7 Steam 76.34 100 372.78 417.5 33.66
8 Cooling water 3177 101.3 298.15 104.8 0
9 Cooling water 3177 101.3 308.84 149.5 0.7825
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Fig. 3. Electrical exergetic efficiency versus solar irradiation intensity for a net
electrical power of 50 MWe.
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exergy destructed due to them. The exergy destruction due to the
exergy losses in the solar collector is illustrated in Fig. 5. This figure
reveals that as the solar irradiation intensity increases, the exergy
destructed by the solar collector field decreases, which is due to
the better utilization of the available collectors and using fewer
solar collector rows. Note that the solar collector field size is
designed with a solar multiple larger than one and, therefore,
fewer solar collector rows are used at higher solar irradiation. In
addition, this figure illustrates that the maximum exergy destruc-
tion rate in these cycles is 139.5 MW at Gb = 139.5 kW/m2 for the
SRC-A while the lowest value is around 100 MW at Gb = 0.9 kW/
m2 for the SRC-V. The other cycles have exergy destruction rates
between these two values.
4.2. Net electrical power variation results

In the previous subsection, the considered systems are designed
to produce a net electrical power of 50 MW. Therefore, as pre-
sented in Fig. 6, it would be beneficial to consider the effect of vary-
ing the net electrical power on the exergy destruction rate of the
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Fig. 6. Total exergy destruction rate versus net electrical power for solar irradiation
of Gb = 0.8 kW/m2.
systems considered. It is shown in this figure that as the net elec-
trical power increases, the total exergy destruction rate increases
linearly. It is observed that as the net electrical power increases
from 50 MW to 100 MW, the total exergy destruction rate in-
creases, on average, by 165 MW. Furthermore, at the net electrical
power production of 50 MW, the difference between the minimum
and maximum exergy destruction rate for all cycles is around
27 MW while this difference increases to 59 MW at 100 MW. This
increment is expected because of the increment in the size of the
power plant, especially the solar collector field, due to the increase
in the needed electrical power production.
4.3. Steam turbine inlet pressure variation results

Steam turbine input pressure is of significant important in
designing combined vapor cycles and, hence, it is being investi-
gated in this study. Figs. 7–9 illustrate the effect of the steam tur-
bine inlet pressure on the exergetic performance of the systems
considered. Fig. 7 illustrates the effect of steam turbine inlet pres-
sure on the overall exergetic efficiencies of the systems considered.
It is noticed that as the pressure increases, the exergetic efficien-
cies of all systems increase. This increase in the exergetic efficien-
cies owes to improvement in the energetic performance of the
systems as the pressure increases. It is observed that the exergetic
efficiency of the SRC-V is the largest which is around 25% at 8 MPa
and increases to 26% at 15 MPa while the exergetic efficiency for
the SRC-A is the lowest which is around 19.2% at 8 MPa and in-
creases to 20.6% at 15 MPa. The exergetic efficiency of other cycles
is between these values of the two cycles. The R134a combined
cycle has the highest exergetic efficiency among the combined
cycles considered followed by the R152a combined cycle, whereas
the R600a combined cycle has the lowest exergetic efficiency. The
other cycles, R600, R290, R407a, and the ammonia combined cycles
have comparable exergetic efficiencies attributable to the compa-
rable energetic performance of these cycles.

The effect of steam turbine inlet pressure on the total exergy
destruction rate is illustrated in Fig. 8. This figure demonstrates
that as this pressure increases, the total exergy destruction de-
creases. This decrement is attributed to the improvement in the
exergetic efficiency as the pressure increases as presented in
Fig. 8. This figure demonstrates that the SRC-V and R134a
combined cycle have the lowest exergy destruction rate which de-
creases from approximately 144 MW at 80 MPa to 136 MW at
x
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Fig. 7. Electrical exergy efficiency versus steam turbine inlet pressure for a net
electrical power of 50 MWe.
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Table 7
Detailed exergy parameters for R134a combined vapor cycle.

Exd (kW) IP (kW) YD YD
�

Solar collector 10,1810 76,234 0.512 0.73
Condenser 1616 1210 0.008 0.012
Evaporator 26,055 19,510 0.131 0.18
Heat exchanger 7130 5339 0.036 0.05
ORC pump 218 163.2 0.001 0.002
ORC turbine 1902 1424 0.010 0.014
Solar pump 0.66 0.496 0.000 0.000
Steam pump 151.8 113.6 0.001 0.001
Steam turbine 6068 4544 0.030 0.044
Total 137,822 103,200 0.728 1.0

Table 8
Detailed exergy parameters for SRC-V cycle.

Exd (kW) IP (kW) YD YD
⁄

Solar collector–receiver 99,379 73,804 0.512 0.71
Condenser 1504 1117 0.008 0.011
Evaporator 30,288 22,493 0.156 0.218
Solar subsystem pump 0.65 0.48 0.000 0.000
Steam pump 157.6 117 0.001 0.001
Steam turbine 9044 6717 0.047 0.065
Total 138,869 103,131 0.723 1.0

Table 9
Detailed exergy parameters for SRC-A Cycle.

Exd (kW) IP (kW) YD YD
�

Solar collector-receiver 126,368 100,793 0.512 0.73
Condenser 25,950 20,698 0.105 0.15
Evaporator 32,340 25,795 0.131 0.17
Solar subsystem pump 0.82 0.66 0.000 0.000
Steam pump 188.4 150.3 0.001 0.001
Steam turbine 7532 6008 0.030 0.045
Total 166,429 132,746 0.779 1.0
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15 MW. Alternatively, the R600a combined cycle has the highest
exergy destruction rate among the combined cycles considered,
which is around 171 MW at 8 MPa and decreases to 158 MW at
15 MPa.

Further in-depth analysis of the exergy destruction demon-
strates that the main source of the exergy destruction is the solar
collectors as illustrated in Fig. 9. It observed that the contribution
of the solar collector in exergy destruction could reach 75% which
is very large. Therefore, further careful design and improvement is
crucial to reduce this loss. For example, the total exergy destruc-
tion rate of R600a combined cycle at 8 MPa is 17.5 MW in which
12 MW (from this value) is from the solar collector, which is a sig-
nificant amount. Similar observations can be noticed for other
cycles.
4.4. Detailed exergy analysis of system components results

Detailed exergy analysis was conducted through exergetic
assessment of the main components of the systems considered is
discussed in this section. The exergetic assessment considered
key exergy parameters including exergy destruction rate, exergetic
improvement potential, exergetic fuel depletion ratio, and relative
irreversibility as shown in Tables 7–9. The values of these param-
eters are under the baseline conditions: steam turbine inlet pres-
sure is 12 MPa, Gb = 0.8 kW/m2, and the net electrical power is
50 MW.

From Table 7, it observed that the main source of exergy
destruction is the solar collectors, which is 101,810 kW. The main
reason of this large exergy destruction is the large temperature dif-
ference in the collector. Other main sources of exergy destruction
are the evaporator, at 26,055 kW; then the heat exchanger, at
7130 kW; and the steam turbine, at 6068 kW. All three compo-
nents are characterized by large temperature differences which
causes large exergy destruction. Considering the SRC-V and SRC-A
cycles, the main two sources of exergy destruction are the solar
collectors and the evaporator, Tables 8 and 9.

Improvement potential is an indicator of possible improvement
in the system from an exergetic point of view. As indicated above,
the main source of exergy destruction is the solar collector and,
thus, it requires careful design to improve its performance. For
the R134a combined cycle, the exergy destructed is 101,810 kW
while the improvement potential is 76,234 kW as listed in Table
6. This means that around 75% of the destructed exergy could be
avoided if a careful and an improved design of the solar collector
is conducted. An improved design includes, mainly, higher optical
efficiency of the collector and less heat losses from the receiver.
The same observations are noticed for other cycles, as indicated
in Tables 8 and 9. Another main source of exergy destruction is
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the evaporator which accounts for 26 MW in the R134a combined
cycle whereas the calculated improvement potential is around
19.5 MW. The main source of this exergy destruction is the tem-
perature difference between the incoming oil, state 2, and the leav-
ing steam, state 5, and, therefore, further improvement can be
attained by careful design of the evaporator, which would require
a larger heat exchange surface area and, consequently, more cost.
The exergetic fuel depletion ratio is a parameter indicating the
ratio of the exergy destruction as compared to the inlet exergy.
Tables 7–9 show that around half of the inlet exergy is destructed
in the solar collectors and 13–15% of it is destructed in the evapo-
rator. Another important observation is for the steam turbine. It is
observed that for the R134a combined cycle and SRC-A cycle the
fuel depletion is around 3% for the steam turbine while this value
is around 4.6% for the SRC-V. This difference in the fuel depletion
values indicates that the steam turbine design is more critical for
the SRC-V as compared to the other two cycles.

The relative irreversibility is another important exergetic
parameter that identifies the ratio of the exergy destructed to the
total exergy destructed in a system. Tables 7–9 demonstrate that
around 71–73% of the destructed exergy occurs in the solar collec-
tors. It is listed in these tables that the other main source of exergy
destruction is the evaporator which accounts for at least 18%.

5. Conclusions

In this study, detailed exergy analysis of the SRC and combined
Rankine cycles both integrated with parabolic trough solar collec-
tors was conducted. The study considered seven refrigerants for
the bottoming cycle (for the combined cycles cases): R134a,
R152a, R290, R407c, R600, R600a, and ammonia. The following
can be concluded from this study:

� As the solar irradiation increases, the exergetic efficiency of the
systems considered increases.
� The parabolic trough solar collectors are the main source of the

exergy destruction in which more than 50% of the solar inlet
exergy is destructed which is significant. This value accounts
for around 70% of the total exergy destructed. Therefore, there
is a significant need for a careful design of the PTSC to reduce
the exergy destructed in these components.
� The evaporator is another source of exergy destruction in which

around 13% of the solar inlet exergy is destructed. This value
accounts for around 19% of the total exergy destructed in the
system.
� The overall exergetic improvement potential of the systems

considered is around 75%.
� The R134a combined cycle followed by R152a combined cycle

demonstrated the best exergetic performance among the com-
bined cycles considered. Alternatively, the R600a combined
cycle had the lowest exergetic performance.
� The difference between the exergetic performance of R290,

R407c, R600, and ammonia combined cycles was marginal.
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