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A B S T R A C T   

Hybridization of geothermal power plants with concentrating solar power systems is an attractive solution to 
enhance the dispatch capacity of thermal power plants. Hence, the design and thermo-economic analyses of a 
combined solar-geothermal power plant with different organic fluids have been investigated. This configuration 
generates electricity at two temperature levels; high one at a topping parabolic trough solar power plant, and low 
one at a bottoming binary geothermal plant. The topping solar plant is equipped with energy storage and fuel 
backup systems simultaneously to maximize the generated power. Furthermore, the bottoming geothermal plant 
has been analyzed with nine different organic fluids. 

The obtained results show that power generation of this configuration has been raised by more than 19.36% at 
nominal conditions compared to the reference stand-alone solar plant. Moreover, organic fluids with wet 
behavior show better performances than those with dry one. In this regard, ammonia, R32, R290, and R143a are 
more efficient than the others, where annual net outputs of 22.20, 20.02, 19.25, and 18.67 GWhe have been 
produced, respectively. Furthermore, the combined plant with ammonia as the working fluid in the bottoming 
installation has the lowest levelized cost of electricity with a value of 10.42 ¢/kWh.   

1. Introduction 

The energy sector is experiencing a massive and accelerating in
crease in global demand for clean energy due to economic trends, 
population growth, and global warming. On the other hand, conversion 
systems based on renewable energy resources can play an essential role 
in generating clean and stable power. In this regard, concentrating solar 
power (CSP) systems seem to be one of the most mature technologies 
available in the market to achieve this task. These systems generally 
work with high temperatures that can reach 1000 ◦C [1]. Moreover, 
binary geothermal power plants (BGPP) are another solution to generate 
clean energy based on low-temperature geothermal sources. However, 
these systems suffer from low dispatchability and high investment costs. 

Since there is a vast geographical coincidence of geothermal re
sources with abundant sunshine areas from a side, and high possibility of 
technical integration of the BGPP as a bottoming system to recuperate 
the wasted heat from the high temperature topping CSP plant on the 
other side, hybridization of these two technologies is an excellent 

alternative to enhance the dispatchability of large-scale power plants, 
and decrease their investment cost. Thus, many papers have been pub
lished to assess the technical and economical potentials of these hybrid 
plants [2–10]. On the same wave, another simulation work has been 
presented by Bonyadi et al. [11]. They proposed a new combined 
solar-geothermal plant to generate power. In this regard, an existing 
bottoming BGPP is integrated with a topping steam Rankine cycle to 
generate power at two levels; low and high temperatures. While Kesh
varparast et al. [12] analyzed thermodynamic performances of a hybrid 
parabolic trough-geothermal binary plant. Besides, they presented a 
parametric analysis of different working factors such as ambient tem
perature, fluid type, and mass flow rates on the thermodynamic per
formances in typical days of cold and hot months. Moreover, Jiang and 
his team [13] presented an enhanced geothermal system coupled with a 
supercritical solar power plant to enhance its capacity factor. The 
working fluid in both systems is CO2. Also, a comparison was made 
between the performances of the new hybrid system alongside 
stand-alone layouts. A multi-objective optimization was performed by 
Nazari et al. [14] to enhance the exergo-economic performances of a 
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Nomenclature 

γcol Collector orientation with the azimuth angle [◦] 
γs Azimuth angle [◦] 
Δtes Total storage hours [hour] 
ΔTLMTD Logarithmic mean temperature difference [◦C] 
ηBBGPP Overall energy efficiency of the BBGPP [− ] 
ηene,SF Energy efficiency of the solar field [− ] 
ηendLoss Spillage end losses [− ] 
ηgen,col Collector general errors [− ] 
ηgeo,col Collector geometry imperfection [− ] 
ηisen,OP Isentropic efficiency of the organic pump [− ] 
ηisen,OT Isentropic efficiency of the organic turbine [− ] 
ηoff ,OP Off-design efficiency of the organic pump [− ] 
ηoff ,OT Off-design efficiency of the organic turbine [− ] 
ηopt Optical efficiency of the solar field [− ] 
ηPB des Power cycle efficiency at the design point [− ] 
ηPlant Overall energy efficiency of the whole hybrid plant [− ] 
ηshad Shading effect losses [− ] 
ηsoil Collector soiling [− ] 
ηTPTPP Overall energy efficiency of the topping parabolic trough 

power plant [− ] 
ηtrack,col Collector tracking error [− ] 
θ Incidence angle [◦] 
θc Elevation angle [◦] 
θcol Tilt angle of the collector [◦] 
ρm Mirror reflectance [− ] 
ω Aperture width of the collector [m] 
ωcol Collector tracking angle [◦] 
Acond Surface area of the condenser in the BBGPP [m2] 
Aevap Surface area of the evaporator in the BBGPP [m2] 
ASF Total area of the solar field [m2] 
Cinv Total investment costs [M$] 
CO&M Operation and maintenance costs [M$] 
CF Capacity factor [%] 
fbackup Fossil fill fraction [ − ] 
h Enthalpy at each point of the installation [kJ/kg] 
hin turbine Enthalpy at the inlet of the steam turbine [kJ/kg] 
hSFi Enthalpy at the inlet of the solar field [kJ/kg] 
hSFo Enthalpy at the outlet of the solar field [kJ/kg] 
Ibn Hourly direct normal irradiance [kW/m2] 
kd Annual discount rate [%] 
IAM Incidence angle modifier [− ] 
Lcol Length of the parabolic trough collector [m] 
Lf ,ave Average focal length of the parabolic trough collector [m] 
Lspacing Distance between collector rows [m] 
LCOE Levelized cost of electricity [¢$/kWh] 
ṁcw Mass flow rate of the cooling water of the BBGPP [kg/s] 
ṁgeo Mass flow rate of the geothermal water [kg/s] 
ṁHTF Mass flow rate of the heat transfer fluid in the TPTPP [kg/ 

s] 
ṁof Mass flow rate of the organic fluid [kg/s] 
N Depreciation operation time of the system [yrs] 
ND Number of the days in a year [− ] 
Nsca Number of collector assemblies per loop [− ] 
Q̇evap Energy transferred through the evaporator of the BBGPP 

[kW] 
Q̇FBS Thermal energy must be supplied by the FBS [kW] 
Q̇geo Energy flow from the geothermal source [kW] 
Q̇hl Total heat loss from the receiver of solar collector [kW] 
Q̇HTF Energy absorbed by the heat transfer fluid [kW] 
Q̇inc Total energy incident on the solar field [kW] 

Q̇rec,BBGPP Total energy recuperated by the BBGPP [kW] 
Q̇rej,TPTPP Total energy rejected by the TPTPP [kW] 
PGBBGPP,net Net power generation by the BBGPP [kWh] 
PGPlant,net Net power generation by the whole combined plant [kWh] 
PGTPTPP,net Net power generation by the TPTPP [kWh] 
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] 
rH Ratio of enthalpy drop in the organic turbine between the 

off-design and design conditions [− ] 
rH,OT Deviation coefficient due to enthalpy drop [− ] 
rV Ratio of volumetric flow rate drop in the organic turbine 

between the off-design and design conditions [− ] 
rV,OT Deviation coefficient due to volumetric flow rate drop [− ] 
Tamb Ambient temperature [K] 
Tsky Sky temperature [K] 
Uevap Overall heat transfer coefficient of the evaporator [kW/m2 

◦C] 
Uevap Overall heat transfer coefficient of the condenser [kW/m2 

◦C] 
V̇of Volumetric flow rate of the organic fluid [m3 /s]
ẆOP Power consumed by the organic pump [kW] 
ẆOT Power produced by the organic turbine [kW] 

Abbreviation 
BBGPP Bottoming binary geothermal power plant 
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 feedwater heater 
GEN Generator 
HF Heliostat field 
HPT High-pressure turbine 
HTF Heat transfer fluid 
LPT Low-pressure turbine 
NREL National Renewable Energy Laboratory 
OF Organic fluid 
OP Organic pump 
ORBPB Organic Rankine bottoming power block 
ORC Organic Rankine cycle 
OT Organic turbine 
PB Power block 
PTC Parabolic trough collector 
PTPP Parabolic trough power plant 
PH Preheater 
RH Reheater 
RTPB Rankine topping power block 
SAM System Advisor Model 
SAPTPP Stand-alone parabolic trough power plant 
SF Solar field 
SG Steam generator 
SP Superheater 
SR Solar receiver 
T Tower 
TES Thermal energy storage 
TPB Topping power block 
TPTPP Topping parabolic trough power plant  
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combined steam-organic Rankine plant that can recuperate the wasted 
heat of a topping gas turbine. Thus, three organic fluids were analyzed, 
and subcritical and transcritical cycles were selected for the steam and 
the organic Rankine cycles respectively. Motivated by consistency in 
high ambient temperatures and high solar radiation levels, Heberle et al. 
[15], explored the performances of incorporating an air-cooled 
geothermal binary power plant and a solar thermal plant to retrofit 
the yield of these systems. The techno-economic criteria have been 
presented, and climatic conditions of Turkey were considered in the 
simulations. McTigue et al. [16] proposed to integrate a double-flash 
geothermal plant and thermal energy storage to improve the potential 
of a solar thermal power plant based on linear Fresnel reflector tech
nology using synthetic oil as the primary working fluid in the solar field. 
Furthermore, optimal design and economic feasibility of the simulated 
plant were also considered. Another thermodynamic analysis of inte
grating a solar field to an ORC binary geothermal power plant to pro
duce power has been introduced by Acar and Arslan [17]. R600a is 
chosen as the heat transfer fluid in the geothermal block, while Ther
minol oil transfers the heat in the solar field. Moreover, Li et al. [18] 
proposed to use a solar field working with a high temperature as a heat 
source to raise the dispatchability of a geothermal plant based on a 
two-stage serial organic Rankine cycle. The proposed system was 
simulated and optimized. The performances of a hybrid 
geothermal-solar power plant have been modeled and enhanced by 
Bassetti et al. [19]. In their layout, air-cooled ORC and thermal energy 
storage systems are used. Many more papers have been presented in the 
literature on modeling and simulation of hybrid CSP-geothermal power 
plants [20–23]. However, and according to our knowledge, it seems that 
most published works are taking one of the two heat sources, either solar 
or geothermal, as a supplementary heat source to raise the generated 
power of the other block. 

Moving through literature based on the fluid selection in the organic 
Rankine cycles, many published papers have been reported to analyze 
the performances of using different organic fluids in ORC for various 
applications such as waste heat recovery, cooling, and heating, as well as 
power generation. Wang et al. [24] emphasized that fluid selection in 
designing ORC is a crucial factor. They performed a new approach based 
on both economic and environmental dimensions to optimize this pro
cedure, and a heat source with a temperature that varies from 90 to 
230 ◦C has been considered. As a result, they matched between every 
heat source temperature range and corresponding fluids. Zhang et al. 
[25] established a multi-parameter optimization model of an ORC for 
medium-to-high temperature wasted heat recovery. In this regard, 42 
pure organic fluids have been screened according to their environmental 
performances, and the relationship between source temperature, fluid 
properties, system parameters, and performance has been described. 
Furthermore, Sachdeva and Singh [26] presented the effect of using 
three different organic fluids in a bottoming ORC of a triple combined 
cycle powered by solar tower technology. The combined plant is divided 
into three power blocks; a topping Brayton cycle to convert received 
heat from the high-temperature solar field to power, steam and organic 
Rankine cycles as bottoming power blocks for waste heat recovery. 
Cataldo and his colleagues [27] proposed a methodology based on a 
genetic algorithm for fluid selection of an ORC for low-temperature 
waste heat recovery. Consequently, three inputs are taken as decision 
variables, including working fluid, evaporation and condensation tem
peratures, while two objective functions are aimed; defect of cycle ef
ficiency and heat exchange area per unit of generating power. While 
Tchanche and his team [28] compared the performances of using 20 
different organic fluids in a low-temperature solar organic Rankine 
power plant. These performances were presented in terms of effi
ciencies, volume flow rates, pressure ratios, toxicity, flammability, ODP, 
and GWP. Drescher and Bruggemann [29] explored the selection pro
cedure in a small-scale biomass power plant for cogeneration (power 
and heat generation). Hærvig et al. [30] screened 26 commonly used 
organic fluids based on a systematic approach. This approach considered 

the genetic algorithm to optimize the working conditions of an ORC and 
the mixture composition of the fluids, and a heat source with a tem
perature range of 50–280 ◦C is presented. A parametric optimization 
using a multi-objective optimization approach has been performed by 
Wang et al. [31] to optimize and compare 13 different working fluids in 
an ORC for low-temperature waste heat recovery. The exchanger area 
per power output unit and the heat recovery efficiency have been 
selected as the objective functions, while evaporation and condensation 
pressures, working fluid, and mass flow rates are considered as the in
puts. Many more works have been reported in the literature based on the 
fluid selection in organic Rankine cycles [32–43]. However, to sum up, it 
can be concluded from the literature that the fluid selection approach is 
not reported for hybrid solar-geothermal plants with such a layout. 
Besides, this study will be the first attempt that explores fluid selection 
based on thermo-economic criteria for these hybrid plants for large-scale 
power generation at two temperature levels; high one (for TPTPP) and 
low one (for BBGPP). 

Thus, this paper presents the design and annual techno-economic 
performance assessment of a combined solar-geothermal power plant 
with different organic fluids to choose the best fluid to be employed. 
This plant is based on a combined configuration with a bottoming binary 
geothermal cycle that recuperates the wasted heat from a topping solar 
thermal power layout to boost the dispatch capacity of the whole plant 
and enhance its thermo-economic performances. This paper can give 
new insights on enhancing the dispatch capacity and raising the thermo- 
economic performances of hybrid thermal power plants, including those 
based on renewable energies, either by hybridization or waste heat re
covery. These techniques can be explored in other technologies besides 
solar and geothermal, such as coal, natural gas, and biomass. 

2. Data and methodology 

The main aim of this work is to simulate the thermo-economic per
formances of using different organic fluids as candidates for a bottoming 
binary geothermal power plant (BBGPP). This BBGPP is integrated with 
a topping parabolic trough power plant (TPTPP), where the geothermal 
source with low-enthalpy will gain additional heat from the TPTPP to 
improve the generated power of the bottoming cycle. The design of the 
solar block is based on an existing PTPP, which is similar to the com
bined Archimede layout [44,45], and incorporated with two auxiliaries; 
thermal energy storage (TES) and fuel backup system (FBS). The pri
mary working fluid both in the solar field and the storage system is 
molten salt. On the other hand, the BBGPP is designed to be the bot
toming side of the studied combined plant, which is similar to an 
existing AFJET power plant [46]. Nine organic fluids are selected to 
choose the best candidates as the primary fluid in the BBGPP. For this 
aim, a defined methodology is selected and presented in Fig. 1. 
Furthermore, different assumptions, inputs, and mathematical modeling 
of the studied plant are presented in the following sub-sections. 

2.1. Site selection 

In the present work, El Oued (South-East of Algeria) has been chosen 
for the simulations, it is characterized by its relatively high solar radi
ation and geothermal sources of low-temperature range. Its environ
mental and ambient conditions are summarized in Table 1 [47,48]. 

2.2. Studied plant 

In the investigated combined solar-geothermal plant, the solar field 
(SF) of the TPTPP is made up of many sun-tracking East-West [49] 
parabolic trough collectors with a total area of more than 31,860 m2. 
The solar radiation is concentrated on solar receivers (SR) by parabolic 
trough collectors (PTC). Consequently, the working fluid (molten salt) 
circulating inside the receivers is heated to transfer the gained heat to 
the steam Rankine cycle to generate superheated steam through a series 
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of heat exchangers (preheater, steam generator, and superheater). Then 
this superheated steam, which is used to produce electrical power, in 
turn, will be expended in different stages of high (HPT) and low (LPT) 
pressure turbines. Furthermore, two auxiliaries are equipped within the 
installation; TES and FBS to provide additional thermal energy if the 
required state at the HPT inlet is not reached, hence, increase the ca
pacity factor of the TPTPP. On the other hand, a BBGPP similar to the 
existing AFJET plant [46] is presented as a bottoming installation. In 
this configuration, the hot water from the geothermal production well is 
pumped through the condenser (CON1) to get the rejected thermal en
ergy of the TPTPP and ensure its cooling process. Then, this hot 
geothermal water exchanges its heat with an organic fluid through an 
evaporator. This organic fluid with vapor phase is used to operate the 
organic turbine (OT) to generate electricity at a low temperature. Then, 
this steam leaving the OT is condensed inside the condenser (CON2), 
and the process starts over for a new cycle. 

In the present paper, at the design point, a gross capacity of 5 MW is 
assumed for the TPTPP. The investigated hybrid plant is presented in 
Fig. 2, and its main technical inputs and data, including those of the 
TPTPP and the BBGPP are presented in Tables 2 and 3. Furthermore, the 
main aim of this work is to explore different organic fluids to choose the 
best fluids to be adopted in the bottoming plant, which give the highest 
performances of the new plant. Thus, different organic fluids (OF) will 
be investigated. 

It should be pointed out that to ensure the effectiveness of the cooling 
process in the topping steam power block, the temperature of the hot 
water from the geothermal production well (which is the cooling fluid in 
this case) should be lower than that of the steam at the inlet of the 
condenser. Thus, the high value of the leaving pressure presented in 
Table 2 is an obligation to ensure the cooling process, although it in
creases the wasted heat; hence, it decreases the generated power of the 
TPTPP. Consequently, for the given geothermal source temperature of 
65 ◦C in this work, a high value for the condensing pressure in the TPTPP 
of 50 kPa should be considered [53]. 

CON: Condenser, CP: Condenser Pump, CT: Cooling Tower, DEA: 
Deaerator, DP: Deaerator Pump, ET: Expansion tank, EVAP: Evaporator, 
FWH: Feed Water Heater, GEN: Generator, HPT: High Pressure Turbine, 
LPT: Low Pressure Turbine, OT: Organic Turbine, OP: Organic Pump, 
PH: Pre-Heater, RH: Re-Heater, SG: Steam Generator, TSS: Thermal 
Storage System, FBS: Fuel Backup System, SF: Solar field. 

2.3. Energy model 

2.3.1. TPTPP 
As mentioned in section 2, a design similar to the Archimede power 

plant is investigated in the TPTPP. In this layout, molten nitrate salt 
(60% NaNO3+ 40% KNO3) with a working temperature range of 
290–550 ◦C is chosen as the heat transfer fluid (HTF) both in the SF and 
the TES. In the modeling process, the empirical equations for the ther
mophysical properties of the employed fluids in the topping plant, 
including molten salt, and water/steam, were considered [54,55]. The 
energy model of the TPTPP is summarized as a segregated formulation of 
each system, including solar field, auxiliaries, and power block in the 
following subsections. 

2.3.1.1. Solar field. The energy efficiency of the solar field extends to 
estimate both optical and thermal losses, which can be defined by the 

Fig. 1. Main steps of the proposed methodology to perform the study.  

Table 1 
Properties of solar and geothermal sources of the chosen location.  

Parameter Value 

Annual DNI [kWh/m2] 2035 
Annual mean ambient temperature [◦C] 21.8 
Temperature at production well [◦C] 65 
Mass flow rate of the geothermal fluid [kg/s] 100  
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ratio of the gained heat by the HTF to the total incident solar radiation 
on the total surface area of the SF, or can be expressed mathematically 
by the following equation: 

ηene,SF =
Q̇HTF

Q̇inc
(1)  

Where Q̇inc is the solar flux incident on the SF, and formulated by: 

Q̇inc = IbnASFηopt (2) 

In this equation, the optical efficiency can be defined mathematically 
as: 

ηopt = ηendLoss × ηshad × ηIAM × ηgeo,col × ηtrack,col × ρm × ηsoil × ηgen,col (3)  

Where ηendLoss, ηshad, ηIAM, ηgeo,col, ηtrack,col, ρm, ηsoil, ηgen,col are defined in the 
nomenclature section. These terms can be estimated by equations (4)– 
(6) [56,57]: 

ηendLoss = 1 − Lf ,ave tan θ −

(
Nsca

2
− 1

)
2
(
Lf ,ave tan θ − LSpacing

)

Nsca − Lcol
(4) 

Fig. 2. Studied hybrid solar-geothermal thermal power plant.  

Table 2 
The main inputs of the TPTPP [23,44,45,50].  

System Parameter Value 

Solar field (SF) Working fluid [− ] 60% NaNO3+ 40% 
KNO3 

Inlet working temperature [◦C] 290 
Outlet working temperature 
[◦C] 

550 

Total solar field surface area 
[m2] 

31,810 

Collector orientation [− ] N–S 
Row spacing [m] 15 
Collector design [− ] Solargenix SGX-1 
Receiver design [− ] Schott PTR70 
Aperture width [m] 5 
Length of collector assembly 
[m] 

100 

Focal length [m] 1.8 
Number of modules per 
assembly 

12 

Absorber tube inner/outer 
diameter [m] 

0.066/0.070 

Glass envelope inner diameter 
[m] 

0.115/0.120 

Topping power block 
(TPB) 

Working fluid [− ] Steam/Water 
Design turbine gross output 
[MWe] 

4.8 

HPT isentropic efficiency [%] 0.85 
LPT isentropic efficiency [%] 0.88 
Leaving pressure [kPa] 50 
Feedwater pump isentropic 
efficiency [%] 

0.80 

Condensate pump isentropic 
efficiency [%] 

0.80 

Generator efficiency [%] 0.97 
Fuel backup system (FBS) Fossil fuel fill fraction [− ] 0.27 

FBS boiler efficiency [%] 90 
Thermal energy storage 

(TES) system 
Storage type [− ] Two tank molten 

salt 
Full load hours [hours] 7.5  

Table 3 
The main inputs of the BBGPP [17–20,51,52].  

System Parameter Value 

Geothermal source Temperature at production well [◦C] 65 
Temperature at re-injection well [◦C] 35 
Mass flow rate of the geothermal fluid 
[kg/s] 

81 

Pressure of the geothermal source 
[kPa] 

220 

Organic Rankine bottoming 
power block (ORBPB) 

Turbine isentropic efficiency [%] 0.85 
Pump isentropic efficiency [%] 0.80 
Generator efficiency [%] 0.97 
Overall heat transfer coefficient of the 
evaporator [kW/m2 ◦C] 

0.90 

Overall heat transfer coefficient of the 
condenser [kW/m2 ◦C] 

1.00  
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ηshad = |sin(90◦ − ωcol)|
LSpacing

ω (5)  

IAM = 1 + 0.000884 •
θ

cos θ
− 0.00005369 •

θ2

cos θ
(6)  

Where ωcol, Nsca Lf ,ave, Lspacing,ω, and Lcol represent the collector tracking 
angle, the number of collector assemblies per loop, the average focal 
length, the distance between collector rows, the aperture width and 
length of the collector, respectively. Furthermore, the incidence angle 
can be estimated as: 

θ= cos− 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − [cos(θc − θcol) − cos(θcol)cos(θc)(1 − cos(γs − γcol))]
2

√

(7)   

On the other hand, the useful heat from the SF can be calculated as: 

Q̇HTF = Q̇inc − Q̇hl = ṁHTF × (h SFo − hSFi) (8)  

where the heat losses in each solar receiver of the PTC considering the 
three heat transfer phenomena (Fig. 3) are estimated by Refs. [56,57]: 

Q̇hl =
(T3 − Tamb)R5,7 rad + (T3 − T6)R5,6 conv − q̇abs,envΩR

R3,4 totR5,7 rad + R3,4 totR5,6 conv + ΩR
(9) 

With T6 = Tsky, and T7 = Tamb, and: 

ΩR =R5,6 convR5,7 rad + R4,5 condR5,7 rad + R4,5 condR5,6 conv (10)  

2.3.1.2. Auxiliaries systems (TES and FBS). Generally, CSP plants can be 
equipped with thermal storage and fuel backup systems to raise the 
capacity factor of such type of thermal power plants. Consequently, the 
studied plant encompasses the two auxiliaries simultaneously to raise its 
dispatch capacity. In this regard, the two most important parameters to 
consider in the two systems are [56,59]: 

Etes =
wdesΔtes

ηPB des
(11)  

fbackup =
Q̇FBS

Q̇tot
(12)  

Where Q̇FBS is the thermal energy to be supplied by the FBS, and it is 
given by eq. (13): 

Q̇FBS = ṁHTF(hin turbine − hSFO) (13) 

Where Etss formulates the potential number of hours that the storage 
system can supply heat to the topping power block, while fbackup defines 
the fossil fill fraction of the fuel backup system. The values of these two 
parameters are given in Table 2. 

2.3.1.3. Topping power block (TPB). For the topping power block (TPB), 
its energy model is simulated within SAM based on regression equations 
in a normalized form to consider the off-design simulations, and can be 
presented as [60]: 

y= f (ṁHTF PB,THTF ,Tamb) (14) 

Therefore, the energy efficiency of the topping parabolic trough 
power plant is given by: 

ηTPTPP =
PGTPTPP,net

Q̇inc
(15) 

The energy models, including those of pipe losses and system para
sitic of the whole TPTPP and its subsystems, are well presented in details 
in Refs. [56–60]. 

2.3.2. BBGPP 

2.3.2.1. Design modeling. For the energy modeling of the BBGPP, a 
simple organic Rankine cycle (ORC) structure under sub-critical condi
tions is defined. In this regard, nine different organic fluids have been 
chosen, and their thermo-physical properties are considered and dis
cussed in section 2.3.3. On the other hand, as presented in Table 3, the 
working turbine, pump, and electric generator efficiencies in the ORC 
are taken 0.85, 0.80, and 0.97, respectively at design condition. Besides, 
a pinch temperature difference for the evaporator and condenser is 
assumed to be 15 ◦C, and a minimum superheat degree of 5 ◦C for the 
considered fluids to avoid liquid droplets [17–20,25,51,52]. Mass and 
energy balances were applied to every system component. Thus, the 
wasted heat recovered by the geothermal water of the production well 
from the TPTPP’s condenser is estimated by: 

Q̇rec,BBGPP = ṁgeo(h1′ − h1) (16)  

Where h1 and h1′ are the enthalpies of the geothermal water at the inlet 
and outlet of the TPTPP’s condenser. 

The gained heat by the organic fluid through the evaporator from the 
geothermal water leaving the CON1 is presented by: 

Q̇evap = ṁgeo(h1′ − h2)= ṁof (h4 − h3)=UevapAevapΔTLMTD (17) 

While the produced electricity by the organic turbine, the consumed 
power by the pump, and the net generated power by the BBGPP, are 
given by equations (18)–(20), respectively: 

ẆOT = ṁof (h4 − h3)× ηisen,OT × ηGen (18)  

ẆOP = ṁof (h3 − h6) × ηisen,OP (19)  

PGBBGPP,net = ẆOT − ẆOP (20) 

The terms h3, h4 and h6 present the enthalpies at the outlet of the 
pump, of the evaporator, and of the condenser respectively. While ηisen,OT ,

ηisen,OP, and ηGen refer to the efficiencies of the turbine, the pump, and the 
generator of the BBGPP. On the other hand, UevapAevap defines the 
product of the overall heat coefficient and surface area of the 
evaporator. 

Furthermore, the rejected thermal energy to condense the organic 
fluid is calculated by: 

Q̇cond = ṁof (h1′ − h2)= ṁcw(h8 − h7)=UcondAcondΔTLMTD (21) 
Fig. 3. Phenomena of heat transfer in the HCE [58].  
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UcondAcond presents the product of the overall heat coefficient and surface 
area of the condenser, while h7 and h8 are the enthalpies of the cooling 
water at the inlet and outlet of the BBGPP’s condenser. 

In order to estimate the heat transfer area of the evaporator and the 
condenser in equations (17) and (21), the logarithmic mean temperature 
difference (LMTD) method is used: 

ΔTLMTD =
ΔTmax − ΔTmin

ln
(

ΔTmax
ΔTmin

) (22)  

Where ΔTmax and ΔTmin represent the maximal and the minimal tem
perature differences of the two heat exchangers, respectively. 

Thus, the energy efficiency of the BBGPP can be given by: 

ηBBGPP =
PGBBGPP,net

Q̇geo
=

PGBBGPP,net

ṁgeo(h1′ − h2)
(23) 

Therefore, the energy efficiency of the whole hybrid installation 
(CSP-geothermal plant), it can be calculated by: 

ηPlant =
PGPlant,net

Q̇inc + Q̇geo
=

PGTPTPP,net + PGBBGPP,net

Q̇inc + Q̇geo
(24) 

At the end, the capacity factor, which expresses the distribution of 
generated power of the simulated plant during the whole year of oper
ation, it is introduced by the following equation: 

CF =
PGPlant,net

ND.
(

24 hr
day

)
.5 MW

(25)  

2.3.2.2. Off-design modeling. To consider the fluctuating ambient tem
perature and received heat flux from the topping solar installation, off- 
design modeling should be considered to avoid miscalculations of the 
BBGPP performances. Thus, the turbine and pump efficiencies, global 
heat transfer coefficients are varied during the simulations. The turbine 
isentropic efficiency is calculated as [61]: 

ηoff ,OT = ηisen,OT × rH,OT × rV,OT (26)  

Where rH,OT and rV,OT are deviations coefficients due to enthalpy and 
volumetric flow rate drops and are given by Ref. [61]: 

rH,OT =(((1.398rH − 5.425)× rH + 6.274)× rH − 1.866) × rH (27)  

rV,OT =(((− 0.21rV + 1.117)× rV − 2.533)× rV + 2.588) × rV (28) 

rH and rV are the ratios of drops in the enthalpy and in the volumetric 
flow rate between the off-design conditions and those at nominal 
(design) state: 

rH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(h4 − h5)
/
(h4 − h5)

d
√

(29)  

rV =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V̇of
/

V̇of
d

√

(30) 

The index d here refers to the design state, while V̇of is the volumetric 
flow rate of the organic fluid. 

Moving to the efficiency of the organic pump at off-design condi
tions, it can be calculated by the following correlation [62]: 

ηoff ,OP = 2ηisen,OT ×
V̇of

V̇of
d − ηisen,OT ×

(
V̇of

V̇of
d

)2

(31) 

For the heat exchangers (the evaporator and the condenser), their 
overall heat transfer coefficients at off-design conditions are calculated 
by Ref. [5]: 

Uoff =Ud
(

ṁof

ṁof
d

)m

(32)  

where m is taken 0.8 and 0.7 for internal and external flow respectively. 

2.3.3. Organic fluid selection 
In energy conversion systems based on organic fluids (OF), the 

thermophysical properties of such fluids affect the design and the con
trol strategy of these systems, and determine their techno-economic 
performances. On the other side, and to compare different well-known 
fluids based on their performances, cycle yields are always estimated 
based on the thermodynamic properties of these OFs [25]. Thus, in the 
present study, the thermos-physical properties of 9 pure working fluids 
were illustrated out from the database REFPROP 9.0 developed by NIST 
[63]. These fluids have been selected and grouped according to their 
critical temperature into three levels; (1) Tcri <100 ◦C, (2) 100 < Tcri 
<150 ◦C, and (3) 150 < Tcri < 300 ◦C, and for each level, three different 
fluids have been chosen. These fluids are summarized along with their 
properties in Table 4. 

2.4. Economic model 

In the present work, the economic analysis of the investigated 
combined CSP-geothermal power plant with the nine layouts in the 
BBGPP was carried out based on the levelized cost of electricity (LCOE). 
This factor is the most commonly used parameter in the techno- 
economic analysis of different thermal power plants, which considers 
total investment costs Cinv, operation and maintenance costs CO&M, and 
total generated power during the whole year PGplant . It can be calculated 
by the following equation [56]: 

LCOE =
crf . Cinv + CO&M

PGplant
(33)  

Where crf is the capital recovery factor and can be estimated as [56]: 

crf =
kd.(kd + 1)N

[
(kd + 1)N

− 1
] (34)  

where kd is the annual discount rate and it is assumed to be 10.9% in the 
present work [67], and N is the depreciation operation time of the plant 
(25 years). At the same time, the total investment and O&M costs here 
are calculated based on data and correlations illustrated from the liter
ature. These data and correlations are summarized in Tables 5 and 6 for 
the TPTPP, and the BBGPP, respectively. 

3. Results and discussion 

3.1. Validation 

Regardless of the importance of model validation of different large- 
scale power plants, it is not easy to get actual data based on measure
ments to confirm the reliability of this model, since private companies 
erect most of these thermal power plants. Thus, the developed models in 
the present study have been validated with other numerical models from 
the literature. In the following two subsections, a short part has been 
reserved for the validation of the TPTPP and BBGPP. 

3.1.1. TPTPP 
The mathematical model incorporated in SAM for the energy anal

ysis of the studied solar installation was validated by Price [68], by 
comparing the simulated data of a parabolic trough power plant using 
this model with real ones of SEGS VI plant. Furthermore, in a report 
published by the American National Renewable Energy Laboratory 
(NREL) [74], this model was established to simulate Andasol 1 parabolic 
trough power plant and showed a good agreement with this plant’s 
actual data. 
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3.1.2. BBGPP 
In the present study, the mathematical model to simulate the bot

toming BBGPP has been validated with another numerical model from 
the literature [46]. In turn, this model was established based on real data 
of an existing geothermal AFJET ORC power plant. The validation of the 
present thermodynamic analysis of the organic bottoming power block 
at design point with those reported by Ref. [46] has been reported in 
Table 7, where the variation of generated power with the variation of 
geothermal water inlet temperature to the evaporator for the two 
models is shown in Fig. 3. As it is observed in Table 7 and Fig. 4, the 
mathematical models to perform the energy analysis show excellent 
matching with that of [46], with slight differences of less than 0.37%, 
and 7.03% for the generated power and the energy efficiency, respec
tively. The source of these errors can be justified by the difference in the 

used thermophysical properties of the organic fluid between this study 
and the one presented by Ref. [46]. In addition, there is a lack of some 
data, such as the efficiencies of some components and pinch points. 
Nevertheless, the model shows a good correlation with that presented in 
Ref. [46], which confirms the viability of this model. 

3.2. Performances of the new plant at nominal conditions 

The equations presented in section 2.3, and previously mentioned 
inputs and assumptions in Tables 2 and 3, were applied to each 
component of the proposed design. So, each stream’s thermodynamic 
properties, including the TPTPP and BBGPP (with R134a as working 
fluid), are calculated and given in Table 8. These properties, such as 
temperature, pressure, mass flow rate, enthalpy, and energy flow at each 
stage of the whole process, were estimated under nominal conditions, 
including DNI = 900 W/m2, and T1’ = 65 ◦C. Also, the thermodynamic 
performances at these nominal conditions, including net power output 
and energy efficiency of the new configuration compared to stand-alone 
(parabolic trough power and binary geothermal power) plants, are 
presented in Table 9. As listed in this table, the total power output of the 
studied combined solar-geothermal plant is about 5.61 MW, where 3.62 
MW is coming from the topping solar plant and the rest from the BBGPP 
(1.98 MW). Compared to the stand-alone plants, an improvement in 
power generation of the BBGPP (more than111%) has been recorded, 
although the same working conditions are applied on the three layouts 
to have a common ground for comparison. There is also a remarkable 
drop in the yield of the TPTPP (almost 23%). It can be explained by the 
rise of the condensing pressure of the topping plant to ensure the 
effectiveness of its cooling process, and such a procedure will reduce the 
generated power as it has been already discussed in section 2.2. On the 

Table 4 
Properties of organic fluids used in system design and simulation [24,25,64–66].  

Fluid Tcri [◦C] Pcri [kPa] Δhh [kJ/kg] Vapor Cp
a [J/kg.K] ds/dT p-v-T behavior ODP GWP 

Group 1 
R143a 72.71 3761 226.6 1324.9 − 1.75 Wet 0 328 
R32 78.11 5782 381.8 1587.0 − 5.67 Wet 0 677 
R290 96.74 4251 425.6 2246.1 − 3.29 Wet 0 3.3 
Group 2 
R134a 101.06 4059 217.0 1280.6 − 1.00 Isentropic 0 1300 
Ammonia 132.25 11,333 1369.4 4448.0 − 18.37 Wet 0.01 0 
R142b 137.11 4055 223.2 1232.6 − 0.73 Isentropic 0 2310 
Group 3 
R245fa 154.01 3651 196.0 1301.8 0.30 Isentropic 0 1030 
Pentane 196.55 3370 357.6 2367.7 1.18 Dry 0 4 
Octane 296.17 2497 302.2 2648.8 3.05 Dry – –  

a At boiling point. 

Table 5 
Costs data for the economic model of the TPTPP [56,59,67,68].   

Direct capital cost  

TPTPP Site improvement 30.00 $/m2 

Solar field 270.00 $/m2 

HTF system 80.00 $/m2 

TES system 80.00 $/kWht 

FBS system 60.00 $/kWe 
PB system 830.00 $/kWe 
Balance of the plant 105.00 $/kWe 
Contingency (of the direct capital cost) 7% 
Operation and maintenance costs 
Fixed cost by capacity 65.00 $/kW-yr 
Variable cost by generation 3.00 $/MWh 
Fossil fuel cost 3.00 $/MMBtu  

Table 6 
Correlations to estimate the costs related to the BBGPP.   

Component Cost function ($) 

BBGPP  • Evaporator 216.6 + 353.4Aevap [69,70]  
• Condenser 338.6Acond [69,70]  
• Turbine 2237 × (ẆOT)

0.41 [71]  
• Pump ( ẆOP

300

)0.25
[70]

• Geothermal well 16.5 × H1.607 [72]  
• Operation and maintenance costs 1.5% of the installation cost [73]  

Table 7 
Validation of the present thermodynamic analysis with Altun and Kilic model 
[46].  

Parameter Altun and Kilic model Present model e (%) 

Generated power [MW] 2.7 2.69 0.37 
Energy efficiency [%] 11.24 12.09 7.03  

Fig. 4. Variation of PGBBGPP,net with the variation of geothermal inlet tem
perature in the two studies. 
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other side, this modification will increase the wasted heat recovered by 
the bottoming plant, thus, boosting the generated power of this last. 
Else, the efficiency of the TPTPP would have a decrease down to 12.65% 
(compared to 16.40% in stand-alone PTTPP), while that of the BBGPP 
would have an increase up to 11.26% (9.23% in stand-alone BGPP). 
However, the combined plant’s global efficiency has been enhanced 
compared to the stand-alone solar plant (solar side of the Archimede 
plant) and this is justified by the recuperated waste heat by the BBGPP. 

3.3. Comparative analysis of the studied plant with different fluids 

For a better comparison of the studied configuration with different 
fluids circulating in the BBGPP, the effects of solar and geothermal re
sources on the performances of the proposed layouts (with nine different 
organic fluids) have been studied and presented in Figs. 5–8 in terms of 
energy efficiency and generated power of the BBGPP. Moreover, annual 
yield analyses of these nine layouts are shown in Table 10 and Fig. 9, and 
they are discussed to choose the best layout to be adopted in this new 
combined plant. As shown in Figs. 5–6, it is quite clear that there is a 
direct relationship between the generated power and energy efficiency 
of the BBGPP from a side, and solar resources represented by direct 
normal irradiance (DNI) from the other side. This enhancement is logical 
considering the augmentation in the wasted heat recuperated from the 
condenser of the topping solar plant, thus, the generated power by the 
bottoming cycle. The same note for the geothermal resources repre
sented by the geothermal production temperature T1’ is occurred, and it 
is always due to increases in energy received by the BBGPP. Going deep 
in the nine curves of each presented Figures (5-8), which match the nine 
layouts of the studied combined plant, it seems that four fluids (R143a, 
R32, R290, and ammonia) are more efficient compared to the others. 

These fluids belong to the two first groups (Tcri <100 ◦C, and 100 < Tcri 
<150 ◦C), while organic fluids classified in the third group (150 < Tcri <

300 ◦C) are the worst. Always and according to Table 4, the fluids with 
that performed well in the studied combined plant are those with wet 
behavior, which will facilitate the wasted heat recuperation by the 
bottoming cycle. For example, the studied plant with ammonia, which 
represents the most efficient layout (in term of yield), the energy effi
ciency as well as the energy production of the BBGPP vary from low 
values of 4.36% and 1.58 MW at a geothermal production temperature 
of 50 ◦C to the highest values of 14.20% and 5.18 MW at T1’ = 120 ◦C 
respectively. Moving to R32 which is defined as the second-best candi
date according to the obtained results, its layout shows the second-best 
performances as ηBBGPP = 3.64 − 12.40% and PGBBGPP = 1.32 −

4.51 MW at geothermal production temperatures range from 50 ◦C to 
120 ◦C respectively. Regarding the worst fluids, it seems that Octane and 
pentane are the atrocious choices from an energy performance point of 

Table 8 
Thermo-physical properties of the new plant at the nominal conditions.  

No Fluid Fluid 
phase 

T 
[◦C] 

P 
[kPa] 

h [kJ/ 
kg] 

ṁ 
[kg/s] 

E [kW] 

a Molten 
salt 

Liquid 290.0 1500 44.60 24.90 1110.54 

b Molten 
salt 

Liquid 550.0 370 466.18 24.90 11607.882 

c Water/ 
steam 

Vapor 81.3 50 2645.2 3.57 9443.364 

d Water/ 
steam 

Liquid 81.3 50 340.5 3.57 1215.585 

1 Geo 
water 

Liquid 65.0 240 272.21 81 18,303 

1′ Geo 
water 

Liquid 86.96 240 346.31 81 29,509 

2 Geo 
water 

Liquid 35.0 240 146.76 81 11,887 

3 R134a Liquid 18.91 2503 225.96 86.79 19,611 
4 R134a Vapor 77.65 2503 429.00 86.79 37,232 
5 R134a Vapor 18.04 537.5 399.73 86.79 34,692 
6 R134a Liquid 18.04 537.5 224.69 86.79 19,500 
7 Water Liquid 25.0 220 104.95 600 62,968 
8 Water Liquid 31.6 220 130.27 600 78,159  

Table 9 
Yield analysis of the new considered plant compared to stand-alone configura
tions at the nominal conditions.  

Parameter Stand-alone 
PTTPP 

Stand-alone 
BGPP 

New 
plant 

ηTPTPP[%] – – 12.65 
ηBBGPP [%] – 09.23 11.26 
ηPlant [%] 16.40 – 14.45 
Energy production [MW] 4.7 0.938 5.61  
• Solar contribution [MW] – – 3.62  
• Geothermal contribution 

[MW] 
– – 1.98  

Fig. 5. Effect of DNI on the BBGPP generated power of the nine pro
posed layouts. 

Fig. 6. Effect of DNI on the BBGPP energy efficiency of the nine pro
posed layouts. 
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view. 
In order to perform the annual simulations of the proposed combined 

plant, TMY data of El Oued (Algeria), including direct normal irradiance 
DNI, ambient temperature, and wind speed with 1-h interval data set, 
were generated using Meteonorm software [75]. The temperature of the 

geothermal production well was assumed to be fixed at the value of 
65 ◦C. The same conclusion can be illustrated from annual results, where 
Fig. 9 shows the generated power of the new combined solar-geothermal 
power plant with the nine different layouts, including the stand-alone 
parabolic trough power plant (SAPTPP). At the same time, Table 10 
depicts the annual comparative energy analysis of the configurations 
mentioned above. These simulations were obtained at the chosen site 
described in section 2.1. As presented and discussed in the previous 
paragraph, due to their wet behavior, the new studied plant with 
ammonia, R32, R290, and R143a, has the highest performances 
(14.64/13.20/12.70/12.32, and 22.20/20.02/19.25/18.67 GWhe) for 
global efficiency and annual power generation respectively. On the 
other hand, the new combined plant shows higher power generation and 
capacity factors compared to those of the SAPTPP no matter the adopted 
layout. For example, the studied combined plant with ammonia as the 
primary working fluid in the bottoming installation enhances the plant’s 
dispatch capacity by 111.43 and 98% for annual power generation and 
capacity factor, respectively. However, there is a drop in solar contri
bution of the new plant compared to the conventional SAPTPP due to the 
rise of condensing pressure, which decreases the generated power as 
mentioned in section 3.2. Another critical point can be noted from 
Table 10, where the global efficiency of the whole combined plant has 
been decreased compared to the SAPTPP (from 16.71 to 14.64%). This 
drop can be explained by the decrease in solar-to-electricity efficiency of 
the topping cycle, and the increase in energy received by the geothermal 
side of the plant. 

Moving to the thermo-economic dimension of the studied layouts, 
represented by two parameters; the total investment costs (Ctot), and 
the levelized cost of electricity (LCOE). As illustrated in Table 10, the 
investment costs of the hybrid plant increased compared to stand-alone 
plant, which is logical due to the inclusion of the investment costs of the 

Fig. 7. Effect of geothermal production temperature on the BBGPP generated 
power of the nine proposed layouts. 

Fig. 8. Effect of geothermal production temperature on the BBGPP energy ef
ficiency of the nine proposed layouts. 

Table 10 
Comparison in annual performances of the new considered plant with the nine different organic fluids.  

Parameter R143a R32 Propane R134a Ammonia R142b R245fa Pentane Octane Stand-alone PTTPP 

ηBBGPP [%] 10.98 12.50 11.63 10.41 14.97 10.94 9.53 9.54 6.80 – 
PGBBGPP,net [GWhe] 9.72 11.08 10.31 9.22 13.26 9.69 8.44 8.45 6.02 – 
ηPlant [%] 12.32 13.20 12.70 11.98 14.64 12.29 11.47 11.47 9.87 16.71 
PGplant [GWhe] 18.67 20.02 19.25 18.16 22.2 18.63 17.39 17.40 14.96 10.50 
CF [%] 42.62 45.70 43.95 41.47 50.69 42.54 39.69 39.71 34.16 25.60 
Ctot [M$] 28.38 29.16 28.68 27.77 29.60 26.85 24.71 24.03 26.19 22.807 
LCOE [¢$/kWh] 11.88 11.39 11.65 11.96 10.42 11.27 11.1 10.81 13.69 16.98  

Fig. 9. Annual power generation of the nine proposed layouts.  
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BBGPP. Furthermore, the combined plant with pentane as the working 
fluid in the geothermal block has the lowest investment costs (24.03 M 
$), while the one working with ammonia has the highest (more than 
29.60 M$). This difference can be explained by the increase in the sur
face areas of the heat exchangers, and the produced/used power by the 
turbine/pump of the BBGPP and its operating and maintenance costs. In 
another way, increasing the latent heats of the organic fluid will increase 
the surface areas of the heat exchangers to ensure the full heat exchange 
between the geothermal/cooling water and the ORC fluid. On the other 
hand, increasing the produced/used power by the turbine/pump will 
increase its costs. On the other hand, since the values of the LCOE 
depend totally on the investment costs and the annual power generation 
of the plant, as presented in the last row of Table 10, it varies from the 
lowest value of 10.42 ¢/kWh (ammonia configuration) to the highest 
value of 16.98 ¢/kWh (Stand-alone PTTPP). 

4. Conclusion 

In this paper, a design of a combined parabolic trough-geothermal 
thermal power plant has been proposed to enhance the dispatch ca
pacity of this kind of thermal plants, and the effects of solar and 
geothermal resources on its yield have been analyzed. In this plant, the 
topping solar layout (TPTPP) is based on a conventional parabolic 
trough technology similar to that of solar side of Archimede plant, and 
integrated with thermal storage and fuel backup systems, while the 
bottoming binary geothermal (BBGPP) configuration is similar to AFJET 
geothermal power plant. Furthermore, nine organic fluids have been 
selected as candidates in the BBGPP, and their thermo-economic per
formances have been examined to select the best organic fluid. The 
following points have been concluded from this work:  

• Under nominal conditions (DNI = 900 W/m2, and T1’ = 65 ◦C), the 
dispatch capacity of the proposed solar-geothermal plant (with 
R134a as working fluid in the bottoming plant) has been improved in 
comparison to the conventional solar side of Archimede plant (from 
4.7 MW to 5.61 MW), which represents a rate of more than 19.36%. 
However, the global efficiency has been dropped from 16.40% for 
the old stand-alone PTPP to 14.45% for the new concept.  

• Raising solar resources can enhance the performances of the BBGPP, 
as they raise the recovered wasted heat from the TPTPP, thus, boost 
the yield of the new hybrid plant. The same remark can be made for 
the geothermal resources. 

• It seems that organic fluids with wet behavior show better perfor
mances compared to those with dry one. In this regard; ammonia, 
R32, R290, and R143a are more efficient compared to the others, 
where annual net outputs of 22.20, 20.02, 19.25, and 18.67 GWhe 
have been produced respectively. The same point can be concluded 
for the global efficiency and the capacity factor, where ammonia has 
the highest performances with 14.64% and 50.69%, respectively.  

• Based on thermo-economic criteria, it appears that the configuration 
based on ammonia is the best with the lowest LCOE with a value of 
10.42 ¢/kWh. 

This work presents a new path to raise the dispatch capacity and 
power generation of thermal power plants and decrease their economic 
risks, especially those based on renewable energies, either by hybridi
zation or by waste heat recovery. These techniques can be explored in 
other technologies besides solar and geothermal, such as thermal plants 
working with coal, natural gas, and biomass. At the end, this study 
presents a pre-analysis of the new plant. Some points should be 
considered in future works, and the economic analysis should be further 
discussed to determine the feasibility of this design compared to the 
conventional one, and select the best layout to be adopted in such sys
tems. The environmental criterion should also be considered in the se
lection process of the organic fluid circulating in the BBGPP. 
Accordingly, screening and investigating novel and environmentally- 

friendly refrigerants with low-GWP such as HFO; including R1234yf 
and R1233zd(E) are highly recommended for future works. 
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