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Abstract
In the present study, a hybrid solar thermal power plant (STPP) developed with a new LS-3 collector is introduced and ana-
lyzed by the exergy analysis. The results are compared with a hybrid STPP in the base case. Energy and exergy analyses are 
also carried out to understand the performance of the solar fields. In the developed system design, a new parabolic trough 
collector field is added to increase the temperature of generated steam entering the steam turbine. The analysis of results 
for the solar fields shows that the energy and exergy losses in the collector–receiver subsystem of the Therminol VP-1 oil 
collector field are more than the other subsystems. The maximum exergy destruction of the system occurs in the auxiliary 
boiler and then in the solar collectors’ fields. Also, comparative results of the newly developed system with the base case 
show that exergy destruction decreases from 6.61 MW to 3.1 MW, and exergy efficiency increases from 7% to 11.97% for 
developed STPP with LS-3 collectors and STPP in the form of the base case, respectively.
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List of symbols
A  Area ( m2)
Cp  Specific heat (kJ/kg K)
e  Specific exergy (kJ/kg)
Ė  Exergy rate (MW)
ech
k

 Standard chemical exergy rate of kth component
H  Specific enthalpy (kJ/kg)
IR  Irreversibility (MW)
I  Solar intensity (W/m2)
K  Thermal conductivity (W/mK)
L  Length (m)
ṁ  Mass flow rate (kg/sec)
N  Number of collectors
P  Pressure (bar)
Q̇  Heat transfer rate (MW)

R  Gas constant (kJ/kg K)
Rb  Geometric factor
s  Specific entropy (kJ/kg K)
T  Temperature (°C)
W  Work (kJ)
Ẇ  Work rate (MW)
W0  Aperture (m)
x  Molar fraction

Greek symbols
α  Absorptivity of absorber
ε  Exergy efficiency
η◦  Optical efficiency
η  Energy efficiency
θ  Angle of incidence
θz  Zenith angle
�  Density ( m3/kg)
τ  Transmissivity of cover
�  Ratio of fuel chemical exergy to lower heat value

Subscripts
0  Dead state
a  Ambient
b  Beam
c  Collector
ch  Chemical
D  Destruction
F  Fuel
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f  Fluid
i  Inlet
k  Component
L  Loss
o  Outlet
P  Product
ph  Physical
Q  Heat transfer
r  Receiver
s  Solar/absorber
u  Useful
w  Work

Abbreviations
DE  Dish/engine system
CHP  Combined heat and power
CRS  Central receiver
CSP  Concentrating solar power
CRS  Central receiver system
LF  Linear Fresnel
LHV  Lower heating value (kJ/kg)
LS-3  Luz system three
SLT  Second law of thermodynamics
SRC  Steam Rankine cycle
STPP  Solar thermal power plant
ORC  Organic Rankine cycle
PTC  Parabolic trough collector

1 Introduction

During recent decades, the significant growth of the global 
energy demand has led to global warming and high con-
sumption of fossil fuels which caused compulsory usage 
of renewable energy resources to cover the world energy 
demand and attain sustainable energy in the future. Among 
different energy resources, solar energy is highly abundant 
and does not restrict to the geographic region, i.e., it pos-
sesses the highest potential compared to other renewable 
sources. As far as the equipment used in solar thermal power 
plants, optical concentration devices are essential options for 
power generation. In the early 80s, the SEGs plants were the 
first concentrating solar power plants (CSP) established in 
California’s Mojave Desert. The CSP technologies are cat-
egorized into four systems: linear Fresnel reflector systems 
(LF), parabolic trough collectors (PTC), central receiver 
systems (CRS), and dish/engine systems (DE). For electric-
ity production in CSP plants, first, the concentrators focus 
sunlight into a receiver. Then, as the working oil tempera-
ture increases to a high temperature set-point, this heated 
oil delivers to a steam turbine connected to the generator. 
Among the CSP technologies, the most conventional system 

is PTCs which widely influence the global market of solar 
plants [1–4].

Exergy analysis is the stem of the second law of ther-
modynamics (SLT), which effectively enhances energy 
resource usage efficiency while recognizing the reasons, 
variety, locations, and values of inefficiencies. The assess-
ment of efficiencies, generally, is performed via the exergy 
analysis rather than energy analysis. Exergy analysis is often 
regarded as a measuring criterion to become close to the 
ideal form of a thermodynamic process. Therefore, using 
exergy analysis for solar thermal power plants is a power-
ful tool that helps define the losses and enhance efficiency 
[5–7].

A significant volume of articles about analyzing parabolic 
trough collector solar thermal power plants have been pub-
lished in the last two decades. Different Rankine cycle modi-
fications have been carried out to improve the performance 
and reduce the fuel consumption of thermal power plants. 
Kaushik et al. [8] and Singh et al. [9] studied the energy and 
exergy analyses of a solar thermal power system, includ-
ing a Rankine cycle with reheating. Their results showed a 
considerable energy loss in the condenser, whereas the col-
lector–receiver had the highest exergy loss. Wu et al. [10] 
simulated a dynamic model of a 5 MW solar thermal power 
plant and performed exergy analysis of the system. They 
found that the maximum heat and exergy losses occurred in 
the condenser and solar collector. Moreover, they observed 
that the thermal efficiency and exergy efficiency increased 
as system capacity increased. Energy and exergy analyses of 
parabolic trough solar collectors combined with a double-
stage steam turbine in Rankine cycles were studied by Noor-
poor et al. [11]. Their results revealed that the maximum 
exergy destruction occurred in the solar collector, and using 
the genetic algorithm for optimization process improved the 
exergy efficiencies by 58.03%. Vakilabadi et al. [12] carried 
out the dynamic simulation and the second law of thermo-
dynamic analysis for a SEGS VI power plant. They found 
that the solar collector had the most exergy destruction value 
and the boiler's fuel consumption and the exergy efficiency 
were at their maximum values during the nighttime hours.

Also, several researchers studied various configurations 
of Rankine cycles with different heat transfer fluids for solar 
thermal power plants from the view of energy and exergy 
efficiencies. Studying different refrigerants of the organic 
and steam Rankine cycles combined with parabolic trough 
solar collectors based on SLT analysis was carried out by 
Al-Sulaiman [13]. His results showed that the R134a refrig-
erant had the most impact on the effectiveness of the exergy, 
while solar irradiation played an essential role in increasing 
exergy efficiency. Kerme and Orfi [14] analyzed the organic 
Rankine cycle with parabolic trough solar collectors thermo-
dynamically, estimating eight working oils for the system. 
They reported that the maximum exergy destruction rate 
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took place at the parabolic trough solar collector. Moreo-
ver, their results showed that by applying high inlet tem-
perature turbine, the electrical efficiency and the net power 
output enhanced, and the total exergy destruction rate and 
the turbine size parameter decreased. Singh and Mishra [15] 
presented exergy and energy analyses integration of super-
critical organic Rankine cycle and solar parabolic trough 
collector utilizing different refrigerants. They demonstrated 
a connection between solar irradiation intensity and turbine 
inlet pressure with exergy destruction and efficiency. It was 
shown that R600a and R152a had the highest exergy effi-
ciency, whereas the toluene and cyclohexane had the most 
exergy destruction among all the refrigerants. However, 
80% of the overall exergy destruction rate took place in the 
solar collector. Habibi et al. [16] investigated the energy and 
exergy analyses for three different configurations of steam 
Rankine cycle-organic Rankine cycle (SRC-ORC) utiliz-
ing nanofluid-based parabolic trough solar collector. They 
observed the configuration that the remaining nanofluid’s 
heat of evaporator steam Rankin cycle was absorbed by the 
organic Rankine cycle evaporator had higher output power 
than a simple steam Rankin cycle because of the condensa-
tion pressure. Also, for this configuration, due to the higher 
enthalpy difference of the working fluid, the required col-
lector area increased, and the energy and exergy efficiencies 
decreased.

Furthermore, the performance of combining solar field 
to the system or replacing components of a steam cycle 
with a solar field was conducted in [17–19]. Mohammadi 
et al. [17] changed the closed feedwater heaters with PTCs 
and thermal storage to improve the net electricity genera-
tion of power plants and use the system during the night 
hours. After this alteration, electricity production increased 
without excess fuel consumption. It was obtained that the 
boiler had the maximum exergy destruction rate after the 
alteration, and the exergy efficiency decreased since the solar 
collector had a high amount of losses. Vakilabadi et al. [18] 
studied integrating a SEGS VI power plant with a heat and 
water recovery system from the energy and exergy point of 
view. Their results showed that most of exergy losses cor-
responded to the solar collector and the boiler. After the 
combination, the system gained 48% of the total exergy loss. 
Furthermore, the exergy efficiency increased from 20.37% to 
20.84%, and net power generation increased from 33.83 MW 
to 34.01 MW, and drained wastewater reduced. A transient 
simulation and thermodynamic analysis of a combined heat 
and power (CHP) plant was performed by Alrobaian [19]. 
In his case study, the open feedwater heater and closed feed-
water heater were exchanged by evacuated tube collectors 
and parabolic trough collectors. The results showed that the 
maximum exergy destruction value occurred in the waste 
incinerator. Also, the system had a higher energy and exergy 

efficiency and lower exergy loss and C O2 emission than the 
simple system.

Iran has high renewable energy resources among other 
countries in the Middle East, especially in solar energy. 
Shiraz solar thermal power plant is one of the plants con-
structed based on the parabolic trough collectors’ technol-
ogy. Several research works have been carried out on the 
Shiraz solar thermal power plant [20–24]. Yaghoubi et al. 
[20] simulated various parts of the oil cycle in the 250 kW 
Shiraz solar power plant to boost the absorption of energy 
and develop the system’s efficiency by applying the appro-
priate control philosophy. Azizian et al. [21] presented the 
Shiraz solar thermal power plant’s design, building process, 
and performance evaluation. The operation test displayed 
a high temperature for oil and the superheated steam gen-
eration by 250 °C and 265 °C, which is close to the design 
conditions. In order to increase the electricity production to 
500 kW for Shiraz solar thermal power plant, an auxiliary 
boiler is added to the system. Baghernejad and Yaghoubi 
[22] optimized the hybrid Shiraz solar thermal power plant 
from the view of thermoeconomics. The objective functions 
for the system minimize the cost of the system and maximize 
the exergy efficiency. Results indicated that exergy efficiency 
of the system increased from 7% to 8.26%, and the unit cost 
of electricity decreased when the capacity and solar field 
operation periods of the system increased. Following the 
Shiraz plant improvements, a new solar field was combined 
with the solar power plant to increase the production of the 
superheated steam (294 °C). Thermal design and different 
configurations for integrating the additional collector to the 
Shiraz solar power plant with a capacity of 500 kW was 
studied by Azizian et al. [23]. They reported that the proper 
arrangement had lower water and fuel consumptions. Fol-
lowing the new system design, Niknia and Yaghoubi [24] 
investigated Shiraz solar thermal power plant integrated with 
a new collector and an auxiliary boiler to increase the energy 
efficiency. They revealed that these changes had some ben-
efits, such as decreasing fuel utilization, environmental pol-
lution, and higher power production.

According to the presented literature review, most of the 
solar thermal power plants contain one solar collector field. 
For a solar thermal power plant case study such as Shiraz 
STPP, the energy and exergy analyses with two different 
collectors’ fields and its effect on the system’s performance 
have not been fully examined yet. Therefore, the aim of the 
present study is the exergy analysis of the 500 kW hybrid 
Shiraz solar thermal power plant (STPP) developed with 
the LS-3 collector. In order to enhance the efficacy of the 
system, equipment with higher exergy destruction should be 
determined to reduce the consumed fossil fuel. The thermo-
dynamic modeling of this developed system is performed in 
the MATLAB software.



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:91

1 3

91 Page 4 of 16

2  System description

A 250 kW hybrid solar thermal power plant with the para-
bolic trough collector was installed successfully and located 
in Shiraz, the southern city in Iran, adjacent to the Fars com-
bined cycle power plant. A schematic diagram of hybrid 
STPP with a capacity of 250 kW is shown in Fig. 1.[21]. 
This STPP contains two cycles, an oil cycle and a steam 
cycle (conventional Rankine cycle). The oil cycle compo-
nents are a collector’s field, three heat exchangers (E201, 
E202, and E203), a thermal storage tank, and an oil pump. 
The oil type used in this cycle is considered Behran. The 
collector’s field consists of 48 parabolic trough collectors, 
eight parallel loops of 6, and each loop has two rows of 3 
collectors, and its direction is north–south. The specification 
of these collectors is presented in Table 1 [22].

The steam cycle components include heat exchang-
ers, a turbine, a condenser, a deaerator, and pumps. The 
absorbed oil’s heat from the sun transfers to the water in 
the cycle. The water first enters the E201 (Economizer) and 
converts to the saturated water and then moves to the E202 
(Boiler), becomes saturated steam, and when it enters the 
E203 (Superheater1), changes to the superheated steam. The 
generated steam pressure, temperature, and mass flow rate 

are 21 bar, 250 °C, and 0.673 kg/s, respectively [23]. An 
auxiliary boiler was integrated into the previous system to 
develop the electricity generation from 250 kW to 500 kW. 
Figure 2 shows a schematic diagram of a 500 kW hybrid 
STPP in the form of the base case [22]. The objective of 
integrating an auxiliary boiler into the system is to produce 
more superheated steam to compensate for the scarcity of it 
and use it during the night or day when the solar radiation 
is not enough [23].

In the new design, a new large size parabolic trough 
collector in the type of LS-3 was added to the system and 
considered as an external new oil cycle in the system. Fig-
ure 3 shows a schematic diagram of a 500 kW hybrid STPP 
developed with the LS-3 collector. The Luz system three 
(LS-3) collector represents the current state-of-the-art in 
parabolic trough collector design, which would likely be 
used in the next parabolic trough plant built. The specifi-
cation of the LS-3 collector is listed in Table 1 [25]. This 
cycle includes a collector field, oil Therminol VP-1 pump, 
an oil heat exchanger, and superheater2. Therminol VP-1 is 
considered as working oil in the new loop. The new collector 
field supplies 200 kW to the system. The oil heat exchanger 
component makes a thermal connection by bringing the 
Therminol VP-1 oil from the LS-3 collector and Behran oil 
from the primary collectors’ field. In this cycle, the collec-
tor’s inlet temperature is 294 °C, and the outlet temperature 
increases to 313 °C. Part of the new collector’s absorption 
heat increases the superheated steam’s temperature in the 
superheater2 to 294 °C. The rest of the absorption heat is uti-
lized to heat the outlet oil from the primary collectors’ field 
and produce more saturated steam [26]. The main difference 
between the first hybrid STPP (see Fig. 1) and the developed 
hybrid STPP (see Fig. 3) is the generated steam’s tempera-
ture; generated steam’s temperature of the developed system 
increases by 44 °C. Also, based on the initial designs data, 
the Behran oil and Therminol Vp-1 are considered as heat 
transfer fluid for the base case STPP system without LS-3 
collector and the developed case STPP system with LS-3 Fig. 1  diagram of hybrid STPP with a capacity of 250 kW [21]

Table 1  Various design parameters of the primary parabolic trough collectors and new collector (LS-3) [22, 25]

Primary collectors specifications

Length (m) 25 Reflectivity of mirror ( ρ) 0.873
Width (m) 3.4 Transmissivity of cover ( τ) 0.96
Aperture (m) 3.1 Absorptivity of receiver ( α) 0.94
Focal length (cm) 88 Intercept factor ( γ) 0.93

New collector specifications (LS-3)

Length (m) 99 Reflectivity of mirror ( ρ) 0.94
Aperture (m) 5.76 Transmissivity of cover ( τ) 0.96
Concentration ratio 82 Absorptivity of receiver ( α) 0.96
Aperture area per SCA (m2) 545 Optical efficiency ( �◦) 0.8%
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Fig. 2  Schematic diagram of a 500 kW hybrid STPP in the form of the base case [22]

Fig. 3  Schematic diagram of a 500 kW hybrid STPP developed with the LS-3 collector
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collector, respectively. In order to get closer to the actual 
results, the simulation of these systems is carried out based 
on available design data precisely. 

3  Thermodynamic analysis

First and second law analyses have been known as powerful 
tools for designing and assessment of energy systems. The 
mathematical modeling of the developed STPP is performed 
in MATLAB software. The mass, energy, and exergy bal-
ance equations are written for each component of oil and 
steam cycles. The analysis is carried out for Shiraz city on 
June 21 at 12:00 noon. At this time, the solar intensity at the 
system site is about 817 

(

W
/

m2

)

 . Two various working flu-
ids are carried for oil cycles. The properties of Behran oil 
are [22]:

The properties of Therminol VP-1 are [24]:

For the energy and exergy analyses of the system, the 
following assumptions are considered [27]:

– Ambient temperature and wind speed are 33 ◦C and 2.5
m∕s , respectively.

– A hybrid STPP performs at a steady-state condition.
– The fuel used in the auxiliary boiler is natural gas.
– Heat losses are considered only in the collector fields and

ignored in the other components of the system.
– The combustion in the auxiliary boiler is ideal.
– The kinetic and potential energies are neglected due

to their very low values compared to the physical and
chemical exergies.

– The flow in the pipes is one dimensional.

In the purpose of comparing and evaluating, the combina-
tion of the energy and exergy concepts can be considered.

CP = 0.8132 − 8.304 × 10−5 × (T + 273.15)

(1)ρ = 1071.76 − 0.72 × (T + 273.15)

k = 0.1882 − 8.304 × 10−5 × (T + 273.15)

C
P
= 0.002414 × T + 5.9591 × 10

−6 × T
2 − 2.9879 × 10

−8

× T
3 + 4.4172 × 10

−11 × T
4 + 1.498

(2)
ρ = − 0.90797 × T + 0.00078116 × T

2 − 2.367 × 10
−6 × T

3 + 1083.25

k = −8.19477 × 10
−5 × T − 1.92257 × 10

−7 × T
2

+ 2.5034 × 10
−11 × T

3 − 7.2974 × 10
−15 × T

4 + 0.137743

4  Conservation of mass of the system

The general conservation of mass can be written as [6]:

Mass balance equations for the entering and leaving mass 
flows are applied for each components of the oil and steam 
cycles and presented in Table 2.

5  Energy analysis

Energy analysis (based on the first law of thermodynamics) 
is used to understand any process, make design, operation, 
and control more accessible, identify process improvement 
opportunities, and allow for eventual optimization [28].

General energy balance equation can be written as [6]:

Here, Q̇ is the rate of net heat input and Ẇ is the rate of 
net output work.

The energy efficiency of the system is defined as:

Here, Qh is the all energy entering the system through the 
collector and auxiliary boiler.

(3)
n
∑

k=1

ṁi =

n
∑

k=1

ṁo

(4)Q̇ +
∑

ṁihi = Ẇ +
∑

ṁoho

(5)η =
Wnet

Qh

Table 2  Components’ mass balance equations of a developed STPP

Component Mass balance equations

Economizer ṁ6 + ṁ21 = ṁ1 + ṁ22

Boiler ṁ5 + ṁ22 = ṁ6 + ṁ23

Superheater 1 ṁ23 + ṁ4 = ṁ11 + ṁ5

Superheater 2 ṁ11 + ṁ9 = ṁ16 + ṁ10

Oil heat exchanger ṁ3 + ṁ10 = ṁ4 + ṁ7

Turbine ṁ17 = ṁ12

Auxiliary boiler ṁ21a + ṁ33 = ṁ24

Condenser ṁ14 + ṁ29 = ṁ15 + ṁ30

Deaerator ṁ18 + ṁ13 = ṁ19

Oil pump Behran ṁ1 = ṁ2

Oil pump VP-1 ṁ7 = ṁ8

Condenser pump ṁ15 = ṁ18

Feedwater pump ṁ19 = ṁ20

Collector ṁ2 = ṁ3

LS-3 Collector ṁ8 = ṁ9
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5.1  Solar collectors’ field

5.1.1  Parabolic trough collector subsystem

The energy obtained by the parabolic trough collector sub-
system is [25]:

where A = W0L and R
b
=

COS�

COS�
Z

Optical efficiency for parabolic trough collectors have a 
direct relation with optical properties of the collector com-
ponents and incidence-angle modifier and the relation is:

where K� = COS� − 0.00045656� − 0.00004078�2.
The energy absorbed by the absorber tube can be writ-

ten as:

First law efficiency for parabolic trough collector subsys-
tem is defined as:

5.1.2  Receiver subsystem

The useful energy delivered to the working oil in the receiver 
can be calculated as:

Or it can be calculated as:

FR , Ar and UL are heat removal factors, receiver area and 
the solar collector overall heat loss coefficient, respectively.

First law efficiency for receiver subsystem is defined as:

(6)Qi = I.N.A =
(

IbRb

)

W0L

(7)�◦ = K�

[

�(��)n�
]

(8)Qs = Qiη0

(9)Energy loss = Qi − Qs

(10)% Energy loss =
[(

Qi − Qs

)

∕Qi

]

× 100

(11)η =
Qs

Qi

(12)Qu = N.ṁf.Cpf

(

Tfo − Tfi

)

(13)Qu = FR.Qs.Ar.UL

(

Tfi − Ta

)

(14)Energy loss = Qs − Qu

(15)% Energy loss =
[(

Qs − Qu

)

∕Qs

]

× 100

(16)η =
Qu

Qs

5.1.3  Collector–receiver subsystem

First law efficiency of the collector–receiver subsystem is:

5.2  Oil and steam cycles’ components

In the developed STPP (see Fig. 3), the heat from heated oil 
is given to the steam cycle. Table 3 shows the energy bal-
ance equations for all components of oil and steam cycles 
to calculate the properties of water and oil in the system. 
The steam turbine’s output power is 500 kW and inlet steam 
temperature and pressure to steam turbine are 294 °C, and 
21 bar, respectively. Isentropic efficiency of the steam tur-
bine, condenser pump, feedwater pump, Behran oil pump 
and VP-1 oil pump are considered 0.65, 0.6, 0.65, 0.55, and 
0.65, respectively [22]. Inlet and outlet oil temperatures of 
the collectors are 221 °C, 265 °C, and for LS-3 collector 
fields 294 °C, and 313 °C are considered, respectively. The 
energy balance equations calculate the temperature and 
enthalpy of superheaters, oil heat exchanger, boiler, and 
economizer for the developed STPP system.

6  Exergy analysis

Exergy is the useful amount of work from the given quantity 
of energy at the defined state. Exergy can be categorized into 
four types: kinetic, potential, physical, and chemical. Physi-
cal exergy is the maximum work obtained from the system 
as the pressure and temperature of it convert to the reference 
environment’s pressure and temperature. Chemical exergy 
is the maximum amount of work that can be extracted in the 
situation of reference environment state to the dead state by 
a process involving heat transfer and exchange of substances 
[5]. The following relations are the exergy balance, physical 
exergy and chemical exergy [5, 6]:

(17)Energy loss = Qi − Qu

(18)% Energy loss =
[(

Qi − Qu

)

∕Qi

]

× 100

(19)η =
Qu

Qi

(20)ĖQ +
∑

i

ṁiei =
∑

o

mo eo + ĖD + ĖW

(21)ĖQ =

(

1 −
T◦

Ti

)

Q̇i

(22)ĖW = Ẇ
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To calculate the chemical exergy of fuel, the following 
equation can be written as:

The LHV is the lower heating value and � is the ratio 
of fuel chemical exergy to lower heat value. In the auxil-
iary boiler, chemical exergy is only considered and physical 
exergy is neglected compared to its chemical exergy due to 
little amount.

6.1  Solar collectors’ field

6.1.1  Parabolic trough collector Subsystem

The exergy received by parabolic through the collector sub-
system is [25]:

(23)Ė = Ėph + Ėch

(24)Ėph = ṁ
[(

h − h0
)

− T0

(

s − s0
)]

(25)Ėch = ṁ

[

n
∑

k=1

xke
ch
k
+ RT◦

n
∑

k=1

xklnxk

]

(26)efuel = �F × LHV

(27)Ėi = Qi

[

1 −

(

Ta

Ts

)]

The exergy absorbed by the absorber tube can be evalu-
ated as:

Second law efficiency for collector subsystem is 
expressed as:

6.1.2  Receiver subsystem

The useful exergy delivered is:

Second law efficiency for receiver subsystem is defined 
as:

(28)Ėc = Qs

[

1 −

(

Ta

Tr

)]

(29)Exergy loss = IR = Ėi − Ėc

(30)% Exergy loss =
[(

Ėi − Ėc

)

∕Ėc

]

× 100

(31)ε =
Ėc

Ėi

(32)Ėu = N.ṁf

[

hf0 − hfi
)

− Ta

(

sfo − sfi
)

]

(33)Exergy loss = IR = Ėc − Ėu

(34)% Exergy loss =
[(

Ėc − Ėu

)

∕Ėu

]

× 100

Table 3  Components’ energy balance equations of a developed STPP

Component Energy balance equations

Economizer ṁoilpumpbehran

(

h6 − h1
)

= ṁ21

(

h22 − h21
)

Boiler ṁoilpumpbehran

(

h5 − h6
)

= ṁ22

(

h23 − h22
)

Superheater 1 ṁoilpumpbehran

(

h4 − h5
)

= ṁ11h11 − ṁ23h23

Superheater 2 ṁoilpumpVP−1

(

h9 − h10
)

= ṁ11

(

h16 − h11
)

Oil heat exchanger ṁoilpumpbehran

(

h4 − h3
)

= ṁoilpumpVP−1

(

h10 − h7
)

Turbine ηt =
h17−h12

h17−h12s
, Ẇturbine = 0.5 MW

Auxiliary boiler ṁfuel

(

LHV𝜂boiler
)

= ṁ24h24 − ṁ21ah21a

Condenser ṁcooling

(

h30 − h29
)

=
(

ṁwater − ṁdeaerator

)(

h14 − h15
)

Deaerator ṁdeaerator

(

h13 − h19
)

= ṁwater

(

h19 − h18
)

Behran Oil pump
Ẇoilpumpbehran = ṁoilpumpbehran

(Woilpumpbehran, ideal)
𝜂oilpumpbehran

= ṁoilpumpbehran
(p2−p1)

𝜌1𝜂oilpumpbehran

ṁoilpumpbehran =
Qu

Cpbehranoil(T3−T2)
VP-1 Oil pump

ẆoilpumpVP - 1 = ṁoilpumpVP - 1

(WoilpumpVP - 1, ideal)
𝜂oilpumpVP - 1

= ṁoilpumpVP - 1
(p8−p7)

𝜌7𝜂oilpumpVP - 1

Condenser pump
Ẇcondenser pump = ṁ15

(Wcondenserpump, ideal)
𝜂condenser pump

= ṁ15
(p18−p15)

𝜌15𝜂condenserpump

Feedwater pump
Ẇfeedwaterpump = ṁ19

(Wfeedwaterpump, ideal)
𝜂feedwaterpump

= ṁ19
(p20−p19)

𝜌19𝜂feedwaterpump
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6.1.3  Collector–receiver subsystem

Second law efficiency of the collector–receiver subsystem 
is:

6.2  Exergetic efficiency

Exergetic efficiency is known as second-law efficiency, 
effectiveness, and rational efficiency and used to calculate 
the performance of the system by using the second law of 
thermodynamics. Exergy efficiency becomes a reliable indi-
cator of the system’s actual performance. It is necessary to 
analyze the fuel and product in order to determine the sys-
tem's efficiency [5, 29]. The product indicates the system’s 
desirable outcome, and the fuel expresses the resources that 
are utilized to produce the product. Considering the steady-
state system, the fuel and product are represented in terms 
of exergy that are EF and EP , respectively. An exergy rate 
balance for the system is defined as follows:

Here, ED and EL define the rate of exergy destruction and 
exergy loss, respectively. The efficiency ε is the ratio of the 
product and fuel [29]:

Fuel, product, exergy loss, exergy destruction rate, and 
exergy efficiency for each component of the developed STPP 
(see Fig. 3) are listed in Table 4.

7  Results and discussion

The 500 kW STPP developed with the LS-3 collector is 
modeled in MATLAB software. This section presents and 
discusses the exergy analysis of the components for the 
newly developed system. The effect of the capacity increases 
on the base case and the developed system is determined. 
Eventually, the comparative results between the base case 

(35)ε =
Ėu

Ėc

(36)Exergy loss = IR = Ėi − Ėu

(37)% Exergy loss =
[(

Ėi − Ėu

)

∕Ėu

]

× 100

(38)ε =
Ėu

Ėi

(39)E
F
= E

P
+E

D
+E

L
.

(40)ε =
EP

EF

= 1 −
ED +EL

EF

STPP and the developed STPP with new collector field are 
presented.

For the model validation, the attempt is made to compare 
the calculated results of the developed system in the present 
paper with the results of the studied system by Baghernejad 
and Yaghoubi [22]. They considered a base case system for 
Shiraz solar thermal power plant, whereas in this research 
tried to develop the base case system with a new collec-
tor field. Therefore, the criteria for validation of results in 
the developed system is based on the case study in [22]. 
Mass flow rate, temperature and pressure of all streams in 
the newly developed STPP based on their state numbers of 
the system (see Fig. 3) are shown in Table 5. According to 
the state properties represented in this table the enthalpy, 
entropy and exergy rates for each stream are calculated.

Energy and exergy analyses for each section of solar fields 
are determined by applying energy and exergy equations. 
Tables 6 and 7 show energy analysis results, and Tables 8 
and 9 show the exergy analysis results for the collectors’ 
fields. Comparisons of the energy and exergy analyses are 
shown in Tables 10 and 11. The presented results in these 
tables show that the lowest first and second law efficiencies 
in the collectors’ field (Behran oil and Therminol VP-1 oil) 
take place at the collector–receiver subsystem. The first and 
second law efficiencies of the Behran oil collectors’ field 
equal 48% and 57.05%, respectively, and in the Therminol 
VP-1 oil collector field equal 45.15% and 41.76%, respec-
tively. In this subsystem, there is more energy and exergy 
loss than in other subsystems. In the Behran oil collectors’ 
field, energy and exergy loss equal 51.99% and 42.94%, 
respectively; in the Therminol VP-1 oil collector field equal 
54.84% and 58.23%, respectively.

Fuel, product, exergy destruction, and exergy efficiency 
for each component and the entire system in the base case 
(Fig. 2) studied by Baghernejad and Yaghoubi [22] and for 
the developed system (Fig. 3) are shown in Tables 12 and 13. 
Table 12 shows that the maximum exergy destruction takes 
place in the collectors and the auxiliary boiler with 1.46 MW 
and 1.113 MW. Exergy destruction and exergetic efficiency 
for the entire system are 6.61 MW and 7%, respectively [22]. 
Table 13 shows that the maximum exergy destruction occurs 
in the auxiliary boiler with 0.4 MW and then occurs in the 
Behran oil collectors’ field and Therminol VP-1 oil collec-
tor’s field are 0.36 MW and 0.18 MW, respectively. Exergy 
destruction and exergetic efficiencies for the entire devel-
oped system are about 3.1 MW and 11.97%, respectively.

In order to determine the effect of increase in the capacity 
of the solar hybrid power plant developed with the LS-3 col-
lector from 500 kW to 1000 kW on the exergy performance 
of system, a system with 1000 kW is also run using the 
MATLAB software with the same code. Also, Baghernejad 
and Yaghoubi [23] increased the capacity of the STPP in 
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the base case to 1000 kW. Comparison of the performance 
results of the STPP developed with capacities of 500 kW 
and 1000 kW, and the STPP in the base case with 1000 kW 
capacity is carried out and listed in Table 14. The results 
show that increasing the capacity of the developed STPP to 
1000 kW, the mass flow rate of the auxiliary boiler increases, 
so that it causes the fuel exergy increase from 4.08 MW  to 
5.5 MW, and consequently, the exergy efficiency increases 
from 11.97% to 18.35%, and the exergy destruction increases 
by 30%. The comparative results of the STPP in the base 
case and developed STPP with 1000 kW capacity show that 
exergy efficiency decreases from 18.35% to 7.4%, and the 
exergy destruction and the fuel exergy increase by 43.17% 
and 59.31% in the STPP in the form of the base case, respec-
tively. The exergy loss is not considered in the 1000 kW 
STPP in the base case. These results reveal that increasing 
the capacity of the developed system, increases the exergy 
destruction and exergy efficiency. However, in the base case 
with 1000 kW compared with developed STPP with 500 kW, 
the exergy efficiency decreased, and fuel exergy and exergy 
destruction increased.

The comparative values of fuel consumption in the aux-
iliary boiler of the STPP developed with the LS-3 collec-
tor with capacities of 500 kW and 1000 kW are shown in 
Table 15. This table denotes that increase in the capacity to 
1000 kW, increased the amount of fuel consumption in the 
auxiliary boiler.

Figure 4 compares the amount of exergy destruction for 
each component of the 500 kW hybrid STPP developed with 
the LS-3 collector and the 500 kW hybrid STPP in the base 
case [22]. The comparative results in both systems show 
the most exergy destruction occurs in the boiler, auxiliary 
boiler, and collectors’ fields. The exergy destruction of an 
auxiliary boiler, primary collectors’ field, and condenser 
significantly decreased in the newly developed system. This 
reduction value for an auxiliary boiler is due to the decre-
ment of the fuel mass flow rate, and for the condenser is 
due to the decrease in mass flow rate. The exergy destruc-
tion of the superheater1 decreases slightly in the new sys-
tem because of the reduction in mass flow rate. The exergy 
destruction of economizer and boiler value increase in the 
new system due to the enthalpy difference increment. The 

Table 4  Fuel, product, exergy loss, exergy destruction rate and exergy efficiency of the hybrid STPP developed with the LS-3 collector corre-
sponding to Fig. 3

Component Fuel Product Exergy loss Exergy destruction Exergy efficiency

Economizer Ė6 − Ė1 Ė22 − Ė21
– Ė6 − Ė1 − Ė22 + Ė21

Ė22−Ė21

Ė6−Ė1

Boiler Ė5 − Ė6 Ė23 − Ė22
– Ė5 − Ė6 − Ė23 + Ė22

Ė23−Ė22

Ė5−Ė6

Superheater 1 Ė4 − Ė5 Ė11 − Ė23
– Ė4 − Ė5 − Ė11 + Ė23

Ė11−Ė23

Ė4−Ė5

Superheater 2 Ė9 − Ė10 Ė16 − Ė11
– Ė9 − Ė10 − Ė16 + Ė11

Ė16−Ė11

Ė9−Ė10

Oil heat exchanger Ė4 − Ė3 Ė10 − Ė7
– Ė4 − Ė3 − Ė10 + Ė7

Ė10−Ė7

Ė4−Ė3

Turbine Ė17 − Ė12 Ė
35

= Ẇ
turbine

– Ė17 − Ė12 − Ẇturbine
Ẇturbine

Ė17−Ė12

Auxiliary boiler Ė21a + Ė33 Ė24
– Ė21a + Ė33 − Ė24

Ė24

Ė21a+Ė33

Condenser Ė30 − Ė29 Ė14 − Ė15
– Ė30 − Ė29 − Ė14 + Ė15

Ė14−Ė15

Ė30−Ė29

Deaerator Ė13 + Ė18 Ė19
– Ė13 + Ė18 − Ė19

Ė19

Ė13+Ė18

Oil pump Behran Ė25 = Ẇoilpumpbehran Ė2 − Ė1
– Ẇoilpumpbehran − Ė2 + Ė1

Ė2−Ė1

Ẇoilpumpbehran

Oil pump VP-1 Ė27 = ẆoilpumpVP - 1 Ė8 − Ė7
– ẆoilpumpVP−1 − Ė8 + Ė7

Ė8−Ė7

ẆoilpumpVP−1

Condenser pump Ė31 = Ẇcondenserpump Ė18 − Ė15
– Ẇcondenserpump − Ė18 + Ė15

Ė18−Ė15

Ẇcondenserpump

Feedwater pump Ė32 = Ẇfeedwaterpump Ė20 − Ė19
– Ẇfeedwaterpump − Ė20 + Ė19

Ė20−Ė19

Ẇfeedwaterpump

Collector Ė26 Ė3 − Ė2

(

ĖL

)

collector
Ė26 − Ė3 + Ė2 −

(

ĖL

)

collector
1−Ė26+Ė3−Ė2+(ĖL)collector

Ė26

LS-3 collector Ė28 Ė9 − Ė8

(

ĖL

)

ls - 3collector
Ė28 − Ė9 + Ė8 −

(

ĖL

)

ls - 3collector
1−Ė28+Ė9−Ė8+(ĖL)ls - 3collector

Ė28
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Table 5  State properties and calculated exergy rates of the 500 kW hybrid STPP developed with the LS-3 collector corresponding to Fig. 3

State ṁ(kg/s) T (°C) P (bar) h (kJ/kg) s (kJ/kg.K) Ė(MW)

0 (water) – 33 1.013 138.37 0.47 –
0 (Behran oil) – 33 1.013 84.92 8.9 –
0 (VP-1 oil) – 33 1.013 50.81 5.32 –
1 13.88 221 2 645.71 14.37 5.27
2 13.88 221 7.6 645.71 14.37 5.27
3 13.88 265 5.05 795.88 14.99 7.07
4 13.88 268.23 5.05 807.2 15.04 7.21
5 13.88 266.01 2.28 799.43 15.01 7.12
6 13.88 230.72 2.46 678.28 14.52 5.66
7 4.48 294 5.4 558.81 9.31 1.68
8 4.48 294 7 558.81 9.31 1.68
9 4.48 313 7 602.87 9.45 1.86
10 4.48 305.12 5.7 584.5 9.39 1.78
11 0.68 257.54 21.3 2917.1 6.54 1.77
12 1.14 64.96 0.25 2509.3 7.51 2.44
13 0.087 64.96 0.25 2509.3 7.51 0.18
14 1.05 64.96 0.25 2509.3 7.51 2.26
15 1.05 60.05 0.2 251.39 0.83 0.1
16 0.68 294 21 3007.3 6.71 1.82
17 1.14 294 21 3007.3 6.71 3.04
18 1.05 60.06 0.25 251.4 0.83 0.1
19 1.14 98.17 0.95 411.41 1.286 0.281
20 1.14 68.6 22.2 414.82 1.289 0.285
21 0.68 98.6 22.2 414.82 1.289 0.17
21a 0.45 68.6 22.2 414.82 1.289 0.11
22 0.68 217.02 21.9 929.89 2.49 0.49
23 0.68 215.1 21.1 2799.4 6.31 1.69
24 0.45 294 21 3007.3 6.71 1.21
29 8.5 33 1.01 138.37 0.47 0
30 8.5 99.96 1.01 418.93 1.3 2.15
33 0.029 33 21 641.41 11.62 1.51

Table 6  Energy analysis of the collectors’ field (Behran oil)

Subsystem Energy received (kW) Energy delivered (kW) Energy loss (kW) Energy loss (%) First law 
efficiency 
(%)

Collector Qi = 3333.4 Qs = 2470.1 863.26 25.89 74.1
Receiver Qs = 2470.1 Qu = 1600.1 870 35.22 64.77
Collector–receiver Qi = 3333.4 Qu = 1600.1 1733.3 51.99 48

Table 7  Energy analysis of the collector field (Therminol VP-1 oil)

Subsystem Energy received (kW) Energy delivered (kW) Energy loss (kW) Energy loss (%) First law 
efficiency 
(%)

Collector Qi = 444.85 Qs = 355.88 88.97 20 80
Receiver Qs = 355.88 Qu = 200.88 155 43.55 56.44
Collector–receiver Qi = 444.85 Qu = 200.88 243.97 54.84 45.15
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turbine’s value exergy destruction increases because of the 
increase in the inlet steam’s temperature from 250 °C to 294 
°C. The exergy destruction of Behran oil pump increased in 
the developed system because of increase in the working 
fluid’s temperature.

The performance results of the 500 kW hybrid STPP in 
the base case [22] and the 500 kW hybrid STPP developed 
with the LS-3 collector are presented in Table 16. These 

results indicate the exergy efficiency increases from 7% to 
11.97%. Fuel exergy decreases by 42.61%. Exergy destruc-
tion decreases by 53.02% and reaches from 3.1 MW to 
6.61 MW. Fuel consumption in auxiliary boiler decreases 
from 0.07 kg/s to 0.02 kg/s. These results illustrate that 
adding a Therminol VP-1 oil cycle with the LS-3 collector 
increases exergy efficiency, decreases the fuel consumption 
of the auxiliary boiler, and therefore improves total perfor-
mance of the system.

Table 8  Exergy analysis of the collectors’ field (Behran oil)

Subsystem Exergy received (kW) Exergy delivered (kW) Exergy loss (kW) Exergy loss (%) Second law 
efficiency 
(%)

Collector Ėi = 3156.2 Ėc = 2134.7 1021.5 32.36 67.63
Receiver Ėc = 2134.7 Ėu = 1800.7 333.96 15.64 84.35
Collector–receiver Ėi = 3156.2 Ėu = 1800.7 1355.5 42.94 57.05

Table 9  Exergy analysis of the collector field (Therminol VP-1 oil)

Subsystem Exergy received (kW) Exergy delivered (kW) Exergy loss (kW) Exergy loss (%) Second law 
efficiency 
(%)

Collector Ėi = 421.21 Ėc = 317.8 104.02 24.69 75.3
Receiver Ėc = 317.8 Ėu = 175.93 141.25 44.53 55.48
Collector–receiver Ėi = 421.21 Ėu = 175.93 245.27 58.23 41.76

Table 10  Comparison of first and second law analysis on each subsystem of collectors’ field (Behran oil)

Subsystem Irreversibility (kW) Energy loss (%) Exergy loss (%) First law efficiency 
(%)

Second law 
efficiency 
(%)

Collector 1021.5 25.89 32.36 74.1 67.63
Receiver 333.96 35.22 15.64 64.77 84.35
Collector–receiver 1355.55 51.99 42.94 48 57.05

Table 11  Comparison of first and second law analysis on each subsystem of collector field (Therminol VP-1 oil)

Subsystem Irreversibility (kW) Energy loss (%) Exergy loss (%) First law efficiency 
(%)

Second law 
efficiency 
(%)

Collector 104.02 20 24.69 80 75.3
Receiver 141.25 43.55 44.53 56.44 55.48
Collector–receiver 245.27 54.84 58.23 45.15 41.76
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Table 12  Thermodynamic Parameters of the 500 kW hybrid STPP in the base case corresponding to Fig. 2 [22]

Component Fuel (MW) Product (MW) Exergy destruction (MW) Exergetic 
efficiency (%)

Economizer 0.35 0.31 0.037 89.22
Boiler 1.43 1.25 0.18 86.91
Superheater 0.09 0.06 0.025 72.12
Turbine 0.523 0.5 0.023 95.61
Auxiliary boiler 3.76 2.64 1.113 70.41
Condenser 3.39 2.86 0.53 84.36
Deaerator 0.52 0.51 0.014 97.3
Oil pump Behran 0.019 0.018 0.001 91.95
Pump 1 0.0002 0.0001 0.00002 90
Pump 2 0.0119 0.0113 0.0006 95.37
Collector 3.35 1.88 1.46 56.18
System 7.11 0.5 6.61 7

Table 13  Thermodynamic Parameters of the 500 kW hybrid STPP developed with the LS-3 collector corresponding to Fig. 3

Component Fuel (MW) Product (MW) Exergy destruction 
(MW)

Exergy loss (MW) Exergetic 
efficiency (%)

Economizer 0.38 0.32 0.059 – 84.51
Boiler 1.45 1.19 0.26 – 82.08
Superheater 1 0.094 0.075 0.019 – 79.91
Superheater 2 0.073 0.058 0.015 – 78.96
Oil heat exchanger 0.138 0.102 0.035 – 74.2
Turbine 0.59 0.5 0.099 – 83.38
Auxiliary boiler 1.62 1.2 0.409 – 74.85
Condenser 2.1538 2.1534 0.0003 – 99.98
Deaerator 0.29 0.28 0.01 – 95.95
Oil pump Behran 0.0197 0.002 0.017 – 10.15
Oil pump VP-1 0.0013 0.0002 0.0011 – 15.38
Condenser pump 0.000008 0.000005 0.000003 – 63.03
Feedwater pump 0.0039 0.0038 0.00012 – 96.9
Collector 2.13 1.8 0.034 0.33 84.35
LS-3 collector 0.31 0.17 0.041 0.14 55.47
System 4.08 0.5 3.1 0.47 11.97

Table 14  Comparative results of the hybrid STPP developed with LS-3 collector with capacities of 500 kW and 1000 kW

Properties Developed hybrid STPP with LS-3 
collector (500 kW)

Developed hybrid STPP with LS-3 
collector (1000 kW)

Hybrid STPP in the form 
of the base case (1000 kW) 
[22]

Fuel exergy (MW) 4.08 5.5 13.52
Product exergy (MW) 0.5 1 1
Exergy destruction (MW) 3.1 4.03 5.77
Number of collectors 48 48 48
Number of LS-3 collectors 1 1 0
Exergy efficiency (%) 11.97 18.35 7.4
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8  Conclusions and recommendations

The purpose of the present study is to do energy and exergy 
analyses of the 500 kW hybrid STPP developed with the 
LS-3 collector and to compare the results with a 500 kW 
hybrid STPP in the base case. The STPP is investigated 
in the view of the energy and exergy analyses in order 
to improve the total performance of system. The results 
obtained from the exergy analysis of the hybrid STPP show:

Table 15  Comparative fuel consumption in the auxiliary boiler of 
hybrid STPP developed with the LS-3 collector with capacities of 
500 kW and 1000 kW

Developed hybrid 
STPP with LS-3 col-
lector (500 kW)

Developed hybrid 
STPP with LS-3 
collector (1000 kW)

Fuel consumption 
in auxiliary boiler 
(kg/s)

0.02 0.05

Fig. 4  Comparative exergy destruction of the 500 kW hybrid STPP developed with the LS-3 collector and the 500 kW hybrid STPP in the form 
of the base case [22]

Table 16  Comparative results of the 500 kW hybrid STPP in the form of the base case [22] and the 500 kW hybrid STPP developed with the 
LS-3 collector

Properties Hybrid STPP in the form of  
the base case (500 kW) [22]

Developed hybrid STPP with 
the LS-3 collector (500 kW)

Fuel exergy (MW) 7.11 4.08
Product exergy (MW) 0.5 0.5
Exergy destruction (MW) 6.61 3.1
Exergy efficiency (%) 7 11.97
Fuel consumption in auxiliary boiler (kg/s) 0.07 0.02
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• In the solar fields, the lowest first and second law efficiency
in the collectors’ fields (Behran oil and Therminol VP-1
oil) occurs at the collector–receiver subsystem. In this sub-
system, in the Therminol VP-1 oil collector field, there is
more energy and exergy loss than other subsystems.

• The main source of exergy destruction in the developed
STTP system is the auxiliary boiler equal 0.4 MW and
then in the solar collectors fields equal 0.54 MW due
to the high energy loss. Exergy destruction and exer-
getic efficiency for the entire system equal 3.1 MW and
11.97%, respectively.

• Increasing the capacity from 500 kW to 1000 kW, increases
the exergy efficiency, exergy destruction, and fuel exergy in
the developed STPP. While in the base case 500 kW STPP,
the exergy efficiency decreases, and fuel exergy and exergy
destruction increase. In addition, comparison of the results
for these two systems with 1000 kW capacity shows that
exergy efficiency increases, and exergy destruction and fuel
exergy decrease in the developed STPP.

• Systems’ comparative results show exergy efficiency
increases from 7% in the base case to 11.97% in the
developed case. Exergy destruction, fuel exergy, and
fuel consumption in an auxiliary boiler are decreased by
53.02%, 42.61%, 60.27%, respectively, in the developed
STPP system.

It is recommended that more research be done in the fol-
lowing areas:

• To apply thermodynamic optimization to increase exergy
efficiency. Maximizing exergy efficiency means minimiz-
ing exergy destruction.

• To perform exergoeconomic analysis and thermo-
economic optimization to minimize the cost of exergy
destruction.
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