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a b s t r a c t

Concentrating solar power plants can be a good choice for green power generation; nevertheless, this
technology has low financial profitability and energy dispatch capacities compared to those based on
conventional fossil fuels. On the other side, hybridization of concentrating solar power with geothermal
energy is a good option for the erection of large-scale power plants with high dispatch capacity and low
investment cost, due to the large potential and geographical coincidence of geothermal resources with
high solar irradiation areas. Thus, the main aim of the present paper is to investigate the hourly and
annual performances of a new combined solar-geothermal power plant. This layout includes a bottoming
binary geothermal power cycle that recovers the waste heat from a topping solar tower thermal power
plant to generate power. In this process, both steam and organic turbines produce electrical power.

By using this new design, the dispatch capacity and annual thermodynamic performances have been
raised by more than 30% compared to the conventional solar tower plant. Furthermore, the increase in
geothermal production well temperature will increase the dispatch capacity of this new hybrid plant up
to 152 GWh annually, for a temperature of 95 �C.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

There is a dramatic increase in global demand for energy due to
economic trends and population growth. On the other side, the use
of fossil fuel as the prime source to cater the energy needs has
elevated the levels of air pollution and gas emissions. Owing to the
energy demand and environmental concerns, researchers and sci-
entists worldwide areworking and exploring other alternatives and
clean energy technologies for power generation. Renewable energy
technologies can be a good choice in this direction; nevertheless,
these technologies have oftenmany challenges in providing a stable
and reliable energy supply. These challenges are mainly driven by
low financial profitability and energy dispatch capacities [1], which
make them less competitive compared to those based on conven-
tional fossil fuels.
Department, Jijel University,

kelia).
Concentrating solar power (CSP) is one of the most promising
options for large-scale power generation. This technology in-
corporates four different alternatives: parabolic trough thermal
power plants, linear Fresnel power plants, tower power, and dish-
Stirling systems. In areas suitable for the erection of CSP, sunlight
usually exhibits a good match with electricity demands and its
peaks. However, the available sunlight decreases to low values on
cloudy or partly cloudy days, and at low sun angles in winter. Also,
electricity consumption often maintains a high demand for elec-
tricity several hours after sunset. The prolongation of the capacity
factor of these plants and enhancing its potential can be achieved
by incorporating auxiliaries such as heat storage and/or fuel backup
systems, or by developing hybrid systems by coupling CSP tech-
nology with other energy sources such as natural gas, geothermal
or biomass.

Hybridization of solar technology with geothermal energy is a
good option for erection of large-scale power plants with high
dispatch capacity and low investment cost, due to the large po-
tential and geographical coincidence of geothermal resources with
high solar irradiation areas. For instance, available geothermal
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Nomenclature

DAz Azimuth spacing between two heliostats in a row (m)
Dtss Total number of desired storage hours (hours)
DR Radial distance between two rows (m)
hbloc Optical losses in solar field due to blocking effect
hcos Optical losses in solar field due to cosine effect
hdeb Losses in solar field due to overflow
hdis Losses in solar field due to dispersion
hene;BGPP Overall energy efficiency of the bottoming BGPP
hexe;BGPP Overall exergy efficiency of the bottoming BGPP
hene;plant Overall energy efficiency of the whole hybrid plant
hexe;plant Overall exergy efficiency of the whole hybrid plant
hene;STTPP Overall energy efficiency of the topping STTPP
hexe;STTPP Overall exergy efficiency of the topping STTPP
hisen;OP Isentropic efficiency of the organic pump.
hisen;OT Isentropic efficiency of the organic turbine.
hopt Optical efficiency of the solar field
href Losses in solar field due to reflection
hshad Losses in solar field due to shading effect
qt Angle between the vertical and the vector from the

heliostat to the tower (�)
Ahelio Area of a single heliostat (m2)
CHTF Heat capacity of the working fluid (kJ/kg.K)
CF Capacity factor (%)
Di;tube Inner diameter of the tube (m)
Do;tube Outer diameter of the tube (m)
_Exabs Exergy absorbed by the solar receiver (kW)
_Exgeo Exergy received by the geothermal plant (kW)
_Exinc Exergy received by the heliostat field (kW)
_Exu Useful exergy delivered by the solar receiver (kW)
f Dilution factor (1.3*10�5)
fbackup Fossil fill fraction (0< fbackup <1)
h Enthalpy at each point of the ORBPB (kJ/kg)
Hhelio Height of the heliostat mirror (m)
hin turbine Enthalpy at the inlet of the steam turbine (kJ/kg)
hSFi Enthalpy at the inlet of the SF (kJ/kg)
hSFo Enthalpy at the outlet solar field (kJ/kg)
IBN Hourly direct normal irradiance (kW/m2)
ktube Thermal conductivity of the receiver tube (W/m.K)
_mcw Mass flow rate of the cooling water (kg/s)
_mgeo Mass flow rate of the geothermal water (kg/s)
_mof Mass flow rate of the organic fluid (kg/s)
_mHTF Mass flow rate of the HTF (kg/s)
Nhelio Total number of heliostats in the field
Ntube Number of the receiver tubes
ND Number of the days in a year
PGgeo;net Net power generation by the bottoming BGPP (kW)
PGplant;net Net power generation by the whole hybrid plant

(kW)
PGsolar;net Net power generation by the topping solar power

plant (kW)
_Qabs Energy reaches the receiver surface (kW)
_qconv Energy loss by convection heat transfer from the

receiver (kW)
_Qevap Energy transferred through the evaporator (kW)
_QFBS Thermal energy must be supplied by the FBS (kW)
_Qgain Total energy gained by the bottoming BGPP (kW)
_Qgeo Energy flow from the geothermal source (kW)

_qHTF Energy absorbed by molten salt heat transfer fluid
(kW)

_Qinc Total energy incident on the heliostat field (kW)
_qrad Energy loss by radiation from the receiver (kW)
_qref Energy loss by reflection from the surface of the

receiver (kW)
_Qrej;STTPP The total energy rejected by the topping STTPP (kW)
Rcond Heat transfer resistance by conduction through the

tube wall (K/m)
Rconv Heat transfer resistance by convection from the inner

tube wall to HTF (K/m)
sSFi Entropy at the inlet of the SF (kJ/kg.K)
sSF0 Entropy at the outlet of the SF (kJ/kg.K)
Tamb Ambient temperature (K)
THTF;ave;x Average temperature of the working fluid at x

position (K)
THTF; x0 Inlet temperature of the working fluid at x position

(K)
THTF; x0þDx Outlet temperature of the molten salt at x þ dx

position (K)
Ts;x Receiver surface temperature at the x position (K)
Tsun Temperature of the sun (K)
Whelio Width of the heliostat (m)
_WOP Power consumed by the organic pump (kW)
_WOT Power produced by the organic turbine (kW)

Abbreviation
BGPP Binary geothermal power plant
CON Condenser
CP Condenser pump
CSP Concentrating solar power
DEA Deaerator
DNI Direct normal irradiance
DP Deaerator pump
EVAP Evaporator
FBS Fuel backup system
FWH Closed feed water heaters
GEN Generator
HF Heliostat field
HPT High-pressure turbine
HTF Heat transfer fluid
LPT Low-pressure turbine
NREL National Renewable Energy Laboratory
OP Organic pump
ORBPB Organic Rankine bottoming power block
ORC Organic Rankine cycle
OT Organic turbine
PB Power block
PH Preheater
RH Reheater
RTPB Rankine topping power block
SAM System Advisor Model
SF Solar field
SG Steam generator
SP Superheater
SR Solar receiver
STTPP Solar tower thermal power plant
T Tower
TSS Thermal storage system
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resources are located at the boundaries of Pacific Ocean, South
Europe, in addition to Africa [2]. Considering this critical motiva-
tion, hybrid solar-geothermal technologies for power generation
have been investigated by researchers, and many published papers
have been published in the literature. Starting by Li et al. [3], they
reviewed the progress in research and development of solar and
geothermal power plants, as well as the possibility of hybridization
of these systems with each other. Finally, they made an assessment
and classification of these systems according to their efficiencies.
While Astolfi et al. [2] evaluated the techno-economic perfor-
mances of a new combined CSPwith a geothermal binary plant. The
organic Rankine cycle (ORC) working under the supercritical phase
has been designed to convert the intermediate enthalpy
geothermal source to electricity, and the parabolic trough solar field
is incorporated in the system, to supply more heat to enhance the
dispatch capacity of the whole plant. Furthermore, off-design
analysis has been considered to evaluate the yearly production of
the system, and the economic dimension is also considered to
determine the costs. In the same way, Zhou with his team [4]
evaluated the performances of a hybrid solar-geothermal plant in
terms of generated power and levelized cost of electricity and
compared these performances to those of stand-alone solar and
geothermal systems. Besides, the influence of different parameters
such as ambient temperature, solar resource, geothermal reservoir
quality on the performance of the plant was also studied. In the last
section of their paper, they considered the dynamic behavior of this
plant under the climatic conditions of three locations in Australia.
In another study [5], the corresponding author performed another
study, where the supercritical ORC has been considered to generate
power from a hybrid solar-geothermal energy system. Moreover,
the performances of this configuration were compared to those of
stand-alone solar and geothermal plants, as well as a subcritical
hybrid plant using the two technologies. The study assessed both
technical and economical indicators. While Ghasemi et al. [6]
developed a numerical model based on an operating low-
temperature geothermal power plant working with ORC. Then,
they retrofitted this plant with another low-temperature parabolic
trough solar field. The developed model presented a new strategy
to achieve a significant dispatch capacity compared to the classic
operating geothermal binary plant. Another numerical model of a
hybrid solar-geothermal power plant is performed by Ayub et al.
[7]. The power plant is based on the same configuration presented
by Ref. [6], and the numerical model considers both thermody-
namic and economic criteria tomaximize the generated power, and
evaluate the performances for selected days. On the same wave,
Cardemil et al. [8] presented a mathematical model to evaluate the
performances of a hybrid single and double flash geothermal-solar
system for large-scale power generation. The parabolic trough
technology is chosen for the solar field, while four different
geothermal reservoir conditions were considered for the
geothermal side. The study took the 2nd law efficiency and
geothermal resource consumption as objective parameters for the
optimization. Motivated by the coincidence of high ambient tem-
peratures with high levels of solar radiation, Heberle et al. [9]
analyzed a solar thermal retrofit based on the superheating of
organic fluid of a geothermal binary plant. The solar field is based
on parabolic trough technology and working with thermic oil,
while the geothermal side is based on a binary air-cooled cycle.
Both technical and economical dimensions have been taken into
account, and Turkish climatic conditions were chosen for the
simulation. A thermodynamic analysis based on both energy and
exergy models of a hybrid solar-geothermal system has been pre-
sented by Acar and Arslan [10]. For this purpose, R-600a has been
chosen as working fluid in the ORC cycle, while Therminol VP-1 and
molten salt have been selected as circulating fluids in the solar field
3

and thermal storage respectively. In the same direction, more
works have been published on the simulation of hybrid solar-
geothermal power plants for power generation [11e19].

However, to sum up, it can be concluded that most of the pre-
vious studies are concentrated on using one of the two sources
(either solar or geothermal) as a backup system to enhance the
generated power and techno-economic performances of the other
system. On the other hand, since there is huge waste heat from the
solar thermal power plant, and the possibility of using this energy
for low power generation, this study presents the design of a new
combined solar-geothermal power plant. This configuration in-
cludes a bottoming binary geothermal power cycle that will recover
the wasted heat from an existing solar thermal power plant to
generate power. In this process, both steam and ORC turbines
produce electrical power. By integrating this new solution, the use
of solar and geothermal energy sources can be optimized by
reducing the energy losses compared to stand-alone plants, and the
technical performances will be greatly improved.

2. Data and methodology

2.1. Adopted methodology

In the present study, combining a binary geothermal power
plant (BGPP) with a solar tower thermal power plant (STTPP) will
be studied. Considering such a hybrid configuration will allow the
geothermal source to gainwasted heat from the solar topping cycle,
to boost the generated power by the bottoming organic Rankine
cycle (ORC). The solar side is based on a solar tower technology
working with molten salt, and incorporated with two auxiliaries;
thermal storage system (TSS) and fuel backup system (FBS), which
is similar to Gemasolar plant [20]. While for the bottoming
geothermal side, it is based on an existing geothermal AFJET ORC
power plant [21]. The main target of this study is to explore hourly
and annual performances of using this configuration for large-scale
power generation, in terms of design and thermodynamic yield
(energetic and exergetic). Furthermore, the design of the BGPP will
be optimized to match the levels of wasted heat from the topping
STTPP. In this regard, the main methodology adopted in this paper
includes the following main points:

� Generating meteorological data, and gathering technical data
necessary to simulate the new hybrid plant.

� Present the mathematical modeling of the studied hybrid CSP-
geothermal configuration. It includes the design of the main
systems of this configuration, including the solar field, the two
incorporated auxiliaries (TSS and FBS), and the Rankine power
cycle, as well as the bottoming BGPP.

� Evaluate the performances of the new combined power plant in
comparison to the stand-alone solar power plant. This evalua-
tion will include the energy and exergy efficiencies, and
considering both the hourly and annual basis.

� Optimize the mass flow rate of the bottoming ORC cycle to meet
the energy flows of the topping STTPP based on yearly round
simulations.
2.2. Site of the simulations

The selected site should be characterized by high solar resources
and has geothermal sources of low enthalpy range. Thus, El Oued
has been chosen to perform the simulations. It is located in the
South-East of Algeria as presented in Fig. 1, and it is characterized
by its relatively high solar resource (about a mean DNI of 5.4 kWh/
m2/day), which is an acceptable condition for the installation of



Fig. 1. Location where the simulations have been performed [22].
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concentrating solar systems.
Furthermore, the chosen site contains a low-temperature

geothermal source of 65 �C [23], which makes it a good match for
the erection of the presented plant. The technical characteristics of
the geothermal source are given in Table 1.
2.3. Studied configuration

As previously mentioned, a hybrid CSP-geothermal plant will be
investigated. This configuration, including its main components, is
schematized in Fig. 2. In this layout, the combined cycle technology
will be considered, where the topping STTPP uses a large field of
many sun-tracking mirrors called heliostat field (HF), to focus
sunlight on a solar receiver (SR) located at the top of a tower (T).
Thus, a reference STTPP working with molten salt, and integrated
with TSS and FBS has been chosen as the topping cycle. This plant is
similar to Gemasolar plant (South of Spain) with a gross capacity of
19.9 MW, which is the first commercial-scale power plant of its
type. The molten salt heated in the receiver is used to generate
superheated steam, which, in turn, is used in a conventional
Rankine power block (PB) to produce electricity. A thermal storage
system (TSS) and a fuel backup system (FBS) have been connected
to the plant to provide heat whenever the thermodynamical state
required at the steam turbine inlet is not accomplished, thus, raise
the dispatchability of the plant. In the Rankine topping power block
(RTPB), the molten salt passes through three doubled heat ex-
changers including superheater (SP), steam generator (SG), and
preheater (PH) sections to generate high-temperature steam. To
Table 1
Properties of the geothermal source [23].

Property Value

Temperature at production well [�C] 65
Temperature at re-injection well [�C] 35
Mass flow rate of the geothermal fluid (kg/s) 195
Pressure of the geothermal source [kPa] 220

4

enhance the thermal efficiency of the plant, using a reheater section
(RH) between high-pressure (HPT) and low-pressure (LPT) turbine
sections is highly recommended. Moreover, five closed feedwater
heaters (FWH) and a deaerator (DEA) have been integrated. On the
other side, to circulate the liquid water coming from the condenser
(CON) and the deaerator, condenser and deaerator pumps (CP, DP)
have been used. On the other side, a binary geothermal power plant
working with similar conditions as those of the existing AFJET
geothermal power plant [21], is used as a bottoming cycle. In this
plant, the hot geothermal water from the production well is pum-
ped through the condenser (CON1) of the topping Rankine cycle to
gain more thermal energy from the wasted heat of this cycle, then,
to the evaporator (EVAP) to transfer heat to another fluid (organic
fluid). The cooled water is returned to the re-injection well. The
organic fluid (which is R134a in this study) is pumped at high
pressure through the EVAP, where it is vaporized, then, expanded in
the organic turbine (OT) to generate power. The vapor leaving the
turbine is then condensed and cycled back.

The technical data of this plant were summarized in Tables 2 and
3 for topping STTPP with TSS and FBS, and bottoming BGPP,
respectively.
2.4. Mathematical modeling

2.4.1. Topping STTPP

✓ Solar Field (SF)

As raised before, the same design of Gemasolar power plant is
employed in the topping solar tower thermal power plant (STTPP).
This plant is working with molten nitrate salt (60% NaNO3þ 40%
KNO3) as the primary heat transfer fluid (HTF) both in the SF and
TSS. The temperature-dependent correlations for different thermo-
physical properties such as density, viscosity, conductivity, and
specific heat capacity, in addition to specific enthalpy and entropy
were taken from Ref. [33] for molten salt, and [34] for water/steam
(which is the working fluid in the power block). Furthermore, the
heliostat field with a surrounding layout is selected, and the
optimal values of the azimuth spacing (DAz) and the radial distance
(DR) have been generated using two empirical equations [35]:

DR¼ð1:1442� cot qL �1:0935þ3:0684� qLÞHhelio (1)

DAZ ¼ð1:791þ0:6396� qLÞ�Whelio þ
0:02873

qL � 0:04902
(2)

where, qL is defined by:

qL ¼
p

2
� qt (3)

qt is defined as the angle between the vertical and the vector from
the heliostat to the tower, and Hhelio;Whelio are denoted for the
height and width of every single heliostat.

Optical efficiency hopt which represents the ratio of the power
that successfully reaches the receiver surface Qabs to the total solar
radiation incident on the heliostat field is given mathematically by
Ref. [35]:

hopt ¼
_Qabs
_Qinc

¼
_Qabs

IBN � Ahelio � Nhelio
(4)

where:Nhelio; Ahelio: are the total number of heliostats in the HF and
the area of every single heliostat, respectively.

Moreover, several losses can adversely affect the optical



Fig. 2. Studied configuration with a topping STTPP and a bottoming BGPP.
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performance of the heliostat field. The combination of these losses
is presented as following [36]:

hopt ¼ hcos � hshad � hbloc � href � hdeb � hdis (5)

where: hcos marks the optical losses due to the cosine effect, hshad
marks the losses due to the shading effect, while hbloc marks the
optical losses due to the blocking effect, href marks the losses due to
reflection, while hdeb marks the losses due to overflow, and hdis
marks the losses due to dispersion.

Since a surrounding layout of the solar field is chosen in this
work, it makes sense to use an external tubular receiver [37]. To
better understand the thermal behavior of the solar receiver under
different conditions such as received solar radiation, ambient
temperature, and wind speed and direction, etc., a mathematical
model is developed within System Advisor Model (SAM) software
package. This model takes into consideration losses due to con-
vection, radiation, and reflectance, in addition to the allowable flux
limits. The terms included in the model can be expressed as in-
tegrals concerning axial position (x), over the length of the element
(Dx), and they can be summarized as [35]:

_qHTF ¼ _qinc �
 

_qref þ _qrad þ _qconv

!
(6)

where _qHTF can be also calculated by:
5

_qHTF;x ¼ _mHFT �CHTF �
�
T HTF; x0þDx � THTF; x0

�¼U� Si

� �Ts;x � THTF;ave;x
�

(7)

The heat transfer coefficient U � Si incorporates both conduc-
tion Rcond (through the tube wall), and convection Rconv (from the
inner tube wall to the HTF), and can be expressed as follows:

U� Si ¼
1

Rcond þ Rconv
(8)

With:

Rcond ¼
ln

Do;tube=2
Di;tube=2

2� p� Dx� ktube � Ntube
(9)

Rconv ¼ 2
p� hinner � Dx� Di;tube � Ntube

(10)

The hinner convective heat transfer coefficient is calculated using
an empirical relation expressing the turbulent flow inside the tube
[35].

The convective heat loss from the receiver to ambient is deter-
mined by:



Table 2
The main inputs of the topping STTPP [24e27].

System Subsystem Parameter Value

Solar field (SF) General working conditions Working fluid [�] 60% NaNO3þ 40% KNO3

Inlet working temperature [�C] 290
Outlet working temperature [�C] 565

Heliostat field Heliostat surface area [m2] 305,401
Number of heliostats [�] 2650
Heliostat stow deploy angle [deg] 8

Tower and receiver Tower height [m] 140
Type of the receiver [�] External receiver
Receiver height [m] 14.22
Receiver diameter [m] 8.89
Number of panels [�] 16
Tube outer diameter [mm] 40
Tube wall thickness [mm] 1.25
Coating emittance/absorptance [�] 0.88/0.94

Rankine topping power block (RTPB) General working conditions Working fluid [�] Steam/Water
Design turbine gross output [MWe] 19.9
Min required temperature for startup [�C] 500
Turbine inlet pressure control [�] Fixed pressure

Steam Turbine HPT isentropic efficiency [%] 85
LPT isentropic efficiency [%] 88
Leaving pressure [kPa] 50

Pumps Feedwater P isentropic efficiency [%] 80
Condensate P isentropic efficiency [%] 80

Generator Generator efficiency [%] 97
Fuel backup system (FBS) Fossil fuel fill fraction [�] 0.27

FBS boiler efficiency [%] 90
Thermal storage system (TSS) Storage type [�] Two tank molten salt

Full load hours [hours] 15
Tank diameter [m] 14.87
Tank height [m] 20 m

Table 3
The main inputs of the bottoming GBPP [28e32].

System Parameter Value

Organic Rankine bottoming power block (ORBPB) Working fluid [�] R134a
Mass flow rate of the organic fluid [kg/s] 200a

Evaporative temperature [�C] 77.6
Inlet temperature at the turbine [�C] 97.5
Condensation temperature [�C] 18
High pressure of the cycle [kPa] 2503
Turbine isentropic efficiency (%) 85
Pump isentropic efficiency (%) 80
Generator efficiency (%) 97

a Assumed and it will be optimized in section 3.3.
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_qconv;x ¼hm �Do;tube �Ntube �Dx� �Ts;x � Tamb
�

(11)

The convective heat transfer coefficient hm is determined as the
sum of forced and natural convection, and given by:

hm ¼hnat þ hforc (12)

The correlations to calculate both natural (hnat), and forced (hfor)
convective heat transfer coefficients can be found in the literature
[38].

The incident radiation flux on each panel with one azimuthal
data point and multiple vertical data points is given by:

_qinc;x ¼ Pfield � Dx� Do;tube � Ntube (13)

where Pfield is determined using the flux distribution.
While for the solar radiation reflected from the tower, and since

the receiver model assumes a constant, spectrally independent,
hemispherical absorptivity (a) for the tower surface, which is
considered as an opaque surface, the reflectivity is 1-a, and is given
6

by:

_qref ;x ¼ð1�aÞ � Do;tube � Ntube � Pfield � Dx (14)

For emitted solar energy from the receiver, it can be calculated
as follows:

_qrad;x ¼ s� ε�p�Do;tube

2
� Ftube;s �Ntube �Dx�

�
T4s;x � T4amb

�
(15)

Ftube;s is the view factor from the tube to the surroundings and takes
the value 0.6366, while the emissivity ε, is taken as 0.88 [35], and s
is the Stefan-Boltzmann constant.

Regarding the exergy model, which represents the quality of
energy through every stage of the energy conversion process, it can
be summarized as:

The exergy received by the solar field is given by Ref. [39]:



Table 4
Properties of fluids used in system design [46e48].

Parameter Value

R134a R141b R600a

Boiling Point (�C) �26.1 32.1 �11.7
Freezing point e e e

Critical Temperature (�C) 101.1 204.4 109.4
Critical Pressure (MPa) 4.06 4.21 3.64
Density (kg/m3) 1190 600 540
Specific heat (kJ/kgK) 1.50 1.54 1.91
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_Exinc¼ _Qinc �
�
1�4Tamb

3Tsun
ð1�0:28lnf Þ

�
(16)

where f is the dilution factor (1.3*10�5) and denoted as ameasure of
the mixing ratio of solar radiation from the sun (Tsun) and radiation
from the surroundings [40]. The exergy absorbed by the solar
receiver ( _Exr) is calculated by Ref. [40]:

_Exabs ¼ _Qabs �
�
1� Tamb

Tr

�
(17)

where Tr is denoted for the temperature absorbed by the receiver.
Then, the useful exergy brought by the solar receiver is given as

[40]:

_Exu ¼ _mSF

�
_ExSF0 � _ExSFi

�
¼ _mf

�
� �hHTF;0 �hHTF;i

�� TambðsSF0 � sSFiÞ
	

(18)

✓ Incorporated auxiliaries (TSS and FBS)

As mentioned before, to achieve the required power generation
output during low or non-solar times, integration of two auxiliaries
namely TSS and FBS are highly required. The most two important
technical parameters in these two systems are defined as [41]:

Etss¼ wdesDtss

hcycles des
(19)

fbackup¼
_QFBS
_Qtot

(20)

_QFBS ¼ _mHTFðhin turbine �hSFOÞ (21)

where Etss is denoted for the potential number of hours that the TSS
can provide energy for the operation of the RTPB, while fbackup
presents the fossil fill fraction of the FBS.

✓ Rankine topping Power block (RTPB)

The energy model of the RTPB is based on regression equations,
where heat and mass flow rates are given in normalized terms as:

y¼ f



_mHTF PB; THTF ; Tamb

�
(22)

The mathematical model of SAM is carried out based on a
published model presented in Refs. [42,43], where the energy ef-
ficiency of the STTPP can be written:

hene;STTPP ¼
PGsolar; net

_Qinc
(23)

While the exergy efficiency of the STTPP can be estimated using
the following equation:

hexe;STTPP ¼
PGsolar; net

_Exinc
(24)

The detailed model of the topping STTPP including the solar
field, the thermal energy storage, and the fuel backup systems, as
well as the RTPB can be found in Refs. [35,36,41e43].
7

2.4.2. Bottoming BGPP
In this sub-section, the mathematical modeling of the bottom-

ing binary geothermal power plant (BGPP) is presented. According
to the best of authors’ knowledge and literature, taking the p-v-T
behavior of the fluids, three different working fluids namely R134a,
R141b, and R600a were compared in each other to be evaluated in
BGPP [44,45]. These fluids were selected depending on the thermo-
physical properties which are available for handled BGPP. The
thermo-physical properties of these fluids are given in Table 4
[46e48].

Although R-600a seems as the best choice with its higher spe-
cific heat and lower density, R134a was chosen as the working fluid
with its lower boiling point and critical temperature, and higher
critical pressure which allowsmaking more expanded designs with
higher efficiencies in accordance with the technical characteristics
of the geothermal source. Furthermore, this fluid is already proved
its validity in many existing geothermal power plants worldwide
along with its lower ozone depletion rate and global warming
potential.

The mathematical model of thermodynamic analysis of the
system under the assumptions of the steady-state is based on the
mass balance, energy, and exergy equations. The energy rate gained
by the geothermal water from the topping STTPP is given by:

_Qgain ¼ _Qrej;STTPP ¼ _mgeoðh10 �h1Þ (25)

The energy transferred through the evaporator, from the
geothermal source to the ORBPB can be given by:

_Qevap ¼ _mgeoðh10 � h2Þ¼ _mof ðh4 �h3Þ (26)

The power generated by the expansion in the OT is calculated as:

_WOT ¼ _mof ðh4 �h3Þ� hisen;OT � hGen (27)

The heat rejected from the condenser of the ORBPB to the
cooling tower is presented by:

_Qevap ¼ _mof ðh10 �h2Þ¼ _mcwðh8 �h7Þ (28)

While the power consumed by the pump is estimated by:

_WOP ¼ _mof ðh3 �h6Þ � hisen;OP (29)

Moreover, the net generated power by the ORBPB can be pre-
sented by:

PGgeo; net ¼ _WOT � _WOP (30)

On the other hand, the energy efficiency of the BGPP is:

hene;BGPP ¼
PGgeo; net

_Qgeo
¼ PGgeo; net

_mgeoðh1 � h2Þ
(31)

While the exergy efficiency of the BGPP can be estimated using
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the following equation:

hexe;BGPP ¼
PGgeo; net
_Exin;geo

¼ PGgeo; net

_mgeo½ðh1 � h0Þ � Tambðs1 � s0Þ�
(32)

In the end, the global energy and exergy efficiencies of the
whole combined CSP-geothermal plant can be estimated using the
two equations:

hene;Plant ¼
PGplant; net
_Qinc þ _Qgeo

¼ PGsolar; net þ PGgeo; net

_Qinc þ _Qgeo
(33)

hexe;Plant ¼
PGplant; net

_Exinc þ _Exin;geo
(34)

While the formula of the net capacity factor of the studied
hybrid plant during the whole year of operation, is given as:

CF ¼ PGplant; net

ND:


24 hr

day

�
:19:9MW

(35)

3. Results and discussion

3.1. Comparative study

The thermophysical properties of the studied configuration at
the design point including, temperature, pressure, and mass flow
rate, as well as enthalpy and entropy at each stage of the whole
process are presented in Table 5. Furthermore, the annual
comparative analysis of the two considered plants (Gemasolar
plant, and the new combined plant) in term of yield and thermo-
dynamic efficiencies, is given in Table 6, while the annual mean
hourly values of energy and exergy efficiencies, as well as generated
power (MW) are presented in Figs. 3 and 4 respectively.

It is well known that one of themain imperfections of CSP plants
is the huge portion of wasted heat by cooling, while the new
combined configuration or plant offers a good solution for this
issue. As it can be noted from Table 3 and Fig. 3, by using the bot-
toming BGPP to convert the wasted heat from the topping STTPP,
the energy efficiency of the whole plant has been decreased to
16.86%, which represent a decrease of 3.43%, while the exergy ef-
ficiency has been augmented to 22.90% respectively, which repre-
sent an increase of 30.78% compared to the conventional
Gemasolar power plant. This can be justified by the boost of the
generated power in the new plant, where a portion of the wasted
heat from RTPB is converted to electricity in ORBPB. However, it
Table 5
Thermophysical properties of the new plant at the design point.

No Fluid Fluid phase T (�C)

a Molten salt Liquid 290.0
b Molten salt Liquid 565.0
c Water/steam Vapor 81.3
d Water/steam Liquid 81.3
1 Geo water Liquid 65.0
10 Geo water Liquid 101.5
2 Geo water Liquid 35.0
3 R134a Liquid 53.6
4 R134a Vapor 118.3
5 R134a Vapor 109.0
6 R134a Liquid 53.7
7 Water Liquid 25.0
8 Water Liquid 28.2
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should be pointed out that by using the new solution, the yield of
the topping CSP plant has been decreased compared to the con-
ventional plant (Table 6). This can be explained by the increase in
the condensing pressure, and the decrease in the cooling perfor-
mances of the RTPB (this will be further discussed in the next
subsection), this will decrease the produced energy (90.27 GWh) of
this side of the plant, as well as its energy (15.00%) and exergy ef-
ficiencies (15.04%).

On the other side, as it can be concluded from Figs. 3 and 4, there
are varying differences between the yields of the two configura-
tions during different hours of the day. The difference in generated
power is decreasing during the period from 7:00 to 10:00 a.m., due
to the decrease in energy received by the RTPB, thus, in the wasted
energy converted to electricity by the ORBPB. While this difference
is increasing during other periods of the day as a result of the in-
crease in the received energy by RTPB coming from the SF, TSS, and
FBS, consequently, in supplied energy to ORBPB.
3.2. Adaptation of topping BGPP to topping STTPP

For a better match, the topping STTPP dispatch levels, the mass
flow rates of the organic fluid in the bottoming BGPP should be
optimized. In this section of the paper, the variations of different
yield indicators including annual energy and exergy efficiencies, as
well as total net energy production with the variation of organic
fluid mass flow rates have been presented in Figs. 5e10 for
geothermal extraction temperatures vary from 50 to 120 �C
respectively. Thus, different intervals of geothermal production
temperature have been considered. These intervals are limited to
only low-medium temperature ranges (which equivalent to low
and medium enthalpy geothermal sources), to keep the high
dispatch capacity of the topping solar tower thermal power plant,
as an important increase in geothermal production temperatures
will increase the condensing pressure of the topping plant, which
leads to a remarkable drop in the generated power of this new
combined plant, hence, in the yield of the hybrid plant. As can be
seen from Figs. 5e10 and Table 7, the optimal mass flow rate of the
ORBPB is increasing with the increase in geothermal production
temperature. Its value varies from 130 kg/s for a geothermal tem-
perature of 50 �Ce310 kg/s for a source with a temperature of
120 �C. This can be explained by the increase in the energy flows
reaching the ORBPB, which leads to an increasing in the optimal
mass flow rate of the organic fluid to help it to convert this gained
heat energy to power (Table 7). Furthermore, a very important
point is the increase in the differences between energy and exergy
annual efficiencies. For instance, for the low temperature of 50 �C,
this difference is limited to 18.11% for annual energy efficiency and
21.35% for exergy efficiency. While this difference is increased
P (kPa) h (kJ/kg) s (kJ/kg.K) _m (kg/s)

15,000 44.60 1.080 282
3700 466.18 1.735 282
50 2645.2 7.593 23.6
50 340.5 1.091 23.6
240 271.5 0.892 195
240 425.0 1.324 195
240 146.0 0.503 195
2503 225.96 0.747 200
2503 497.74 1.406 200
537.5 457.00 1.506 200
537.5 224.69 0.749 200
220 104.4 0.365 600
220 118.0 0.410 600



Table 6
Annual comparative analysis of the two considered plants.

Gemasolar plant New hybrid plant Hybrid-Gemasolar (%)

hene;STTPP ð%Þ e 15.00 e

hexe;STTPP ð%Þ e 15.04 e

hene;BGPP ð%Þ e 11.84 e

hexe;BGPP ð%Þ e 34.59 e

hene;Plant ð%Þ 17.46 16.86 �3.43
hexe;Plant ð%Þ 17.51 22.90 30.78
Capacity factor (%) 60.27 78.84 30.81
Energy production (GWh) 105.07 137.43 30.80
✓ With Solar contribution (GWh) e 90.27
✓ With geothermal contribution (GWh) e 47.16
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significantly to 10.17 and 20.52% for annual energy and exergy ef-
ficiencies, respectively. These changes are due to the drop in energy
efficiencies driven by the decrease in generated power of the
topping STTPP (since the increase in condensing pressure of this
plant), and the increase in the exploited geothermal source.

On the other side, as it can be concluded from the same
Figs. 5e10, the highest energy efficiency can be obtained at the
Fig. 3. Annual mean hourly energy and exergy efficiencies of the two plants.

Fig. 4. Annual mean hourly generated power of the two plants.
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lowest geothermal extraction temperature of more than 18%
(Fig. 5), while this indicator drops to the lowest value of less than
Fig. 5. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 50 �C.

Fig. 6. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 65 �C.



Fig. 7. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 80 �C.

Fig. 8. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 95 �C.

Fig. 9. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 110 �C.

Fig. 10. Variations of h and PGplant vs. variation of the mass flow rate of the organic
working fluid for an extraction temperature of 120 �C.

Table 7
Solar and geothermal contributions in the hybrid plant with the variation in the
extraction temperature of the geothermal source.

Contribution T1ð�CÞ
50 65 80 95 110 120

_mof ðkg =sÞ 130 150 200 240 280 310

PGsolar;netðGWhÞ 94.28 90.27 86.15 79.35 32.15 26.19

PGgeo;netðGWhÞ 33.88 47.66 64.79 74.62 88.01 96.97
PGplant;netðGWhÞ 128.16 137.93 150.94 153.97 120.19 123.16
CFð%Þ 73.52 79.12 86.58 88.32 68.94 70.65
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10% for the highest geothermal temperature (Fig. 10). This can be
traced back to the augmentation in the energy geothermal source
that cannot be exploited by the bottoming BGPP. On the contrary,
the highest exergy efficiency (more than 26%) is achieved by a
relatively high extraction temperature of 95 �C (Fig. 8). The same
note for the generated energy and capacity factor of the studied
configuration (almost 154 GWh and 88.32% respectively). This is
due to the high drop in power generation of the topping STTPP
driven by the augmentation in its condensation pressure to ensure
the cooling process, which is explained in the following subsection.

At the end, and as summarized in Table 7, the contribution of the
topping solar plant is decreasing with the increase of the
geothermal source, and in contrast to that of the bottoming
geothermal plant. As it can be noted, there is a remarkable drop in
generated power by the STTPP from 94.28 to 26.19 GW. This can be
explained by the increase of the condensing pressure of the RTPB to
ensure it's cooling by the geothermal water, while the contribution
10
of the bottoming BGPP is increasing as the extraction temperature
rises. With such configuration and such solar resources, the optimal
working temperature at the geothermal sourcewill be 95 �C, where
the total generated energy and capacity factor reach 153.97 GWh
and 88.32% respectively.
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4. Conclusion

In the present study, the performances of a new combined CSP-
geothermal thermal power plant for large-scale power generation
have been investigated. The topping CSP layout is based on the
conventional solar tower power plant as that of Gemasolar with
incorporated thermal storage and fuel backup systems, while the
bottoming binary geothermal power plant is based on a simple
layout similar to AFJET geothermal power plant, with R134a as the
organic fluid. In this regard, both hourly and annual thermody-
namic indicators have been considered. Furthermore, themass flow
rate of the bottoming binary geothermal with the low-enthalpy
source has been optimized, to match the topping solar thermal
power plant dispatch levels.

It is quite clear that this new hybrid power plant can be a good
option regarding the yield dimensions, as it raises the dispatch
capacity and thermodynamic performances by more than 30%
compared to the conventional solar thermal power plant.
Furthermore, the increase in geothermal production temperature
will increase the dispatch capacity of this new hybrid plant up to
almost 152 GWh annually, for a temperature of 95 �C. However, at a
higher temperature, the condensing pressure of the topping solar
plant will increase, which leads to a remarkable drop in the
generated power of this layout, hence, in the yield of the hybrid
plant.

At last, as this study presents a pre-analysis of the new plant,
some weaknesses should be improved in future works including
the off-design simulations of the binary geothermal power plant to
avoid miscalculations of power plant performances and maintain a
high level of accuracy in calculations. The choice of the best
working fluids in the solar and geothermal sides should also be
investigated. Furthermore, the economic dimensions should be
considered to determine the feasibility of this layout in comparison
to the conventional one. On the other hand, as location choice is a
critical criterion to design, simulate and optimize these plants, site
selection assessment is highly recommended as part of future
works. In this regard, Analytical Hierarchical Process (AHP), or
Geographic Information Systems (GIS) integrations can be
explored.
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