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Solar energy is the most abundant renewable energy and it has a great potential for development. There are two ways to transfer
solar energy to electricity: photovoltaic power generation (PV) and concentrated solar power (CSP). CSP-PV hybrid system
can be fully integrated with the advantages of the two systems to achieve low cost, stable output, and manageable to
generate electricity. In this paper, the operation strategy of the CSP-PV system is proposed for parabolic trough CSP
system and PV system which are now commercially operated. Genetic algorithm is used to optimize the design of the
system and calculate PV-installed capacity, battery capacity, and storage capacity of CSP system, making the system to
achieve the lowest cost of electricity generation. The results show that the introduction of the CSP system makes it
possible to ensure the stability of the output power of hybrid system when the battery capacity is small, which greatly
improves the annual utilization time of the PV and reduces solar abandonment. When the system is optimized by
operation characteristics of Spring Equinox, the lowest LCOE is 0.0627 $/kWh, the rated capacity of PV and CSP system
are 222.462MW and 30MW, respectively, and the capacity of heat storage and battery are 356.562MWh and
14.687MWh. When the system is optimized by the operation characteristics of the whole year, the lowest LCOE is 0.0555
$/kWh, the rated capacity of PV and CSP system are 242.954MW and 30MW, respectively, and the capacity of heat
storage and battery are 136.059MWh and 8.977MWh. The comparison shows that the power generation curves of the hybrid
system are similar in the two optimization-based methods—Spring Equinox based and annual based, but LCOE is lower when
optimized by the annual operation characteristic, and the annual utilization rate of the system is higher when optimized by
Spring Equinox based.

1. Introduction

Climate change and the scarcity of natural resources make
the world to look for a cleaner and more efficient way to
use energy to meet the growing energy needs. At present,
renewable energy has a great potential and developed rapidly,
and it will occupy an important share of future energy struc-
ture [1]. However, the major shortcomings of renewable
energy are that their variability and intermittency can cause
frequent imbalances and serious problems with the grid.
The researchers have suggested that different strategies can
be used to improve the safety and quality of energy supply,
such as the use of more flexible thermal power plants [2],
the introduction of appropriate energy storage equipment,
and the use of multicomplementary strategy [3].

Solar energy is one of the most abundant renewable
resources; solar radiation to reach the Earth’s surface is
1800 times as the world’s primary energy consumption [4].
There are two ways to convert solar energy into electricity:
solar photovoltaic power generation and concentrated solar
power [5]. The development of solar photovoltaic power gen-
eration is fast, and the ratio of installed solar photovoltaic will
reach 16% of the global energy consumption [6]. The power
generation costs of photovoltaic systems is relatively lower
because of the low price of PV modules, and it can also be
achieved grid parity in the absence of any market incentives
[6]. However, the high price of photovoltaic energy storage
system obstacles the further large-scale application of photo-
voltaic systems. Many scholars have focused on the concen-
trated solar power in the recent years; due to that, solar
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thermal system can be combined with the thermal storage
system, so that the solar power plant can meet the require-
ments of grid operation and the peak load after the sun can
still be deployed [7]. But due to the slow development of
technology, the cost of solar thermal system is decreased
lower than the solar photovoltaic system [8]. In this context,
PV system and CSP system were initially considered to be
competitors, but they are complementary in fact. The combi-
nation of the two technologies is increasingly concerned. PV-
CSP hybrid system is a viable way to generate power, and it
can meet the local electricity demand and cost less than a
single concentrated solar power [9]. The combination of
solar photovoltaic power and solar thermal power can
improve the capacity factor of the system and can be
dispatched to meet the load demand of peak period [10].
The photovoltaic power is rich and cheap to meet the power
load during the day; the peak load in the night will be met by
solar thermal power system with storage. Then the stability
and schedulability of the system can be ensured at low cost.

At present, a CSP-PV hybrid power system is being built
in Ottana of Italy, the system is comprised of a 600 kW linear
Fresnel concentrated solar power with 15MWh heat storage
and a 400 kW photovoltaic system with 430 kWh battery.
Cocco et al. contrasted the two hybrid ways of the system,
which are partially integrated and full-integrated, and found
that the annual power generation and annual operating
hours of the system on full-integrated were higher [11].
Cau et al. optimized the system’s operational strategy by
meteorological condition to maximize the annual power
generation of the system while meeting the energy conserva-
tion and the minimum climbing time [12].

The CSP-PV hybrid system on the Atacama Desert in
Chile coupled 20MW photovoltaic solar system and solar
tower power system with 300MWh storage; the cost of
power generation is lower than CSP-alone power system
but higher than photovoltaic power system. The levelized
cost of electricity (LCOE) in 2014 is 14.69 US cent/kWh
and 13.88 cent/kWh, respectively, based on Bluemap and
Roadmap [9]. Capacity factor of typical intermittent energy
is about 20%−40%, this system can reach about 90% [12].
Green et al. proposed an operation with priority on the basis
of this system; the priority of the output power is 50MW,
100MW, and 130MW [13]. Hlusiak et al. found that the
collector has the greatest impact on the total cost, followed
by coal prices; impacts of photovoltaic capacity and thermal
storage system on the cost of power generation is relatively
small; the cost of the CSP-PV hybrid system is 13% cheaper
than the stand-alone concentrated solar power system with
molten salt heat storage [14]. Bootello et al. divided power
generation into three grades: the energy consumption of the
tracking system, the energy consumption of the auxiliary
equipment of the power plant and power generation
connected to grid, and put forward the operation mode of
the hybrid power station [15]. Larchet found that CSP-PV
hybrid system with coal-fired backup unit has the lowest cost
of electricity generation and project capital output. LCOE of
this system is 42% and 52% lower than PV-alone system and
PV-diesel hybrid system, respectively. CSP-PV hybrid system
increased the investment but decrease the emission compared

to coal-fired power system [16]. The combination of solar
thermal and photovoltaic can provide stable energy and
increase the capacity factor of the solar thermal power system.
It not only can meet the basic requirement of the energy sys-
tem but also can provide a low-risk investment option [17].

The research on CSP-PV hybrid system are mainly
focused on the operation strategy and technical-economic
analysis. But the research on the optimal configuration of
CSP-PV hybrid system considering the operation strategy is
few. In this study, the operation strategy of CSP-PV system
is proposed for parabolic trough CSP system and PV system
which are now commercially operated. Genetic algorithm is
innovatively used to optimize the design of system and calcu-
late PV installed capacity, battery capacity, and storage
capacity of CSP system, making the system to achieve the
lowest cost of electricity generation. The operation strategy
proposed in this paper provides a new idea for the design
and operation of CSP-PV hybrid power generation system.
The optimization method can be used in the preliminary
design of power station.

2. System Description

CSP-PV hybrid power system is composed of concentrated
solar power system and photovoltaic system as shown in
Figure 1. The upper dashed line box is the photovoltaic
power generation subsystem, and the lower dashed box is
the concentrated solar power subsystem. The PV power gen-
eration system includes PV array, inverter subsystem, and
electronic storage system. The PV array consists of a number
of subarrays, each of which consists of 20 PV modules with a
rated power of 250W. Each PV subarray is connected to the
inverter to ensure that the DC will be converted into AC. At
the same time, each inverter is equipped with a maximum
power point tracking (MPPT) device to ensure that the
photovoltaic subarray can run at the maximum power point.
The PV modules are placed south and have a certain tilt
angle, which maximizes the annual generation of photovol-
taic power generation systems. The PV power generation
technology is mature and the system is simple and has
flexible layout and low operating costs. However, solar
energy resources are fluctuating and intermittent, which
makes the output power of photovoltaic power unstable,
and it will have great impact on the power grid to a certain
extent. To improve the stability of photovoltaic power
output, the batteries are configurated.

The CSP system consists of trough collector subsystem,
two tanks thermal storage subsystem, and power block sub-
system. Heat transfer oil is used as heat transfer fluid, and
molten salt is used as the heat storage medium. The inlet
temperature of the heat transfer oil is 295°C, and the outlet
temperature is 395°C. The feed water is heat by the heat
transfer oil to become superheated steam and work in the
steam turbine. When solar energy is sufficient, one part of
the energy of the collector system is sent into the thermal
cycle of power generation, another is storage by molten salt
for power cycle when the solar energy is poor. When the
stored energy is used out, the gas backup can be started to
meet the required load. The concentrated solar power system
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adopts the energy conversion form of light-heat-electricity,
in which the thermal delay of the system and the heat storage
system makes the output power of the concentrated solar
power system stable, reduce fluctuation of solar energy, and
improve the manageability of renewable energy. Therefore,
it is expected that a low-cost manageable output solar power
generation system will be established by coupling a low-cost
photovoltaic power generation system with a concentrated
solar power system that can be used for peaking.

The main parameters that affect the energy and economic
performance of the system are the collector field area, the
storage capacity, the Rankine cycle power, the PV-installed
capacity, and the capacity of the battery. In this paper, based
on the 30MW CSP system, the storage capacity, the PV-
installed capacity, and the capacity of the battery are selected
as the optimization objects to make the power generation
cost of the system minimal.

The main parameters of power block in the design condi-
tion are shown in Table 1.

3. Model Establishment

Performance analysis of CSP-PV hybrid power system is
realized in software Matlab [18]. The simulation model has
been simplified. The collector field area, the heat storage

capacity, the Rankine cycle power, the PV-installed capac-
ity, and the capacity of the battery are the main design
parameters that affect the system performance. The design
of the system is optimized in order to find the system
structure with the lowest cost of power generation under
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Figure 1: CSP-PV hybrid power system.

Table 1: Main parameters of power block.

Pressure
(MPa)

Temperature
(°C)

Mass flow
(kg/s)

Main steam 9.80 369.41 55.8

The first extraction 4.00 257.59 6.8

The second
extraction

1.70 204.32 4.4

The third
extraction

0.60 250.55 1.9

The fourth
extraction

0.25 163.75 1.8

The fifth
extraction

0.12 104.78 1.4

The sixth
extraction

0.06 85.93 2.6

Exhaust steam 0.008 41.51 36.9
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the constraints of energy balance and storage energy. The
CSP-PV hybrid system model includes the photovoltaic
subsystem model and the solar thermal subsystem model.
The input parameters of the model are the meteorological
data of a certain location.

3.1. Solar Energy Resources. In this paper, the database of a
typical meteorological year is from SAM software [19] and
Lhasa (91.13°E 29.67°N) is selected. In this paper, the
database of a typical meteorological year is from NREL
[20]. The meteorological data include direct normal irradia-
tion (DNI), global horizontal irradiance (GHI), ambient
temperature, and wind speed.

Annual DNI and GHI of Lhasa are 1777 kWh/m2 and
1818 kWh/m2, respectively. In Lhasa, the annual variation
of GHI is small and the radiation intensity is large, but
DNI varies greatly with season changes and the radiation
intensity of autumn and winter is higher than that of
summer. The variation of solar radiation intensity makes
the performance of the system change greatly. Monthly
DNI of Lhasa is shown in Figure 2.

3.2. PV Subsystem Model. The PV system model consists of
photovoltaic panels which output is rated at 250W. PV
panels are placed at a fixed angle and faced south. According
to the equation proposed by Duffle, the effect of PV module
temperature change on the power generation performance
of the system is considered.

The main parameters of PV panels are shown in
Table 2. The operating temperature (TC) of PV panels is
determined by the rated operating temperature of PV
panels (equation (1)).

TC = TA + TNOCT − TA,NOCT
GI

GINOCT
UL,NOCT

UL
1 −

ηPV
τα

,

1

where TA is the ambient temperature; the ambient
temperatures for nominal operating cell temperature
(TA,NOCT) is 20

°C; the solar radiation (GINOCT) is 800W/

m2; UL and UL,NOCT is the actual and rated heat transfer
factor; ηPV is the actual PV panel efficiency, which can be
calculated by equation (2). τα is the transfer absorption
factor [21]. The efficiency of PV panels

ηPV = ηPV,NOM 1 + γ TC − TC,REF , 2

where ηPV,NOM is the nominal efficiency; γ is the temperature
factor; TC,REF is the PV module temperature under standard
test conditions (25°C).

PPV = nMODAMODGIηPVηINV f PV 3

The output power of PV panels can be calculated using
equation (3). Where nMOD is the number of PV subarray;
AMOD is the active area of each PV module, and ηINV is the
inverter efficiency. A derating factor f PV is finally considered
to account for soiling of the panels, wiring losses, shading,
snow cover, aging, and other secondary losses.

The use of batteries can make up for difference between
PV power generation and energy demand. The energy avail-
able for the battery can be described as the charge state
“SOCB”, which is the ratio of the stored energy to the rated
storage capacity. The battery model can be calculated by the
following formula. Where ηBC and ηBD are the battery effi-
ciencies during charge and discharge processes, respectively.
Battery efficiency depends on several operating parameters
such as current, SOC, charging and discharging power, and
battery lifetime. To simplify the model, a constant efficiency
of 94% is assumed as declared by the manufacturer while a
nominal Depth-of-discharge (DOD) of 80% is considered
(with a minimum SOC of 10% and a maximum SOC of 90%).

SOCB t = SOCB t − 1 +
PBCηBC − PBD/ηBD Δt
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Figure 2: Monthly DNI of Lhasa.

Table 2: Main parameters of PV module.

PV module Other assumptions

Solar cell
technology

Polycrystalline Derating factor fPV 0.8

Nominal
power
PPV,REF

250W UL,NOCT 9.5

Nominal
efficiency
ηPV,NOM

14.9% UL 5.7 + 3.8Vwind

Nominal
operating cell
temperature
TNOCT

46°C
Transmittance-
absorptance
coeff. (τα)

0.8

Active panel
area AMOD

1.675m2 Inverter nominal
efficiency

97.8%

Temperature
coeff. of
power γ

−0.41%/K
Nominal global

irradiance GINOCT
800W/m2

4 International Journal of Photoenergy



The PV model is established based on the literature [22].
Rated output power is 30000 kW. The annual power genera-
tion of Matlab model is 130690MWh. The plant electricity
rate is defined as the electricity consumed by the power plant
itself divided by the gross electricity produced by the power
plant. The plant electricity rate is assumed as 2.43% accord-
ing to statistics of Chinese power generation, then the actual
power generation is 127514MWh. The annual power gener-
ation of SAM is 122179MWh, and the deviation of annual
power generation is 4.18%. The reason for the higher power
generation in Matlab is that the model ignores few losses of
the actual power generation process.

3.3. CSP Subsystem Model. The simulation of the CSP
generation system is based on the parameters of the 30MW
SEGS VI CSP plant.

The solar input is determined by equation (5):

Qsolar = DNI ⋅ Anet ⋅KIA ⋅ f opt ⋅ f ref ⋅ f trac ⋅ f end ⋅ f clean
⋅ f dust ⋅ f tran ⋅ f abs,

5

where Anet is the net aperture area of parabolic trough col-
lector, KIA is incident angle correction, f opt is the optical

coefficient, f ref is the reflectance efficiency, f trac is the
tracking factor, f end is the coefficient to correct end loss
effects, f clean is the factor to correct for actual mirror
cleanliness, f dust is the factor to correct for dust cover,
f tran is the transmissivity factor, and f abs is the coating
absorption factor.

The main parameters of the CSP station are shown in
Table 3 [22]. The hourly operating characteristics analysis
of CSP system is based on the meteorological conditions,
especially solar radiation and solar location. The heat loss
of the collector field is taken into account. The Equinox day
of Lhasa, annual average DNI, and annual average tempera-
ture is selected as the system design point.

LS-2 collector tube is used as solar collectors, and the row
space is 15m. The heat loss of the collector is affected by DNI,
flow of heat transfer oil, ambient temperature, and wind
speed. Usually, the impact of wind speed on heat loss can
be ignored.

The available heat input depends on the solar heat input,
the thermal losses of the receivers, and the field piping, as
shown in equations (6) and (7) [23], where T i and TO are
the inlet and outlet temperature of the heat transfer oil. The
heat pipe is composed of a loop, and each circuit is connected
through a pipe. The heat loss on the pipe is obtained from the
empirical formula (8) [23], where ΔT is the temperature dif-
ference between the average temperature of the collector field
and the ambient temperature.

The heat storage medium of CSP system is binary
molten salt, which composes of 60% NaNO3 and 40%
KNO3, and the physical properties are shown in Table 4
[24]. The available energy of the heat storage is obtained
by the energy balance of the collector field, the power
block, and the heat loss. In this paper, the heat loss of
the thermal storage tank is assumed to be 2%. The ther-
mal oil VP-1 is used for heat transfer fluid, which has a
wide optimum use range of 12° to 400°C.

The solar thermal energy absorbed by the collectors is
stored in the thermal storage system as thermal energy.
When the power output from CSP subsystem is needed, the
molten salt releases heat and water is heated and turned into
steam, making the turbine work. The turbine efficiency is
variable and related to the steam mass flow in the off-
design condition. Variation of turbine efficiency under off-
design conditions is considered in power block model. The
reduction rate in turbine efficiency can be calculated using

Table 3: Main parameters of CSP module.

Design condition Optical coefficient 0.98

DNI 800W/m2 Reflectance efficiency 0.93

Ambient temperature 3°C Cleanliness factor 0.95

Trough collector Tracking factor 0.99

Focal length 1.84m Dust cover coefficient 0.98

Width 5m End shadow coefficient 0.97

Unit length 8m Transmissivity factor 0.96

Oil inlet/outlet
temp.

285/390°C
Coating

absorption factor
0.95

Other factor 0.96

Table 4: Physical property of solar salt.

Melting point 220°C Viscosity 1.776 cP

Ceiling
temperature

600°C
Thermal

conductivity
0.519W/(m⋅K)

Surface
tension

109.2mN/m
Thermal
capacity

1495 J/(kg⋅K)

Density 1837 kg/m3 Fusion heat 161 kJ/kg

Qavail =Qsolar −Qcol,loss −Qpipe, 6

Qcol,loss =
a0 T0 − Ti + a1/2 T0

2 − Ti
2 + a2/3 T0

3 − Ti
3 + a3/4 T0

4 − Ti
4

T0 − Ti
+
DNI b0 T0 − Ti + b1/3 T0

3 − Ti
3

T0 − Ti
,

7
Qpipe = 0 01693ΔT − 0 0001683ΔT2 + 6 78 × 10−7ΔT3 8
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equation (9) [25], then turbine efficiency can be calculated
using equation (10). The generator efficiency can be calcu-
lated using equation (11) [26].

Reduction rate = 0 191 − 0 409
m
mref

+ 0 218
m
mref

2
, 9

η = 1 − Reduction rate ηref , 10

ηgeneration = 0 9 + 0 258load − 0 3load2 + 0 12load3

11

The CSP model is established based on the literature [19]
and is compared to SAM software simulation results. The
annual power generation of the model is 66584.75MWh,
the plant electricity rate is assumed as 5%; then, the actual
power generation is 63255.5MWh. The annual power gener-
ation of SAM is 61167.6MWh, and the deviation of annual
power generation is 3.3%. The main reason is that this model
is simplified that some of the error is ignored, making the
model of the annual power generation higher.

4. Methodology

4.1. Operation Strategy. Operation strategies of the system
can be divided into two modes: prioritize the PV (mode 1)
and minimize the turbine shutdown (mode 2). Using mode
1, the PV and the battery is prioritized over the CSP. That
is to say that if the PV capacity is large enough to cover the
load, it does and the CSP is shut down. The same can be said
for the battery, if the battery discharge capacity is large
enough to cover the load, it does and the CSP is shut down
for the period that the battery discharges. This mode of oper-
ation will make the operation and maintenance costs of the
system increase and the operating life decrease. However,
the CSPmust be shut down only if it remains offline for a suf-
ficient amount of time. A turbine hot start can take as long as
1–2 hours. Therefore, in mode 2, the CSP plant will be shut
down if it should be shut down for more than 2 hours.

The operation strategy was proposed by combining two
modes and was shown in Figure 3. Where Wmin,turb is the
minimum output of turbine, Wset is the rated output of the
hybrid system,WCSP andWPV are the real output of CSP sys-
tem and PV system, respectively, sto and BESS are the energy
stored in the storage tank of CSP system and in the battery of
PV system, respectively.

There are three operation modes according to the
operation strategy.

(1) Energy of PV panels can meet energy demand and
PV system runs alone. Exceeded energy is stored in
a battery and the collected energy of CSP system is
all stored in a storage tank

(2) Energy of PV panels cannot meet energy demand,
and PV panels and battery are both used for energy
generation. The collected energy of CSP system is
all stored in a storage tank

(3) Energy of PV panels and battery cannot meet energy
demand, and PV panels, battery, CSP system, and
storage tank are all used for energy generation

4.2. Method of Optimization. Method of optimization
adopted in this study is genetic algorithm. The classical opti-
mization algorithm such as linear program and dynamic pro-
gramming is easy to fall into the local optimal, and it is
difficult to solve the global optimal problem. Genetic algo-
rithm is a good way to overcome this shortcoming and is a
global optimization algorithm with good convergence. Many
scholars use genetic algorithms to optimize the system. The
genetic algorithm is used to optimize the heat recovery sys-
tem of the rotary kiln, and the mathematical relationship
between the design parameters and the temperature and heat
transfer rate of the heat recovery switch is deduced. The total
heat transfer area and the total power consumption is
reduced [27]. Gentils et al. optimized the support structure
for offshore wind power, along the outer diameter and
cross-sectional thickness of the support structure selected as
the design variable. Optimizing makes the quality of the sup-
port structure reduced by 19.8% [28]. Li et al. used the reser-
voir as a decision variable to minimize the variance of the
power output and maximize the annual power generation
which is a goal by the NSGA-II [29].

For i = 1:1:24

Meteorological data
(date/time/DNI/GI/am bient

temperature/wind speed)

PV(i)> = Wset? PV operate alone

No

Yes

PV(i) + BESS> = Wset? Yes

No

PV(i) + BESS + CSP(i)
+ sto> = Wset?

PV & battery
operate together 

PV & battery &
CSP & sto operate

together
Yes

Figure 3: Operation strategy of CSP-PV hybrid power system.
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Genetic algorithm is an optimization method that simu-
lated biological evolution. It is based on the principle of
biological evolution and strategy of group optimization
through iterative calculation of selection, replication, cross-
over, mutation, insertion, and migration. It is suitable for
solving complex optimization problems [30]. The process
of genetic algorithm is shown in Figure 4.

The process of genetic algorithm is as follows:

(a) Randomly generate the initial population of the
determined length

(b) Calculate the fitness value of the population itera-
tions and produce the next generation of groups
through replication, crossover, and mutation

(c) The best individual in each generation as the result of
the implementation of the algorithm

(d) After a given genetic algebra, compare all the results
of the implementation to obtain the optimal solution
as an optimal process

The fitness function chosen in this paper is LCOE (leve-
lized cost of energy). LCOE is calculated by equation (12)

[31]. Where ICCSP and ICPV are the initial investment of
CSP power station and PV station, respectively, ACCSP and
ACPV are the annual cost of CSP power station and PV sta-
tion, respectively (operation and maintain cost is included),
ECSP and EPV are the output power of CSP system and PV
system in the first year, dCSP and dPV are annual decay rate
of power generation, i is the interest rate, andN is the lifetime
of the system.

LCOE =
ICCSP +∑N

n=1 ACCSP/ 1 + i n + ICPV +∑N
n=1 ACPV/ 1 + i n

∑N
n=1 ECSP 1 − dCSP

n + EPV 1 − dPV
n / 1 + i n

,

12

where ICCSP and ICPV can be divided into two parts: direct
cost and indirect cost. The direct component is the invest-
ment associated with the power block (CPB), solar field
(CSF), piping (CPIP), storage system (CTES), salt purchase
(CSALT), and balance of plant (CCSP,BoP). The indirect
component covers all the remaining costs for the upfront
investment that are not directly related to the equipment.
These costs include the purchase of land (CLAND) and the
engineering, procurement, and construction costs (CEPC,

Start
Meteorological data

(date/time/DNI/GI/ambi
ent temperature/wind speed) 

Optimal
solution?

Decoding

Output the 
optimal solution

Stop

No

Yes

Coding Initialize the 
population

Calculate the
fitness of

population

Preservation of
optimal individual 

Cross and
variation New population

Figure 4: Process of genetic algorithm.
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calculated as a percentage of the direct costs). The equations
for the direct and indirect initial costs of the CSP section are
therefore given by

ICCSP = ICCSP,DIR + ICCSP,IND,

ICPV = ICPV,DIR + ICPV,IND,

ICCSP,DIR = CSF + CPIP ASF + CTES + CSALTρSALT VTES

+ CPB + CCSP,BoP PORC,nom,

ICCSP,IND = CLANDALAND,CSP + ICCSP,DIRCEPC,

ICPV,DIR = CPV + CINV + CPV,BoP PPV,nom + CBEB ,

ICPV,IND = CLANDALAND,PV + ICPV,DIRCEPC

13

The main economic data is shown in Table 5 [21]. The
floor area of CSP power station and PV power station are
estimated by literature [32]. The floor area of the PV
station whose output is over 20MW and track by the fixed
axis is 7.5 acres/MW, and the floor area of the CSP station
is 10 acres/MW.

5. Case Study

The model is established in Matlab and it can simulate the
operating performance of CSP-PV hybrid system. The out-
put power of the CSP power station selected in this study is
30MW. Input parameters are heat storage capacity, nominal
power of PV station, and battery capacity, and output

parameters are the output power of a hybrid system and
LCOE. Then the model can simulate the daily, monthly,
and annual performance of a hybrid system. The output
power is 95% of the sum of the nominal power of the CSP
and PV station. There is a 5% unmet load demand [21].

The objective function of optimization is LCOE and
variable and their range are shown in Table 6.

5.1. Optimization Based on a Typical Day. Optimization is
based on the operation characteristics of Equinox Day.
According to the results of genetic algorithm, when the
installed capacity of the CSP power system is 30MW, the
LCOE of the CSP-PV hybrid system reaches the lowest which
is 0.0660 $/kWh under the condition that the rated power
capacity of PV is 222.462MW, the battery capacity is
14.687MWh, and the heat storage capacity is 356.562MWh.

Table 5: Cost estimation of the CSP plant and PV system.

CSP direct cost CSP annual cost

Solar field cost (CSF) 240 $/m2 of collector area O&M annual cost 1.5%

Piping cost (CPIP) 36 $/m2 of collector area Insurance annual cost 0.5%

Tank cost (CTES) 750 $/m3 of storage volume PV annual cost

BoP cost (CCSP,BoP) 300 $/kWe O&M annual cost 1.5%

PV direct cost Insurance annual cost 0.25%

Panel cost (CPV) 1200 $/kWp CSP/PV indirect cost

Inverter cost (CINV) 240 $/kW Land cost (CLAND) 12 $/m2

BoP cost (Cpv,BoP) 240 $/kW Engineering cost (CEPC) 20%

Battery cost (CB) 1200 $/kWh Other assumption

PV degradation rate 0.6% Annual interest rate 7%

Operating lifetime 25 years CSP degradation rate 0.2%

Table 6: Optimization design variables and range.

Variable Range Unit

Rated power of photovoltaic plant 0–100 MW

Capacity of heat storage 0–2000 MWh

Capacity of battery bank 0–2000 MWh
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Figure 5: Comparison between the power generation capacity of
PV system and the actual power generation on Equinox Day.
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Figures 5 and 6 show the comparison between the power
generation capacity of PV and concentrated solar power (PV/
CSP) and the actual power generation (WPV/WCSP) in
Equinox Day. The “PV” represents the power generated by
the PV panels, and “WPV” represents the power output from
the PV system after dispatch. The “CSP” represents the con-
centrated solar power energy, and it is stored in the TES. The
“WCSP” is the actual power output from a solar thermal
Rankine cycle. This is added in the manuscript. After the
sun rises, the output power of the PV system increases as
the irradiation intensity increases and reaches the maximum
at 11 o’clock. The use of the battery makes the output power
of the PV power plant does not change with the solar radia-
tion changes, and the power generation curve tends to be
gentle which makes the impact of PV system to reduce the
power grid small and ensure that the system can still main-
tain the rated output power when the solar radiation is
reduced. The CSP system generates power after 19 o’clock
andmaintains the rated power output. The use of the thermal
storage system allows CSP system to continue to generate
electricity after the sun goes down.

The system output power of Equinox Day is shown in
Figure 7. After the sun rises, the output power of the PV sys-
tem increases with the increase of solar radiation. The solar
radiation intensity is the largest between 11:00 and 18:00,
and the operating mode of the system is the power generated
by the PV system alone; exceeded energy from the PV system
is stored in the battery and the energy of CSP system is all
stored in the heat storage tank. At 19 o’clock, the solar radi-
ation is insufficient, the system operating mode changes from
the PV alone into a PV system, the battery system and CSP
system generate power at the same time, and the excess heat
is stored in the thermal storage system. When at 20 o’clock,
the sun is completely down without solar radiation, PV and
CSP system has no energy source, then the system operating
mode was changed into heat storage that generates power

alone. In the system, the power of CSP is used to make up
the power generation of the PV system, and the output power
of CSP system varies with the PV output power. The more
stable PV output power curve is makes the response of CSP
system better. The use of heat storage in the CSP system
allows the CSP system to continue to generate electricity after
the sun goes down and to compensate for the lack of power
generation in the PV system without solar radiation.

According to the calculation results, annual power gener-
ation of CSP-PV hybrid system is 368722MWh. Where
annual power generation of PV system is 288291MWh,
annual utilization hours are 3261 h which is higher than
PV-alone system. Annual power generation of CSP system
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Figure 7: The system output power of Equinox Day of Equinox Day
Optimization.
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Figure 6: Comparison between the power generation capacity of
CSP system and the actual power generation on Equinox Day.
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Figure 8: Comparison between the power generation capacity of
PV system and the actual power generation on Equinox Day.
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is 80431MWh; annual utilization hours are 2681 h which is
lower than the 280MW solar parabolic thermal power
system in Solana; the reason is that the storage hour of Solana
is 6 hours and the solar radiation is better. The optimized
CSP-PV system combines the advantages of the PV power
generation and CSP power generation system, which makes
the annual operation hours of the PV system increase and
the stability of the PV system operation improve, but the
LCOE of the system is only 0.0660 $/KWh, which is lower
than the CSP power generation alone.

5.2. Optimization Based on the Whole Year. GHI of Lhasa
changes slowly with the seasons, and the DNI in summer

and autumn is higher. To optimize the annual operating
characteristics of the system based on the operation strategy
proposed above. According to the results of genetic
algorithm, when the installed capacity of the CSP power sys-
tem is 30MW, the LCOE of the CSP-PV hybrid system
reaches the lowest which is 0.0555 $/kWh under the condi-
tion that the rated power capacity of PV is 242.954MW,
the battery capacity is 8.977MWh, and the heat storage
capacity is 136.059MWh. The LCOE is lower compared to

Table 7: Comparison between annual and day optimization.

Optimized by
day operation

Optimized by
annual operation

Annual output power
(MWh)

368722 375695

LCOE ($/kWh) 0.0660 0.0555

CSP

Capacity of heat storage
(MWh)

356.562 136.059

Annual output power of
CSP system (MWh)

80431 66659

Annual utilization hours of
CSP system (h)

2681 2222

PV

Installed capacity of PV
system (MW)

222.462 MW 242.954

Capacity of battery (MWh) 14.687 8.977

Annual output power of
PV system (MWh)

288291 309036

Annual utilization hours of
PV system (h)

3261 3201

Spring equinox
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Figure 11: Comparative analysis of four typical days of whole year
optimization.
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Figure 10: Output power of the system on Equinox Day of whole
year optimization.
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Figure 9: Comparison between the power generation capacity of
CSP system and the actual power generation on Equinox Day.
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the CSP power generation alone and lower compared to the
PV power generation with battery which is to ensure stability
of the power output of the system.

It can be found in Figures 8 and 9 from the comparative
analysis of the power generation capacity and actual power
generation that the output power of PV increases with the
increase of solar radiation and reaches the rated output
power at 11 o’clock when the system output power is no
longer changing with the increase of solar radiation. After
14 o’clock, the solar radiation drops, the PV system still
maintains the rated output power, and the application of
the battery makes the output power fluctuation of the
PV system lower. CSP system does not participate in the
system power generation in the daytime and generates
electricity after 19:00. Heat storage tank makes the CSP
system ensure stable power generation when the sun goes
down or no sun irradiation.

The output power of the system in Equinox Day is
shown in Figure 10. After the sun rises, the storage tank
begins to store energy and the battery stores the excess
energy of the PV system. The operation mode of the system

that PV operates alone from 11:00 to 18:00 and the
exceeded energy is stored in a battery and heat storage
tank. When at 19:00, the energy of the PV system is not
enough to meet the energy needs, and the system operat-
ing mode is converted into the PV, battery, and CSP
systems that operate at the same time. After 20:00, the
sun has been down the mountain and the battery and
the PV system cannot provide energy, then the power is
provided by the heat storage tank.

According to the calculation results, annual power gener-
ation of the CSP-PV hybrid system is 375695MWh. Where
annual power generation of PV system is 309036MWh,
annual utilization hours are 3201 h which is higher than the
PV-alone system. Annual power generation of the CSP
system is 66659MWh; annual utilization hours are 2222 h.
It can be found that the use of CSP-PV hybrid system, which
CSP system is to make up for the output power fluctuations
of PV systems, can be combined with the advantages of both
systems to increase annual operating hours of PV systems to
reduce the rate of discards and decrease LCOE of the system
but also can guarantee stable output.

Table 8: Impact of rated output power on CSP-PV system.

85% 90% 95% 100%

Annual output power (MWh) 328957 399050 375695 384810

LCOE ($/kWh) 0.0592 0.0561 0.0555 0.0530

CSP

Capacity of heat storage (MWh) 145.613 254.971 136.059 166.577

Annual output power of CSP system (MWh) 69925 80329 66659 74099

Annual utilization hours of CSP system (h) 2331 2678 2222 2470

PV

Installed capacity of PV system (MW) 78.423 99.805 242.954 97.555

Capacity of battery (MWh) 10.061 11.274 8.977 5.752

Annual output power of PV system (MWh) 259032 318721 309036 310711

Annual utilization hours of PV system (h) 3303 3193 3201 3185

Midnight 6 a.m. Noon

Base load

Intermediate load

Peak
load

6 p.m. Midnight

Figure 12: Electricity load curve.
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5.3. Discussion. The results of annual and day optimization
are shown in Table 7. According to the comparison that
can be found, the annual power generation of the system
which is optimized by the annual operation characteristic
is higher and the LCOE is lower. Annual utilization hours
of PV and CSP system is lower due to the lower capacity
of battery and heat storage tank which makes solar energy
abandon more.

The comparative results of optimization of day and
year which includes four typical days: Spring Equinox,
Summer Solstice, Autumnal Equinox, and Winter Solstice
are shown in Figure 11. It can be seen that the power gen-
eration curves of four typical days are basically the same.
However, the power generation of Equinox Day is the
worst because the solar radiation is poor, and Autumn
Day is the best. Therefore, the system optimized with
Equinox Day requires more energy storage system and
more power generation, but LCOE is also higher in the
meantime. The use of optimized CSP-PV system is to gen-
erate power at full load in the peak time. This system can

be used for intermittent energy power generation com-
pared to the load curve shown in Figure 12.

The estimated gross to net conversion factor, which
means the ratio of on-grid electricity to the generated elec-
tricity, influences the results greatly. The estimated gross to
net conversion factor is set to be from 85% to 100%, and
the results are shown in Table 8.

As the estimated gross to net conversion factor
increases, the annual output power and LCOE of the
system are improved. When the annual operating charac-
teristics are optimized, with the increase of the output
power, LCOE of the system is reduced. The main reason
is that the battery capacity is reduced. The impact of bat-
tery capacity on the system is great. The decrease in bat-
tery capacity has reduced the number of utilization hours
of PV, but it has little effect.

5.4. Sensitivity Analysis. The influence of PV panels cost and
the thermal storage cost based on the Spring Equinox are
analyzed. The PV panels cost is varied from 800 $/kW to
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Figure 13: Influence of PV panels cost.
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1600 $/kW, and the thermal storage cost varied from 550 $/
m3 to 950 $/m3. The results are shown in Figures 13 and 14.

6. Conclusion

In this paper, the operation strategy of CSP-PV hybrid sys-
tem is proposed. Based on this operation strategy, the ratio
of PV and CSP in the system is optimized by genetic algo-
rithm, which makes LCOE of the system to a minimum.
Through the calculation of this paper, it is found that the
increase of PV capacity in the CSP-PV system can reduce
the power generation cost of the system; the cost of the bat-
tery is high and when the use of batteries will greatly improve
the power generation cost of the system; the introduction of
the CSP system makes it easy to ensure the stability of the
output power of the system in the case of small battery capac-
ity, which greatly improves the annual utilization of the PV
and reduces the number of solar discard, but to a certain
extent, the utilization efficiency of the CSP system is reduced;
the integration of PV and CSP system not only can reduce

the power generation cost of CSP system but also can ensure
the stability of the output of PV system.

When the output power is set to 95% of the sum of
the PV-rated output power and the CSP-rated output
power, the system is optimized by the operation character-
istics of Spring Equinox and the result is as follows: the
lowest LCOE is 0.0660 $/kWh, the capacity of PV and
CSP system are 222.462MW and 30MW, respectively,
and the capacity of heat storage and battery are
356.562MWh and 14.687MWh. According to the calcula-
tion results, annual power generation of the CSP-PV
hybrid system is 368722MW. Where the annual power
generation of PV system is 288291MW, annual utilization
hours are 3261h, and annual power generation of CSP
system is 80431MW, annual utilization hours are 2681 h.

When the system is optimized by the operation charac-
teristics of the whole year, the result is that the lowest LCOE
is 0.0555 $/kWh, the capacity of PV and CSP system are
242.954MW and 30MW, respectively, and the capacity of
heat storage and battery are 136.059MWh and 8.977MWh.
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13International Journal of Photoenergy



According to the calculation results, annual power genera-
tion of PV system is 309036MW, annual utilization hours
are 3201 h, and annual power generation of the CSP system
is 66659MW, annual utilization hours are 2222 h.

The comparison shows that the power generation curves
of the hybrid system are similar in the two optimization
methods, but LCOE is lower when optimized by the annual
operation characteristic, and the annual utilization rate of
the system is higher when optimized by Spring Equinox.

The use of optimized CSP-PV hybrid system, which
CSP system is to make up for the output power fluctua-
tions of PV systems, can be combined with the advantages
of both systems to increase annual operating hours of PV
systems to reduce the rate of discards and decrease LCOE
of the system but also can guarantee stable output. The
operation strategy proposed in this paper provides a new
idea for the operation of CSP-PV hybrid power generation
system. The optimization method can be used in the
preliminary design of power station.

Nomenclature

PV: Photovoltaic
CSP: Concentrated solar power
LCOE: Levelized cost of energy
DC: Direct current
AC: Alternating current
MPPT: Maximum power point tracking
DNI: Direct normal irradiation
GHI: Global horizontal irradiance
TC : Operating temperature of PV panels
TA: Ambient temperature
UL: Actual heat transfer factor
UL,NOCT: Rated heat transfer factor
ηPV: Actual PV panel efficiency
τα: Transfer absorption factor
γ: Temperature factor
TC,REF: PV module temperature under standard test

conditions
nMOD: Number of PV subarray
AMOD: Active area of each PV module
ηINV: Inverter efficiency
f PV: Derating factor
ηBC: Battery efficiencies during charge processes
ηBD: Battery efficiencies during discharge processes
SOC: State of charge
DOD: Depth-of-discharge
T i: Inlet temperature of the heat transfer oil
TO: Outlet temperature of the heat transfer oil
ΔT : Temperature difference between the average

temperature of the collector field and the ambient
temperature

Wmin,turb: Minimum output of turbine
Wset: Rated output of the hybrid system
WCSP: Real output of CSP system
WPV: Real output of PV system
BESS: Battery Energy Storage System
ICCSP: Initial investment of CSP power station

ICPV: Initial investment of PV power station
ACCSP: Annual cost of CSP power station
ACPV: Annual cost of PV power station
ECSP: Output power of CSP system
EPV: Output power of PV system
dCSP: Annual decay rate of CSP power generation
dPV: Annual decay rate of PV power generation
i: Interest rate
N : Lifetime of system
O&M: Operation and maintain.
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