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A B S T R A C T

The integration of solar and gas turbine technologies through hybridization emerges as a promising approach to 
enhance the sustainability of power generation systems. However, the design process for such hybrid systems is 
challenging, particularly in terms of optimization and decision-making strategies. In this research, a case study of 
redesigning of an existing 7.2MWe gas power plant by integrating a heliostat field and a central air receiver for 
preheating purposes has been presented. To accurately adjust the critical parameters of the hybrid solar gas 
power plant, a tri-objectives optimization approach was employed using two advanced optimization methods: 
Non-dominated Sorting Genetic Algorithm III and Multi-Objective Grasshopper Optimization Algorithm. 
Furthermore, the hybrid Fuzzy Analytic Hierarchy Process and The Technique for Order of Preference by Sim
ilarity to Ideal Solution decision-making method has been employed to help select the optimal design points from 
various scenarios and priorities. The chosen design for the hybrid solar-gas power plant showcases an efficient 
heliostat field footprint, a competitive LCOE of 78USD/MWh, achieves an annual reduction in natural gas 
consumption by 13.8%, and mitigates CO2 emissions by 81.6gCO2/kWh (≈ 715tCO2/MWe,).Thus, this study 
presents a persuasive example of a low-carbon technological solution, offering a promising strategy for the 
ongoing energy transition in the Middle East and North Africa (MENA) region.

1. Introduction

Today’s world confronts a pressing challenge regarding energy de
mand and supply. According to the World Resources Institute, WRI 2021 
annual report [1], energy ranks among the top seven global challenges 
requiring urgent attention. Currently, fossil fuels, including oil, gas and 
coal, represent more than 80 % share of total energy consumption [2], 
where 61 % of electricity still comes from fossil fuels [3]. However, the 
combustion of fossil fuels produces a large carbon footprint, and it 
accounted for over 90 % of global CO2 emissions in 2021 [4]. The largest 
rise in CO2 emissions occurred in electricity and heat production, ac
counting for 46 % of the total growth in emissions [4]. Obviously, more 
efforts are still indispensable to promote the energy transition, decar
bonization, and meet the Paris climate goals [5] and achieve 1.5 ◦C 

target [6].
The electricity generation using natural gas is a less polluting energy 

source than coal and oil. Therefore, several nations are either using or 
planning to utilize natural gas as a bridging/ transition fuel before net 
zero by around 2050. However, the pace of gas consumption nowadays 
may exhaust several natural gas fields before 2050. Therefore, hybrid
izing gas-fired power plants with renewable energy-based technologies 
is a highly recommended solution.

Comprehensive review papers on this topic have been authored by B. 
A. A. Yousef et al. [7], O. Achkari and A. El Fadar [8], Cardemil et al. [9], 
and M. Chitakure [10]. Typically, conventional power plants use fossil 
fuels as their primary heat source. When hybridized with zero or low 
carbon emission supplementary heat sources, these plants might expe
rience a decrease in energy efficiency. However, this reduction in effi
ciency is offset by the advantages of decreased emissions and fuel 
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savings, as demonstrated by T. Yue, N. Lior [11]. Furthermore, adding 
the thermal output from concentrated solar power (CSP) plant’s solar 
field to an existing conventional power plant is one of the main 
conceivable cost-effective method for hybridizing CSP-fossil fuel power 
plants [12].

Buck et al. [13] proposed a pressurized volumetric air receiver for 
hybrid solar tower and gas turbine application. The results showed that 
the air receiver exit temperature reached 815 ◦C with an efficiency of up 
to 70 %. The study recommended that such hybrid technology could be 
competitive with conventional plants.

The solar-powered gas turbine hybrid system concept has been 

experimented for the first time under the SOLGATE project in Spain 
[14–16]. The main project’s objective was to design a pressurized air 
receiver that could provide heated air up to 1000 ◦C for direct use in a 
gas turbine [17].

P. Schwarzbozl et al. [18] conducted a study on the cost-efficient 
design of solar-hybrid gas turbine plants with varying power outputs, 
and locations. Using the HFLCAL code for heliostat field design and 
TRNSYS with STEC for performance simulation, they found annual ef
ficiencies ranging from 35.9 % to 40.4 %, with a solar share of 38 % to 
75 %. The study indicates that smaller plants (≤16 MWe) with remote 
operation can achieve solar electricity costs below 10 €cent/kWh.

Nomenclature

Latin letters
Aabs Absorber area [m2]
Ahf Heliostat land area [m2]
Aref field Heliostats field total reflective area [m2]
App Original gas power plant area [m2]
Asing Area of a single heliostat [m2]
Atot Total land area owned by the company [m2]
AF Air-fuel ratio [-]
cf A flow rate conversion factor [m3/kg]
cp,air Air specific heat at constant pressure [-]
CRF Capital Recovery Factor [-]
DNI Direct Normal Irradiance [W/m2]
din Internal diameter of the receiver’s tubes [m]
Eele Annual electrical energy [MWe]
fs Solar share factor [-]
Hc in Enthalpy of the air at the compressor entrance [kJ/kg. K]
Hc out Air enthalpy at the outlet of the compressor [kJ/kg. K]
Hcc out Outlet enthalpy of the combustion product mixture [kJ/kg. 

K]
hint fc Heat transfer coefficient for internal flow forced 

convection [-]
Hrec out Enthalpy of the preheated air at the outlet of the receiver 

[kJ/kg. K]
Ht in Enthalpy of gas mixture at the turbine entrance [kJ/kg. K]
kair Thermal conductivity of air [-]
LCOE Levelized cost of energy [USD/MW]
LHV Lower Heating Value of natural gas [MJ/kg]
LUF Land use factor [%]
ṁair Air mass flow rate [kg/s]
ṁCH4 Natural gas mass flow rate [kg/s]
nc Compressor design speed [rpm]
Nhel Number of heliostats [-]
NuD Nusselt number [-]
nt Turbine design speed [rpm]
Pinc Incident solar radiation on the receiver [kw]
Ps field Total solar radiation incident on heliostat field [W/m2]
Q̇abs Net solar power absorbed by the receiver [kJ]
Q̇loss Combined losses of conduction, convection, and thermal 

radiation [kw]
rp Pressure ratio [-]
Tair avg Average temperature of the air in the receiver [ ◦C]
Tamb Ambient temperature [K]
Tc out Temperature at the outlet of the compressor [K]
Tint cav Temperature at the internal cavity receiver [K]
Trec out Temperature at the outlet of the receiver [K]
Tt in Turbine inlet temperature [ ◦C]
Tt out Turbine outlet temperature [ ◦C]

TH Solar tower height [m]
UL Overall convective and conductive heat transfer coefficient 

[-]
VCH4 con Annual natural gas consumed by the original gas power 

plant [m3]
Vs CH4 Annual volume of natural gas saved [m3]
Ẇe Net electrical power produced [MW]
Ẇt Turbine power [MW]
Zinv Total investment costs [USD]
ZO&M Annual operations and maintenance costs [USD]

Greek Letters
αeff Effective emissivity of the internal cavity receiver [-]
αrec Absorption efficiency of the absorber material [-]
γair Specific heat ratio of air [-]
γgas Specific heat ratio of gas [-]
ηatt Atmospheric attenuation efficiency [-]
ηc Receiver Isentropic efficiency (thermal efficiency) [-]
ηcc Combustion efficiency [-]
ηcos Cosine efficiency [-]
ηfield Heliostat field instantaneous optical efficiency [-]
ηhel Instantaneous optical efficiency of a heliostat [-]
ηint Interception efficiency [-]
ηref Mirror reflectivity efficiency [-]
ηsb Shadowing and blocking efficiency [-]
ηt Turbine Isentropic efficiency [-]
ηyearly,I Heliostat field yearly weighted optical efficiency [-]
σ Stefan-Boltzmann constant (5.670374419 × 10− 8) [W / 

(m2 x K4)]
ΔRi Radial distance between heliostats rings [m]
Δazi Azimuth angular spacing between adjacent heliostats [ ◦ ]

Acronyms
AHP Analytic Hierarchy Process
CSP Concentrated Solar Power
GA Genetic Algorithm
HFLCAL Heliostat Field Layout Calculation
MOPSO Multi-Objectives Particle Swarm Optimization
MOGOA Multi-Objectives Grasshopper Optimization Algorithm
NSGA-III Non-Sorted Genetic Algorithm
PESA-II Pareto Envelope-Based Selection Algorithm
SPEA2 Improving the “Strength Pareto Evolutionary Algorithm”.
STEC Solar Thermal Electric Components
TOPSIS Technique of Order Preference Similarity to the Ideal 

Solution
TRNSYS Transient Systems Simulation Program
REFPROP REFerence fluid PROPerties
WRI World Resources Institute
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R. Buck, et S. Friedmann [19] have presented a thermal and eco
nomic study of a solarized 100kWe microturbine. The electric efficiency 
of the hybrid system has been found lower by 2 % compared to the 
original microturbine without solar hybridization. However, the solar 
share made a significant contribution to fuel savings. In addition, it has 
been found that such hybrid technology can produce electricity at 92 
€/MWh.

P. Heller et al. [14] have tested the first prototype of solar powered 
gas turbine system at CESA-1 tower facility in Spain. The test results 
showed that the pressurized air temperature at the combustor air inlet 
provided by the air receiver reached 960 ◦C. The amount of produced 
electrical power was 165kWe with 70 % solar contribution.

In a similar project namely PEGASE, where a theoretical hybrid solar 
gas turbine system was simulated by P. Garcia [20]. A centrale air 
receiver was used to heat up pressurized air at 850 ◦C, then a combustion 
chamber has been employed to burn the mixture air–fuel producing gas 
at 1000 ◦C. According to the study’s outcome, the collected solar energy 
at the central receiver system could provide 62 % of the required ther
mal power to the gas turbine.

SOLUGAS project, implemented in Spain, and presented by R. Kor
zynietz et al., [21] has been proposed to demonstrate the feasibility of 
the first megawatt scale hybrid solarized gas turbine power plant. This 
project has applied a tubular air receiver proposed earlier by the same 
author [22]. The hybrid plant has undergone more than 1000 operation 
hours, and the receiver outlet temperature reached 800 ◦C. Under ISO 
conditions, the anticipated open cycle efficiency has been found to be 
27 %. To increase the hybrid plant efficiency, it has been recommended 
to add a bottoming cycle to recover the waste heat from exhaust gas 
turbine.

Hischier et al. [23] have analyzed and compared the thermal per
formance of three thermodynamic cycles namely, Brayton, recuperated 
Brayton, and combined Brayton-Rankine cycles. A 50 MW solar power 
tower was used as the main source of energy, where a cluster of solar 
receiver modules has been used. The numerical results demonstrate that 
a 37 % of solar-to-electricity efficiency is achievable. However, the 
shading/blocking efficiency has not been considered in their analysis.

M.J. Santos et al. [24] have proposed a single step recuperative 
closed Brayton cycle hybridized with a solar tower. The thermodynamic 
model has been validated against data from SOLUGAS project [25]. The 
authors claimed that a hybrid gas central solar tower plant with recu
perative system could save 11.7 % of fuel during summer season against 
8.7 % without recuperative mode. An improved version of the thermo
dynamic model has been proposed by R.P. Merchán et al. [26] to eval
uate a hybrid thermosolar central tower Brayton plant in terms of annual 
performance and emissions. The authors concluded that in the case of 
real operating conditions with recuperation the solar share has been 
found to be 0.164. However, yearly fuel consumption and emissions 
have been lessened by 8.313 %. In a recent work done by the same 
authors [27], a thermo-economic and sensitivity analysis of a solar 
tower hybrid Brayton cycle power plant has been presented. The authors 
concluded that turbine inlet temperature, and solar receiver aperture 
size are the most affecting parameters on levelized cost of energy (LCOE) 
output values.

J. Yang, G. Xiao, M. Ghavami et al. [28] have developed a mathe
matical model along with a control strategy to assess the thermodynamic 
performance of a solar micro gas turbine with thermochemical energy 
storage. The results show that, this control strategy guaranteed a stable 
power production of 12.6 kWe ± 5 % under 750–820 W/m2. The co- 
authors G. Xiao et al. [29] in another study have combined a micro 
solar gas turbine with steam injection and organic Rankine cycle. Four 
typical days of the year have been considered to evaluate the system. 
The simulation results showed that a maximum fuel consumption 
reduction of 24.6 % can be achieved during summer solstice.

Amani & Ghenaiet [30] have carried out a multi-objective optimi
zation population-based GA of a hybridized combined Brayton-Rankine 
cycle power plant with a solar tower plant. The results showed that the 

net solar energy ratio may reach up to 23.5 %, and the levelized cost of 
energy could be reduced by 16 %. In addition, over 30 years of operating 
service the hybrid plant may reduce emissions by 0.33 million tonnes.

A. Ahmadi, M.A. Ehyaei, D.H. Jamali et al. [31] investigated the 
energy, exergy, and economic performance of a hybrid thermodynamic 
power plant under two configurations with (referred as System 1) and 
without (referred as System 2) integration of solar heliostat receiver. 
Authors reported that in terms of economical point of view system 2 has 
been found less profitable by 21 % against system 1. The main reason 
behind this low economic performance of the system 2 could be attrib
uted to the weak optimization of the heliostat field and air-receiver 
parameters.

S.M. Alirahmi et al. [32] proposed a hybrid cogeneration plant for 
electricity, freshwater and hydrogen production. The exhaust gas exiting 
high pressure turbine is reheated using a solar tower before entering a 
low-pressure turbine. A multi-objective optimization has been made 
using NSGA-II, MOPSO, SPEA2, and PESA-II. By using TOPSIS technique 
for best trad-off solution, the optimization output provided an optimum 
for the total cost rate and exergy efficiency of 224.1 $/h and 26.7 %, 
respectively.

J. García-Ferrero et al. [33] conducted a study on the incorporation 
of Brayton technology in both central tower plants and parabolic dish 
farms across three different global locations. Although the technical 
outcomes appeared highly promising, the financial analysis showed that 
central tower plants demand more significant investments than para
bolic dish farms. R Ghasemiasl et al. [34] explored a solar-hybrid 
cogeneration cycle that combines a heliostat-based solar system with a 
25-MW gas turbine, aiming to produce both electricity and freshwater 
across various locations. The innovative system has the potential for an 
annual fuel saving of approximately USD 2.4 million, and electricity 
generation rate at 86.9 USD/MWh. F. Rovense et al. [35] analyzed the 
off-design performance maps of a micro gas turbine when integrated 
into a Concentrating Solar Power. The findings revealed that increasing 
the turbine inlet pressure, coupled with increased solarization that raises 
the turbine inlet temperature to 850 ◦C, can yield a net power output of 
up to 570 kWe and achieve an efficiency of 34 %. Recent literature has 
offered interesting insights into the application of microturbines in 
concentrated solar power. To advance sustainable energy systems 
through solar integration, Hemmatpour et al. [36] optimize a gas-solar 
cogeneration cycle that produces electricity and fresh water. Using 
PSO optimization method, they achieve a 0.5 % increase in energy ef
ficiency, and a 1 % reduction in exergy destruction. Similarly, Ghase
miasl et al. [37] expand the scope to a multigeneration system, 
integrating solar power with combined cycle power plants to produce 
electricity, water, and hydrogen. Their approach reduces emissions by 
9.8 % and yields annual fuel savings of $8.7 million.

Noteworthy studies on this subject have been reported by R De 
Robbio [38] and Jingqi Li et al. [39].

1.1. Main scope and Contributions of this study

Based on our literature survey, there are limited real-case studies on 
hybrid solar tower gas power plants that focus on multi-objective opti
mization and the application of multi-criteria decision-making methods 
for optimal design. Therefore, in this study, an existing gas-fired power 
plant has been redesigned through the integration of heliostat field and 
central air receiver for preheating propose. In addition, this study pio
neers the application of the NSGA III and the MOGA for multi-objective 
optimization in the context of solarized gas power plants design. 
Moreover, to effectively identify the optimal trade-off design option 
among various scenarios and priorities, this study, to the best of the 
authors’ knowledge, represents the first utilization of a hybrid multi
criteria decision-making approach within the context of solarized gas 
power plant design. This novel approach, developed in this study, 
simultaneously combines the Fuzzy Analytic Hierarchy Process with the 
Technique for Order of Preference by Similarity to Ideal Solution 
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methods. Furthermore, the ingenious design strategy that integrates 
these two advanced methods – multi-objective optimization and multi
criteria decision-making – constitutes a significant innovation in the 
field. It enables the design of an optimal solar gas power plant charac
terized by low carbon emissions, competitive LCOE, minimal land 
footprint, and reduced natural gas consumption. This contribution not 
only advances the field but also addresses a critical gap in existing 
literature on solarized gas power plants.

2. Concept implementation and location selection

The selection of the gas power plant location was based on specific 

criteria, including favorable weather conditions for CSP technology and 
proximity to open areas suitable for installing a heliostat field. It was 
essential to avoid residential areas and arable land. Therefore, a 7.2 
MWe gas power plant located in El Menia province in the south of 
Algeria was chosen for this study. The GPS coordinates of the power 
plant are 30◦36′27.4″N 2◦54′07.4″E, as shown in Fig. 1.

The chosen location exhibits a high annual Direct Normal Irradiance 
(DNI) of 2205.4 kWh/m2 , making it highly favorable for the deploy
ment of on-grid CSP [40]. The weather conditions used in various cal
culations for this study are depicted in Fig. 2 and are based on Typical 
Meteorological Years from 2004 to 2018, sourced from the local mete
orological station and available online at Climate.OneBuilding.Org [41].

Fig. 1. Location Map of the Project Site.

Fig. 2. Actual hourly weather characteristics of the selected location based on typical meteorological years from 2004 to 2018.
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3. Methods

This study developed a comprehensive numerical model to design 
and assess the proposed hybrid solarized gas power plant. The model 
includes the heliostat field, thermal receiver design, turbine perfor
mance, and economic analysis for calculating energy cost.

3.1. Working principle of the proposed hybrid system

The hybrid solar gas power plant operates by using a solar tower, 
heliostat field, and central receiver to partially supply the thermal power 
needed to heat the working fluid at the turbine inlet. This method de
creases natural gas usage in the combustion chamber, thereby reducing 
emissions. The hybrid system’s detailed layout is shown in Fig. 3.

When solar radiation is insufficient (e.g., at night or during cloudy 
periods), the hybrid system operates in conventional gas turbine mode, 
relying solely on natural gas combustion to heat the air to the required 
turbine inlet temperature.

3.2. Receiver thermal model

The central receiver considered in this study is a pressurized cavity 
tubular air receiver, similar to the one used in the SOLUGAS project 
[21]. To evaluate its thermal performance, particularly the enthalpy of 
the preheated air at the outlet of the receiver Hrec out , a thermal model 
was developed based on the first law of thermodynamics i.e., the energy 
balance equation. The determination of Hrec out is done using equation 
(1). 

Hrec out = Hc out +
Q̇abs

ṁair
(1) 

ṁair is the air mass flow rate, and Hc out is the air enthalpy at the outlet of 
the compressor evaluated based on the outlet temperature Tc out deter
mined using equation (2): 

Tc out = Tamb ×

⎛

⎜
⎜
⎝1+

(
1
ηc

)

×

⎛

⎜
⎜
⎝r

(
γair − 1

γair

)

p − 1

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠ (2) 

Q̇abs is the net solar power absorbed by the receiver, representing the 
useful thermal power added to the air for preheating before entering the 

combustion chamber. The Q̇abs is highly dependent on the quality of 
insulation and the optimal geometry design of the cavity receiver. 

Q̇abs = αrec.Pinc − Q̇loss (3) 

In the equation above, αrec is the absorption efficiency of the absorber 
material, Pinc is the incident solar radiation reflected by the heliostat 
field determined in the heliostat field section. Note that the thermal 
efficiency of the solar receiver is defined as the fraction of absorbed 
thermal power Q̇abs to the incident power Pinc.

Q̇loss represents the combined losses due to conduction, convection, 
and thermal radiation, as expressed in Equation (4). 

Q̇loss = Aabs.
(
UL.(Tint cav − Tamb)+ αeff .σ.

(
T4

int cav − T4
amb

) )
(4) 

Aabs is the absorber area, Tamb is the ambient temperature, UL is the 
overall convective and conductive heat transfer coefficient, αeff is the 
effective emissivity of the internal cavity receiver, and σ the Stefan- 
Boltzmann constant.

It is important to note that both UL and αeff are complex parameters 
that depend on the cavity receiver geometry and the experimental 
operating conditions. To ensure an acceptable accuracy calculation of 
the receiver performance, the proposed values for both UL and αeff as 
suggested by M.J. Santos et al [24] for the validation of their work have 
been employed. These were further confirmed by R.P. Merchan et al. 
[27] in a separate study.

The energy losses resulting from conduction, convection and radia
tion are calculated based on the average temperature of the internal 
cavity, Tint cav, which is determined using Equation (5). 

Tint cav = Tair avg +
ṁair.cpair.(Trec out − Trec in)

Aabs.hint fc
(5) 

Tair avg is the average temperature of the air in the receiver (Trec out+Trec in
2 ), 

Trec in is the air inlet temperature in the receiver equal to compressor 
outlet temperature Tc out . hint fc is the heat transfer coefficient for in
ternal flow forced convection.

The outlet temperature of the receiver (Trec out) is determined 
through an iterative calculation process by solving Equations (1) to (5). 
It is worth mentioning that the thermophysical properties of the air are 
calculated at average temperature using the REFPROP code.

Fig. 3. Layout of the integrated solar tower in a gas power plant. The system consists of a heliostat field and a pressurized air receiver, a combustion chamber, and a 
gas turbine.
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3.3. Combustion chamber and turbine modeling

After leaving the solar receiver, where the air is preheated to Trec out , 
it enters the combustion chamber of the turbine section. The El Menia 
gas power plant utilizes the TAURUS 70S gas turbine model for elec
tricity generation. This turbine operates on a simple Brayton cycle 
without a recuperator. The specifications of the turbine are detailed in 
Table 1.

The quantity of natural gas, ṁCH4, required for combustion is care
fully controlled to ensure that the turbine inlet temperature, Tt in, re
mains within the recommended limit set by the manufacturer 
(Tt in ≤ 1121◦C). Additionally, the amount of natural gas is influenced 
by the value of Trec out , which varies daily and seasonally in response to 
the available DNI. Hence, higher values of Trec out result in reduced 
natural gas requirements.

To estimate the required amount of natural gas in the solar-gas 
hybrid mode of the power plant, an energy balance has been per
formed for the combustion chamber, leading to the development of 
Equation (6). 

ṁCH4 =
ṁair.(Hcc out − Hrec out)

ηcc.LHV − Hcc out
(6) 

The Hcc out represents the enthalpy of the combustion product mixture, 
which includes CO2, O2, H2O, and N2, and is evaluated at the recom
mended temperature of Tt in ≤ 1121◦C using Equation (7). 

Hcc out = mCO2HCO2 +mH2OHH2O +mO2HO2 +mN2HN2 (7) 

The mass fraction, m, for each combustion product is determined using a 
set of equations for combustion modeling, which are solved iteratively. 
The detailed model can be found in [43].

The net power output of the turbine is calculated using Equation (8). 

Ẇt = (ṁair + ṁCH4).(Ht in − Ht out) − ṁair.(Hc out − Hc in) (8) 

The enthalpy of the air at the compressor exit Hc out is equal to the 
enthalpy of the air at the receiver entrance Hrec in, while the enthalpy of 
the air at the compressor entrance Hc in is evaluated at ambient tem
perature. Additionally, the enthalpy of gas mixture at the turbine 
entrance Ht in is equal to the enthalpy of combustion products Hcc out , 
while the enthalpy of exhaust gas at the turbine exit is calculated using a 
similar equation to Equation (7), replacing Hcc out with Ht out and eval
uating the different combustion product enthalpies under the turbine 
outlet temperature using Equation (9). 

Tt out =
Tt in

(

1 − ηt

(

1 −

(
1
rp

)1− γgas
γgas

))
(9) 

Two key parameters used to assess the performance of the solar-gas 
hybrid power plant are the overall thermal efficiency and the solar 
share factor, defined by Equations (10) and (11) [24]. 

ηth =
Ẇe

ṁCH4LHV + Ps field
(10) 

The net electrical power produced, Ẇe, is calculated assuming a 
generator and transmission efficiency of 98 %. The total solar radiation 
incident to the heliostat field, Ps field, depends on the number of helio
stats and their effective area, as well as the DNI, which varies hourly and 
seasonally. 

fs =
Q̇abs

Q̇abs + ηccṁCH4LHV
(11) 

After determining the required quantity of natural gas under the hybrid 
mode using Equation (6), we can calculate the annual volume of natural 
gas saved using Equation (12). 

Vs CH4 = VCH4 con − 3600.cf .
∫ 8760

1
ṁCH4(t)dt (12) 

Where VCH4 con represents the annual natural gas consumed by the 
original gas power plant without solar hybridization and cf =
1.2412(m3/kg) is used as the conversion factor to convert the mass of 
natural gas to volume. Furthermore, to estimate the amount of avoided 
CO2 emissions, a factor of 2.649( kgCO2

kgnaturalgas
) has been used as per the 

literature recommendation [44].

3.4. Economic model

The proposed modification to the El Menia gas power plant will 
require new investments related to the solar part, including the cost of 
heliostats, land, tower, and solar air receiver. As a result, the LCOE for 
this hybridization will differ from that of the original power plant. To 
estimate the minimum electricity sale price required for the hybrid 
power plant to be financially viable, we use Equation (13) [45]. 

LCOE =
CRFZinv + ZO&M

Eele
(13) 

Eele is the annual electrical energy generated by the hybrid power. The 
capital recovery factor, (CRF), is set to 9.88 % [45], and Zinv represents 
the total investment for the hybrid power plant, which includes both the 
power block and solar tower systems along with their subsystems. The 
cost of each element of the entire hybrid system is determined using the 
formulation model reported by Spelling [46]. To account for inflation, as 
suggested in [27], the Marshall and Swift index has been utilized to 
adjust and update all equipment costs. ZO&M denotes the annual opera
tions and maintenance costs, which also incorporates the fuel cost, i.e., 
the natural gas consumption. For this study, the average price of natural 
gas in Algeria for 2023 was assumed, which was 1.1723USD/MBtu.

3.5. Heliostat field design and performance assessment

This study uses an in-house code to create a radial staggered heliostat 
field, previously detailed and validated by A. Belaid et al. [47] and T. 
Arrif et al. [48]. The code initially generates a full field, then removes 
inefficient heliostats, retaining only the more efficient northern half. As 
section 3.2 states, the solar receiver’s incident thermal power Pinc equals 
the available solar radiation in the heliostat field times its optical 

Table 1 
Characteristics of TAURUS 70S gas turbine. Please note that parameters marked 
with * were obtained from [42], those marked with ** were assumed for vali
dation purposes, and those marked with *** were calculated.

Component Parameter Symbol Value Unit

Compressor Air mass flow rate* ṁair 25 kg/s
Pressure ratio* rp 16:1 −

Design speed* nc 15,200 rpm
Isentropic efficiency** ηc 73.5 %
Specific heat ratio of air*** γair 1.38 −

Combustion 
chamber

Combustion efficiency** ηcc 94 %
Lower heating value of 
natural gas**

LHV 47.141 MJ/ 
kg

Natural gas mass flow 
rate***

ṁCH4 0.44 kg/s

Air-fuel ratio*** AF 62.042 −

Turbine Power* Ẇt 7.2 MW
Recommended turbine 
inlet temperature*

Tt in 1121 ◦ C

Isentropic efficiency** ηt 84 %
Design speed* nt 6000–12000 rpm
Specific heat ratio of gas** γgas 1.325 −
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efficiency, as Equation (14) illustrates. 

Pinc = ηfieldAref fieldDNI (14) 

Aref field denotes the total reflective area, which is equal to the number of 
heliostats, Nhel, multiplied by the area of a single heliostat, Asing. The 
term DNI stands for the hourly direct normal irradiance, as presented in 
Fig. 2.

The land footprint of the new hybrid power plant has been assessed 
using a factor called Land Use Factor (LUF). This factor is determined 
using Equation (15).

LUF(%) = 100 •
Ahf + App

Atot

(15)

Ahf , App, and Atot represent the heliostat land area, the area of the 
original gas power plant before modification, and the total land area 
owned by the company, respectively. App and Atot are estimated at 10ha 

and 150ha, respectively. Ahf , which varies with the installed solar 
power, is a key target for optimization.

4. Optimization methodology

To optimize hybrid power systems for techno-economic and envi
ronmental efficiency, three objectives are prioritized: minimizing LCOE 
and land area usage (Afield), and maximizing natural gas savings (Vs CH4). 
The optimal design balances these criteria. The study employs two 
multi-objective optimization methods: the NSGA-III [49,50] and the 
MOGOA for multi-objectives [51]. This marks MOGOA’s first use in 
optimizing hybrid solar gas power plants. Both algorithms generate 
diverse solutions along the Pareto front, offering decision-makers 
various trade-off options.

The general optimization flowchart for the two algorithms used in 
this study is depicted in Fig. 4 and can be summarized as follows: 

Fig. 4. Flow chart for NSGAIII and MOGOA Algorithms.
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1. The optimization algorithm (NSGA III, MOGOA) assigns random 
values to ΔRi, Δαzi , and THn in the defined range.

2. A large heliostat number, greater than the expected size of the field, 
is generated (1500 heliostats were generated).

3. The security distances between the adjacent heliostats are simulta
neously checked to ensure there is no collision between adjacent 
heliostats.

4. All the candidate heliostats are evaluated in the absence of shading 
and blocking at noon on March 21st under DNI value of 850 W/m2. 
The sun position is calculated according to the hybrid power plant’s 
location (El-Golea, Algeria, at noon March 21st).

5. This step involves sorting the candidate heliostats in descending 
order based on their individual efficiencies. The number of heliostats 
is then counted until the total thermal power incident on the solar air 
receiver reaches 11.5 MWth. This step determines the number of 
heliostats and, consequently, the field area, which is the first objec
tive function.

6. The weighted efficiency of the resulting heliostat field, along with its 
associated tower height, will be evaluated on a yearly basis, 
considering the shading and blocking efficiencies.

7. Next, the air receiver, combustion chamber, gas turbine and eco
nomic analysis models are applied to calculate the natural gas vol
ume saved Vs CH4, and LCOE for the corresponding heliostat field. 
This step allows us to obtain the second and third objective functions.

8. Finally, the NSGA-III and MOGOA algorithms employ their respec
tive criteria to obtain the final optimized solution.

9. Up to this step, a complete iteration is performed, and the entire 
process is repeated starting from Step 1 until the maximum pre
defined iteration is achieved. By doing so, the two optimizers will 
generate optimal Pareto curves, showcasing the different trade-offs 
among the objectives and providing a range of efficient solutions 
for the hybrid solar gas power plant design.

The optimization in this study is conducted over 12 representative 
days of the year, selected for each month’s distinct DNI, temperature, 
and wind speed, significantly reducing computational time. This method 
is inspired by previous research such as S.M. Besarati, D. Yogi Goswami 
[51], and P. Piroozmand, M. Boroushaki [52]. The final design is chosen 
based on expert priorities using Fuzzy logic AHP and TOPSIS decision 
methods. After selection, the hybrid plant’s yearly performance is 
recalculated with daily averages, providing a thorough evaluation of its 

efficiency and alignment with government energy policies.

5. Results and discussion

This section has three parts: validating the mathematical models, 
comparing optimization results from NSGA-III and MOGOA, and 
analyzing the El Menia plant’s hybrid mode’s techno-economic perfor
mance. The analysis will highlight the system’s efficiency and economic 
potential for improvement and implementation.

5.1. Model validation

The accuracy of the thermal model for assessing the receiver’s per
formance was checked by comparing its predictions with experimental 

Fig. 5. Validation of the thermal model for pressurized air receiver. The test numbers correspond to the experimental tests and their respective validation results.

Table 2 
Parameters and characteristics of the proposed air receiver for the present 
application compared to SOLUGAS project’s receiver. All of the parameters 
indicated in the table for SOLUGAS project’s receiver are taken from [21], 
except that marked by (*) has been calculated. The assumed values for UL and 
αeff taken from [24].

Parameters Unite Pressurized air receiver 
design for the current 
application

SOLUGAS 
project’s 
receiver

Thermal power MWth 11.5 3.2
Design receiver outlet 

temperature

◦ C 800 800

Mass flow rate kg/s 25 5.7
Working pressure bar 16 9
Absorber area m2 193.5 ~ 60
Aperture area m2 ~12.6 ~ 6
Absorber radiated length m 5 5
Receiver diameter m 4 2.75
Tube inner diameter mm 19.6 19.6
Tube thickness mm 1.4 1.4
Number of panels − 22 10
Number of tubes per 

panel
− 25 17

Maximum air velocity m/s 25.35 26.2*
Conduction and 

convective heat 
transfer coefficient UL

Wm2.K 5 5

Effective emissivity αeff − 0.1 0.1
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results from R. Korzynietz et al. [21], focusing on outlet temperature and 
efficiency of the receiver.

Fig. 5 shows that the predicted data closely match experimental re
sults, with a mean deviation of 5.57% for receiver efficiency and 2.76% 
for outlet temperature. This indicates the thermal model’s accuracy, 
making it reliable for use. Additionally, Table 2 compares parameters of 
the proposed receiver design with the SOLUGAS project’s receiver.

The design of the solar receiver, including the number of tubes and 
panels, ensures air velocity doesn’t exceed 26m/s, and the outlet air 
temperature stays below 800◦C to align with the material tolerance of 
typical solar air receivers.

Model accuracy for predicting natural gas requirements was vali
dated by comparing model data with actual THAURUS 70S [42] turbine 
field data, detailed in Table 3.

5.2. Output of multi-objective optimization of both NSGA-III and 
MOGOA

To address the stochastic nature of the optimization methods, mul
tiple runs have been conducted for each method. Specifically, each 
optimization method was executed 6 times, with the number of itera
tions set to 100 and the population size to 40 for each run. The results for 
the three chosen objectives, and heliostat field performance are pre
sented in Fig. 6 and Fig. 7, respectively.

Fig. 6 shows that NSGA-III achieved a lower average LCOE 
(89.87USD/MWh) compared to MOGOA (90.24USD/MWh). However, 
MOGOA surpassed NSGA-III in annual natural gas savings, with 
MOGOA’s top 240 solutions averaging 2.381Mm3, slightly higher than 
NSGA-III’s 2.376Mm3.

Fig. 7 reveals that NSGA-III optimizes heliostat fields more efficiently 
than MOGOA, resulting in smaller areas (9.46ha for NSGA-III vs. 
10.83ha for MOGOA) and slightly higher optical efficiency (74.32% for 
NSGA-III vs. 74.24% for MOGOA). NSGA-III’s smaller heliostat fields 
contribute to its lower LCOE, while MOGOA’s larger fields yield better 
annual natural gas savings due to increased solar radiation capture, 
however with a higher LCOE. Thus, it’s evident that the two methods 
prioritize differently: NSGA-III emphasizes minimizing LCOE and he
liostat field area, while MOGOA prioritizes maximizing gas savings.

Choosing the best design for a hybrid power plant is complex, 
involving a balance between LCOE, gas savings, and heliostat field size. 
To address this, the study uses the hybrid Fuzzy AHP-TOPSIS method for 
decision making. This method incorporates expert-defined scenarios and 
weights for each objective (illustrated in Figs. 8 and 9, detailed in 
Table 5, with priorities from Table 4). The linguistic terms for these 
priorities are based on triangular fuzzy numbers (referenced in [52]).

This multi-criteria decision-making approach aids in identifying the 
most suitable design point, considering the trade-offs between the three 
key objectives.

Table 3 
Validation results for combustion chamber and turbine modeling.

Inlet turbine 
temperature 
(

◦ C)

Outlet turbine 
temperature 
(

◦ C)

Turbine 
power 
(kW)

Turbine 
efficiency 
(%)

Experimental 
[42]

1121 488 7236 34

Present model 1119.8 493 7238.1 34.89
Deviation (%) − 0.1070 1.0246 0.03 2.617

Note that the turbine inlet temperature, and to some extent the combustion 
chamber temperature, greatly depends on the amount of natural gas injected and 
the efficiency of the combustion chamber. Therefore, accurately predicting the 
mass flow rate of the natural gas leads to a precise determination of the turbine 
inlet temperature. Based on the data presented in Table 3, it can be confirmed 
that the developed model accurately predicts the mass flow rate of the natural 
gas and various turbine parameters.

Fig. 6. LCOE and annual saved NG obtained from NSGA-III and MOGOA.
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The ideal design points in Figs. 8 and 9, representing minimal LCOE 
and LUF with maximum natural gas savings, are unfeasible for imple
mentation. They serve as reference points in the TOPSIS algorithm, 
which also incorporates weight outputs from the Fuzzy Logic AHP 
method to select various design points shown in these figures.

Figs. 8 and 9 show a clear link between annual natural gas savings 
and the size of the heliostat field, regardless of whether NSGA-III or 
MOGOA optimization methods are used. The LCOE is influenced not 
only by land area but also by tower cost. Smaller heliostat fields require 
taller towers, while larger fields need shorter ones. Further LCOE anal
ysis will be presented later.

NSGA-III tends to produce fewer solutions with larger heliostat 
fields, as seen in its sparser scatter plot, in contrast to MOGOA, which 
offers more uniform distribution with numerous high-field area solu
tions. This suggests NSGA-III may prioritize smaller heliostat fields 

compared to MOGOA.
Both methods yield unique optimal points based on objective func

tion weights. Three implementation scenarios aligning with government 
priorities emerge. In arable regions, all objectives receive equal priority. 
In desert regions, land importance diminishes. Details can be found in 
Table 5.

The scenarios for arable regions, across both optimization methods, 
closely align with the ideal point in terms of land area. However, the 
suggested design points for desert regions are not as impressive in terms 
of LCOE, and annual natural gas savings. For instance, the ideal design 
point for NSGA-III has outputs of 2.398Mm3, 89.25USD/MWh, and 
6.468ha, whereas the outputs for the desert regions’ weights yield 
similar scenarios of 2.364Mm3, 90.22USD/MWh, and 6.647ha. While the 
land area is closely aligned with the ideal point, the LCOE, and annual 
natural gas savings fall short. Comparable observations apply to 

Fig. 7. Optical Efficiency (OE) and Heliostat field Area (HFA) obtained from NSGA-III and MOGOA.

Fig. 8. Selection of design points using the Fuzzy AHP-TOPSIS method and 
expert opinion, based on data optimized by the NSGA-III method.

Fig. 9. Selection of design points using the Fuzzy AHP-TOPSIS method and 
expert opinion, based on data optimized by the MOGOA method.
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MOGOA, the LCOE and annual natural gas saving values remain less 
than ideal.

To further emphasize the scenarios with higher annual natural gas 
savings, the priority given to the heliostat field area should be decreased. 
However, the 9-scale priority system used by the Fuzzy AHP decision- 
making method does not permit weight values below 0.053 for the he
liostat field area. Expert recommendations led to modifications in Fuzzy 
AHP Case 3 for the desert region hybrid power plant, setting expert- 
adjusted weights at 0.399 for LCOE, 0.001 for land area, and 0.600 for 
natural gas savings.

The scenarios resulting from Expert Opinion Case 4 show particu
larly promising results in terms of LCOE and annual natural gas savings, 
especially with the NSGA-III method. Notably, there’s a reduction of 
0.85% in LCOE compared to Fuzzy AHP Case 3. This reduction is largely 
due to the decrease in tower height from 75m to 35m, which subse
quently lowers the tower’s cost from 4.24 million USD to 2.98 million 
USD. While there is an increase in land area in Expert Opinion Case 4, 
the associated cost rise is marginal, increasing from 10.1 million USD to 
10.8 million USD, thus not significantly affecting the LCOE. On the other 
hand, there’s a noteworthy increment of approximately 1.31% in annual 
natural gas saving when juxtaposed with Fuzzy AHP Case 3. While both 
optimization methods show equal annual natural gas savings at 
2.395Mm3, NSGA-III exhibits a more favorable LCOE and land area, as 
presented in Table 6.

Given the analysis of each optimization method and the results from 
the decision-making process, the Expert Opinion Case 4 scenario from 
the NSGA-III method has been selected as the design proposal for the 
upcoming hybrid solar gas power plant proposed for Sonalgas Company.

5.3. Annual performance of the hybrid solar tower gas power plant under 
the selected design point

The heliostat field from NSGA-III has a slightly lower environmental 
impact compared to MOGOA’s field. Further characteristics of the 
selected design for the heliostat field are presented in Table 6.

Fig. 10 shows the yearly temperatures variation of different sub
systems in the hybrid power plant. The air receiver outlet temperature 
usually stayed below 800 ◦C, the absorber material’s limit. However, it 
exceeded 800 ◦C briefly in late August and early autumn. This is not 
critical, as the control system can defocus heliostats to reduce radiation. 
Heliostat defocusing was required for only 64 h, about 1.8 % of the 
yearly sunny hours.

Table 4 
Expert-derived pairwise comparisons using triangular fuzzy numbers.

Objectives Gas 
saving

LCOE Land 
Area

Consistency 
Ratio (RC)

Weights

Fuzzy AHP 
case 1

Gas 
saving

(1, 1, 
1)

(1, 1, 
1)

(1, 1, 1) 0.00 0.333

​ LCOE (1, 1, 
1)

(1, 1, 
1)

(1, 1, 1) ​ 0.333

​ Land 
Area

(1, 1, 
1)

(1, 1, 
1)

(1, 1, 1) ​ 0.333

Fuzzy AHP 
case 2

Gas 
saving

(1, 1, 
1)

(1, 1, 
1)

(9, 9, 9) 0.00 0.474

​ LCOE (1, 1, 
1)

(1, 1, 
1)

(9, 9, 9) ​ 0.474

​ Land 
Area

(1/9, 
1/9, 
1/9)

(1/9, 
1/9, 
1/9)

(1, 1, 1) ​ 0.053

Fuzzy AHP 
case 3

Gas 
saving

(1, 1, 
1)

(1, 2, 
3)

(9, 9, 9) 0.06 0.573

​ LCOE (1/3, 
1/2, 
1/1)

(1, 1, 
1)

(7, 8, 9) ​ 0.374

​ Land 
Area

(1/9, 
1/9, 
1/9)

(1/9, 
1/8, 
1/7)

(1, 1, 1) ​ 0.053

Table 5 
Design point selection for NSGA-III and MOGOA based on Fuzzy Logic AHP and expert opinion for the weights determination and TOPSIS for decision-making.

Weights LCOE 
(USD/MWhe)

Land Area 
(ha)

Gas Saved 
(Mm3)

WLCOE WLandArea WGasSaved NSGA-III MOGOA NSGA-III MOGOA NSGA-III MOGOA

Fuzzy AHP case 1 0.333 0.333 0.333 90.15 90.47 6.541 6.671 2.360 2.364
Fuzzy AHP case 2 0.474 0.053 0.474 90.22 90.28 6.647 7.028 2.364 2.367
Fuzzy AHP case 3 0.374 0.053 0.573 90.22 90.28 6.647 7.028 2.364 2.367
Expert opinion 

case 4
0.399 0.001 0.600 89.45 89.75 13.5 14.33 2.395 2.395

Table 6 
Heliostat field characteristics under the selected design point for NSGA-III.

Parameters Value Unit

Land area 13.5 ha
Heliostat number 350 −

Heliostat area 50 m2

Minimum heliostats separation distance 10.07 m
First row distance from tower 10 m
Mirror reflectivity 0.9 ​
Blocking and shadowing efficiency 98.2 %
Attenuation efficiency 96.5 %
Cos efficiency 81.5 %
Field optical efficiency 72 %
Sun deviation 2.51 mrad
Heliostat optical error 2.9 mrad
Tower height 35 m
Receiver diameter 4 m
Concentration ratio 1389 −

Fig. 10. Hourly temperature variation of the air from ambient to the receiver 
outlet, corresponding to the selected design point for NSGA-III.
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Fig. 11 shows the yearly hourly variation in available powers at the 
hybrid power plant, and Fig. 12 focusing on noon values. Annually, the 
heliostat field gets about 13.8 MW of incident solar power, with 10.4 
MW reflected to the air thermal receiver and 7.65 MW absorbed as 
thermal power. Peak irradiance occurs in spring and autumn. Winter 
sees reduced solar radiation due to low sun elevation, while summer’s 
decrease is due to airborne dust from sandstorms. In addition, the 
summer decrease in reflected solar radiation is mainly due to the cosine 
effect and lower attenuation factor. Conversely, the drop in electrical 
power generation is caused by the compressor using more mechanical 
power to pressurize hot summer air. Note that, the sharp drops in Fig. 12
indicate cloudy days or sandstorms.

The annual energy performance of the hybrid solar gas power plant 
are presented in Table 7. Specifically, the plant receives an annual 
incident solar energy of 38.3GWh, of which the heliostat field reflects 
27.5GWh. The net thermal energy absorbed by the air receiver amounts 
to 19.6GWh. Thus, the optical performance of the designed heliostat 
field and the absorbing efficiency of the air thermal receiver are 72% 
and 71.3%, respectively. The required combustion energy from natural 
gas has been found to be 158GWh. It’s worth noting that while under 
100 % natural gas operation this energy amounts to 183.6GWh.

Fig. 13 illustrates the annual variations in heat input from natural gas 
combustion for both the hybrid mode and the original mode without 
solar input at noon time. The heat input from the combustion chamber is 
influenced by both the ambient temperature and the heat absorbed by 
the air thermal receiver, which preheats the air.

Consequently, there is a corresponding reduction in the mass flow 
rate of natural gas consumption, as confirmed by Fig. 14. A closer ex
amination of the natural gas consumption curve for a 24-hour period on 
March 21st reveals the mass flow rate of natural gas during daylight at 
noon is almost halved in the hybrid mode, dropping to 787kg/h 
compared to 1570kg/h in the original mode.

The hourly mass flow rates depicted in Fig. 14 were accumulated and 
subsequently converted into volume, a unit more frequently used by 
financial departments and natural gas trading entities. The findings are 
displayed in Fig. 15. It is pertinent to highlight that the reduced 

Fig. 11. Annual hourly variation in available powers at the hybrid power plant. 
Data is based on the selected design point for NSGA-III.

Fig. 12. Annual variation in available powers from the hybrid power plant at noon. Data is based on the selected design point for NSGA-III.

Table 7 
Annual energetic performance of the hybrid power plant.

Parameters Value Unit

Available solar energy 38.3 GWhth
Reflected solar energy 27.5 GWhth
Absorbed solar energy 19.6 GWhth
Combustion energy 158 GWhth
Electrical energy 62 GWhth
Power plant efficiency 31.74 %
Solar share 11.64 %
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consumption recorded in February is attributable to the fewer operating 
hours characteristic of this month. On the other hand, the months of 
March through August register the highest savings in natural gas vol
ume, peaking at 0.23Mm3 in April. Conversely, the smallest savings, 
amounting to 0.156Mm3, are seen in December. Based on the insights 
provided in Fig. 15 the most suitable months to schedule maintenance 

operations for the hybrid power plant are either January or December.
In summary, the power plant’s annual natural gas consumption 

stands at 17.41Mm3, amounting to an annual cost of 1.88 million USD. 
However, by incorporating the solar tower technology for hybridization, 
this volume drops by 13.8 % to 15Mm3, thereby ensuring an impressive 
annual saving of 2.41Mm3 in natural gas in terms of volume and 

Fig. 13. Annual hourly heat input from the combustion chamber, comparing the hybrid mode based on the selected design point for NSGA-III, with the orig
inal mode.

Fig. 14. Hourly variation of natural gas mass flow over a year, comparing the original mode with the hybrid mode.
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approximately ~ 260,000 USD in financial terms. Moreover, this 
quantity of natural gas equates to the yearly average consumption of 
approximately 3600 Algerian households.

Integrating a gas power plant with solar tower technology reduces 
natural gas use and carbon footprint but requires more investment, as 
shown in Fig. 16. The heliostat field represents 44.8 % of total costs, 
while the thermal receiver and tower are 19.1% and 1 2.4%, respec
tively. This raises the LCOE to 89.5USD/MWh (see Table 8). While the 
resulting LCOE has been found in line with values in the literature 
[35,54], but there are concerns about the heliostat field cost estimation 
used in the model reported in ref. [28]. The model suggests a heliostat 
cost of 200USD/m2, higher than recent estimates [53 54].

Consequently, the resulting LCOE for the hybrid power plant may not 
reflect its actual energy cost, complicating decision-making for local 
policymakers and stakeholders. To attain a more accurate LCOE, the 
costs of CSP components, especially heliostats and tower, were reas
sessed. A lower heliostat cost of 140USD/m2 [53] and a land acquisition 
cost of 1USD/m2 in the desert region were considered. Additionally, 
while the air thermal receiver might require imports, local 

manufacturing of the heliostat field and tower can reduce costs by at 
least 15 % as suggested by the expert, leveraging native materials, en
ergy, and labor, and benefiting from lower local expenses compared to 
European standards.

Following these adjustments, the revised costs for the heliostat field 
and tower stand at 6.9 million USD and 2.53 million USD, respectively. 
Consequently, the recalculated LCOE for the hybrid solar gas power 
plant now stands at 78USD/MWh. With the refined parameters to 
reassess the CSP components’ costs, it is reasonable to conclude that this 
updated LCOE is much more accurate. If any margin of error remains, it 
is more likely the figure is an overestimation rather than an 
underestimation.

Furthermore, the recalculated LCOE for the hybrid solar gas power 
plant has proven to be more competitive compared to the global 
weighted average LCOE in 2022 for offshore wind and Concentrated 
Solar Power, which were 81USD/MWh and 118USD/MWh, respectively 
[55].

The 13.8 % emissions reduction and LCOE increase to 78 USD/MWh 
reflect a deliberate trade-off: integrating solar energy into an existing 
gas turbine to reduce fossil fuel consumption while maintaining dis
patchability. Unlike standalone CSP or wind offshore, which offer zero 
emissions but are intermittent, the present hybrid system provides 
continuous power, which is a critical advantage over intermittent re
newables. This approach leverages existing infrastructure, facilitating a 
gradual transition to low-carbon energy in regions reliant on natural gas.

Introducing recuperative turbine or combined cycle indeed offers 
greater efficiency potential; however, it involves entirely new invest
ment decisions, including full turbine replacement or new plant con
struction. Such changes would deviate from the study’s original 
objective of offering a practical retrofit solution.

An environmental assessment for the modified gas power plant 
shows an increase in land use from 6.67% to 15.67%. However, in desert 
or remote areas, like in this study, where land isn’t crucial for agricul
ture or ecosystems, the impact of hybrid power plants is considered 
acceptable and not environmentally destructive.

In terms of carbon dioxide emissions, the gas power plant releases 
37.15kt of CO2 annually, and after hybridization, this amount decreases 
to 32kt, marking an annual emission avoidance of 5.15kt of CO2. This 
equates to a reduction rate of approximately 81.6gCO2/kWh (or 
715tCO2 per hybrid megawatt-electric installed). Moreover, if a carbon 

Fig. 15. Comparison of the annual natural gas consumption by the power plant 
under 100% fossil fuel operation and solar-hybridized mode, and the monthly 
volume of natural gas saved through hybridization.

Fig. 16. Cost breakdown analysis for the hybrid power plant, corresponding to the selected design point from NSGA-III. Note that, the operation and maintenance 
costs are expressed in annual terms.
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tax or Emission Trading Scheme similar to the one in Spain, priced at 18 
USD per ton of CO2 [56], is implemented, could yield annual savings of 
92,700 USD in carbon emission taxes.

While the case study presented in this paper is located in Algeria, the 
findings have broader implications, particularly for regions with high 
concentrated solar potential and a substantial share of electricity pro
duction from natural gas. Consequently, an effort has been made to 
explore the potential impact of this study in the MENA region. According 
to Ember Electricity Data Explorer [57], the MENA region’s electricity 
production from natural gas in 2022 amounted to 12 TWh. With the 
carbon intensity of natural gas-generated electricity around 490 gCO2/

kWh [58], this translates to approximately 586 million tonnes of CO2 
emissions. Therefore, implementing the concepts and findings from this 
study in the MENA region could potentially reduce CO2 emissions by as 
much as 96 million tonnes.

6. Conclusion

This study has extensively investigated the hybridization of a gas 
power plant with solar tower technology, focusing on optimization, 
economic assessment, and environmental impact. The research findings 
and outcomes can be summarized as follows: 

1. Multi-objective optimization was conducted using two distinct 
methods, NSGA-III and MOGOA. NSGA-III demonstrated superiority 
in achieving a lower LCOE, while MOGOA excelled in delivering 
higher annual natural gas savings. The selection between these 
methods ultimately depends on the primary focus, whether it be cost 
reduction or gas savings.

2. The decision-making process employed a Fuzzy-AHP coupled with 
TOPSIS to identify the optimal design point among various scenarios. 
The chosen scenario, recommended by experts, prioritized gas sav
ings while maintaining competitive LCOE and LUF.

3. The hybridization led to a notable reduction in natural gas con
sumption, amounting to 13.8%. This translated to an annual savings 
of 2.41Mm3 in volume and approximately 260,000 USD in financial 
terms. Remarkably, this volume of saved natural gas equated to the 
yearly average consumption of around 3600 Algerian households.

4. A comprehensive cost breakdown and LCOE analysis revealed that, 
while introducing CSP components initially increased investment 
costs, a reevaluation of cost parameters resulted in a significantly 
more competitive LCOE of 78USD/MWh. This positions the hybrid 
solar-gas power plant as a promising and economically viable 

addition to Algeria’s energy landscape, especially considering recent 
pricing benchmarks.

5. In terms of environmental impact, the LUF increased to 15.67 %, but 
considering the desert location and minimal impact on agriculture, 
the environmental impact is acceptable. Furthermore, carbon diox
ide emissions could be reduced by 81.6gCO2/kWh (or 
715tCO2/MWe) annually contributing positively to sustainability 

goals, and could lead to an annual savings of 92,700 USD in relation 
to the taxes imposed on carbon emissions.

6. Applying the concepts and findings of this study to the MENA region, 
which heavily relies on natural gas for electricity, could potentially 
reduce CO2 emissions by up to 96 million tonnes.

Future work could explore the integration of a recuperative turbine 
and thermal energy storage to enhance system flexibility and reduce 
natural gas consumption. This approach could potentially increase the 
solar share beyond the current 11.64 % and yielding additional emis
sions reductions.

In summary, while the hybrid concentrated solar gas power plant 
demands a substantial initial investment, there is potential for cost re
ductions through future optimization studies. Notably, this hybrid plant 
could stand out for its conservation of fossil fuel resources and its 
capability to reduce pollutant emissions. Such attributes highlight its 
value as a pivotal low-carbon technology in the energy transition 
journey, a fundamental commitment not only in Algeria but also in 
numerous fossil fuel-consuming countries for the upcoming decade.
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