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ABSTRACT. In many developing countries, the use of conventional power plants to generate electricity is not meeting the increasing 
demands. Therefore, it has become important to find sustainable alternatives. In the present study, a solar hybrid combined cycle power 
plant consisting of a solar thermal plant, large-scale gas and steam turbines, and a magnetohydrodynamic generator has been investigated 
under oxy-fuel combustion. The performance analysis of this system under fuel pressure rate varying from 10 to 25 bar was conducted 
using Cycle Tempo software. The analysis of the gas and steam combined cycle shows that the net powers and the net efficiencies obtained 
ranged from 98 MWe to 134 MWe and 30.5% to 40%, respectively. In addition, the integration of the magnetohydrodynamic generator to 
the combined cycle led to an increase in the overall power from 169 MWe to 205 MWe. Moreover, it is seen that the fuel mass rate (2.81 
kg/s) obtained in the gas turbine system under oxy-fuel combustion is significantly reduced when compared to conventional systems. The 
incorporation of solar energy and oxy-fuel combustion in the gas turbine system has increased the combustor inlet and outlet temperature 
and reduced the fuel consumption. From these observations, the solar hybrid system proposed in this study does not only generates 
electric power but also reduce the turbine exhaust fumes and CO2 emissions, which is a key factor in minimizing environment pollution. 

Keywords:  Solar thermal plant, Oxy-fuel combustion, Gas and Steam Turbines, Magnetohydrodynamic generator, power. 

Article History: Received: 11th December 2020; Revised:  16th April 2021; Accepted: 8th May 2021;  Available online: 20th May 2021 
How to Cite This Article: Ayeleso, A.O. and Raji, A.K. (2021). An Enhanced Solar Hybrid Brayton and Rankine Cycles with Integrated 
Magnetohydrodynamic Conversion System for Electrical Power Generation. Int Journal of Renewable Energy Development, 10(4), 755-767 
https://doi.org/10.14710/ijred.2021.34927

1. Introduction 

In the past decades, the use of fossil fuels has contributed 
to an increase in pollution, human and ecosystem toxicity, 
acidified land, and particle formation. Aside from this, 
fossil fuels availability is depleting very fast and can no 
longer meet the increasing electricity demands, especially 
in developing countries. Thus, integrating 
environmentally friendly renewable energy sources (solar 
energy) and oxy-fuel combustion into conventional power 
plants could help countries achieving their energy 
requirements (Allam et al. 2013; Eason et al. 2016; 
Hoseinzadeh et al. 2020a; Hoseinzadeh et al. 2020b). Solar 
power tower (SPT) plant, also known as concentrated solar 
power (CSP) is one of the main alternative renewable 
energy technologies used for the production of heat and 
generation of electricity. According to Poživil et al. (2014), 
an SPT plant consists of two-axis tracking specular 
mirrors (heliostats), which capture and concentrate solar 
energy to a central receiver system (CRS). The CRS is 
placed on top of a fixed solar tower where liquid and gases 
are heated at high temperatures. The preheated fluids are 
either injected into a gas turbine (GT) or a steam turbine 
(ST) to generate electricity (Kalogirou 2011; Wallentinsen 
2016). Furthermore, the CRS can be design in a tubular or 
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pressurized volumetric shape (Malan 2014; Augsburger 
2015). The heat transfer fluid (HTF) commonly used in 
tubular receivers are synthetic oil, water, molten salt, 
liquid sodium and particles. In volumetric receivers, air 
and carbon dioxide (CO2) mediums are common (Zhang et 
al. 2013). Comparing these receivers, the volumetric type 
can heat fluids to temperatures between 800 °C and 1000 
°C at 10 bar, with an efficiency of about 78% (Hischier et 
al. 2009; Ho et al. 2009; Vogel 2010; Kalogirou 2011; 
Augsburger 2013; Behar et al. 2013; Ho and Iverson 2014; 
EL Hassani et al. 2020).    

Several studies in the literature have reported on the 
incorporation of solar thermal systems to the conventional 
power plants (Buck et al. 2002; Heller et al. 2006; Garcia 
et al. 2008; Jabbar 2014; Saghafifar and Gadalla 2016; EL 
Hassani et al. 2020).  

Antonanzas et al. (2014) examined the potential for 
solar thermal integration in 51 combined cycle gas 
turbines (CCGTs) under different operational settings in 
mainland Spain. They found that the overall efficiency of 
the plant decreases as solar air temperature increases. 

Korzynietz et al. (2016) investigated the integration of 
a megawatt (MW)-scale solar hybrid plant (Solugas) to a 
solarised GT system. The solar plant uses a tubular 
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receiver which temperature is at 800 °C. It was tested with 
the Mercury 50TM GT for more than 1000 hours in San 
Lucar la Mayor, Spain. The turbine generates a power 
capacity of 4.6 MWe, with an efficiency of 38.5%.  

 Petrakopoulou et al. (2017) investigated the 
integration of a pressurised volumetric solar receiver to a 
small-scale (Mercury 50TM GT) and a large-scale (Siemens 
SGT5-4000F combined cycle) power plants. Their results 
showed that the energy efficiencies of the plants slightly 
decreased with increasing air temperature (from 800 °C to 
1000 °C) at the inlet of the GT combustors. They concluded 
that the above method reduces the fuel mass rate in the 
combustor. Table 1 presents a summary of typical SPT 
receivers that were previously integrated to the 
conventional GT plants. 

Several studies have also reported that the use of 
Oxygen Enhanced Combustion (OEC) (i.e., fuel is burned 
with pure oxygen (O2) instead of air) in the GT cycle help 
to reduce exhaust gas volume. In addition, it reduces fuel 
consumption, reduce CO2 emission, increase the potential 
for carbon capture and may further enhance the overall 
cycle efficiency (Anderson et al. 2008; Hong et al. 2009; 
Ferrari et al. 2017; Kotowicz et al. 2019; Nowak et al. 
2019).  

Nowak et al. (2019) performed a study to analyse the 
combustion behavior of a micro-oxy GT system. In their 
results, an increase in the oxygen concentration led to an 
increase in the temperature of the combustion chamber 
and the power delivered by the turbine.  

Dumitrascu et al. (2001) investigated alternative ways 
to decrease the effects of temperature variation in the air 
intake compressor of a GT cycle in a cogeneration power 
plant. Their results showed that adiabatic humidification 
is an effective cooling mechanism (about 100°C) to reduce 
compressor work. Moreover, the increased concentration of 
oxygen in the air led to a significant increase of the overall 
heat after the combustion process.  

In another study, Horbaniuc et al. (2004) studied the 
effects of increased O2 concentration (from 21 to 100%) in 
a supercritical steam boiler of a natural gas power plant. 
The results were compared with a boiler operating under 
conventional combustion (79% Nitrogen, 21% O2) in the 
air. They concluded that an increase in the O2 fraction 
raises the flue gas temperature. In this way, the heat 
transfer surfaces could be reduced because of the higher 
mean-log temperature differences in the heat exchangers 
of the boiler.  

Baskar et al. (2016) performed an experimental test to 
study the effects of O2 enrichment (from 21 to 27% in the 
intake air) in a cylinder-shaped diesel engine. They found 
that the combustion process increases the thermal 
efficiency of the engine from 4 to 8%. This process also 
decreases the brake specific fuel consumption from 5 to 
12%. The drawback of this method is that there is an 
increase in nitrogen oxide emissions due to the increased 
combustion temperature. 

Despite the insights gained through previous research, 
reports are sparse on the effect and collective use of solar 
thermal plants and oxy-fuel combustion in a combined 
cycle, and on the operation of Brayton cycle (BC), Rankine 
cycle (RC), and magnetohydrodynamic (MHD) generator 
cycle. Little is known about the influence of exhaust 
temperature, and other operating parameters on the 
efficiency of these cycles when oxy-fuel combustion is 
employed. Therefore, the present work aims to contribute 
to addressing these gaps. The focus is to determine 
whether the utilization of solar energy and oxy-fuel 
combustion has a significant effect on the performance of 
GT, ST, and MHD generator cycles. The energy 
performance of the GT and ST systems is analysed using 
Cycle Tempo software. The results are compared to the air-
fuel combustion case to demonstrate possible benefits and 
drawbacks. The MHD generator cycle is analysed through 
theoretical modelling to evaluate the energy performance 
of the system.  

 
2. System Configuration  

 
The hybrid system considered in the present study 
consists of a solar energy receiver (pressurized volumetric 
shape), a combined cycle power plant (GT and ST) and an 
MHD generator, as shown in Figure 1. From the solar 
energy receiver, hot air is transferred to the non-contact 
heat exchanger (NCHE) of a GT. In addition, compressed 
air, or pure oxygen flow simultaneously to the NCHE, 
where it is preheated before reaching the combustor unit. 
Typically, natural gas-fired powered plants utilize air-fuel 
combustion (79% Nitrogen, 21% O2). In this study, we 
introduce pure oxygen as the only oxidant in the 
combustion process (Poživil et al. 2014; Bedick et al. 2017; 
EL Hassani et al. 2020). In the combustor, under constant 
pressure, the fluid is mixed with a small quantity of 
methane and the heated flue gas obtained expands in the 
GT. 

 
 
Table 1 
Summary of typical SPT receivers previously integrated to the conventional GT plants. 

Literature Air receiver 
Type  

Receiver Temp         
[oC] 

Pressure 
[Bar] 

GT Power [MW] 

 (Buck et al. 2002)   Pressurised volumetric  800 15 0.24 

Solgate: (Heller et al. 2006) Pressurised volumetric 800 6.5-8 0.23 

(Garcia, et al. 2008) Pressurised volumetric 750-950 6-8 1.4 

Solugas: (Korzynietz et al. 2016)  Pressurised Tabular 800 9 4.6 

(Petrakopoulou et al. 2017)    Pressurised volumetric 800 8.8 4.6 
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Fig. 1 Schematic diagram of the solar hybrid combined cycle power plant and MHD generator 

 
The turbine shaft drives the generator to produce 
electricity, with a slight loss of energy due to mechanical 
(auxiliary), piping and storage systems (Pitz-Paal et al. 
2005; Amelio et al. 2014; Augsburger 2015; Manente 2016; 
Buck et al. 2017). The GT exhaust is also connected to a 
valve that shares the flue gas flow rate between the bottom 
RC and MHD generator cycle to form a triple combined 
cycle. In the RC, the heat recovery steam generator 
(HRSG) produces the high steam temperature required in 
the ST. The superheated steam is then rotated by the 
turbine blades for electric power generation. Figure 1 
depicts the schematic diagram of the solar hybrid 
combined cycle power plant and MHD generator 
(SHCCPPM). 
 

3. Thermodynamic Principles of the Triple 
Combined Cycle  

This section describes the governing equations used for the 
evaluation of the triple combined cycle considered in the 
present study.  
 
3.1 Gas turbine cycle  

The GT cycle consists of five major components: a 
compressor, a heat exchanger, a combustor, a turbine, and 
a generator (Figure 1). The turbine operates based on the 
principles of the Brayton cycle and the temperature-
entropy (T-s) is shown in Figure 2.  
 

 
Fig. 2 T-s diagram of the Brayton cycle 

 
 
The Brayton cycle in Figure 2 is composed of five major 
processes:  
 

i) Process 1-2 is the isentropic compression in the 
compressor.  

ii) Process 2-5 is the preheating of compressed air or 
oxygen in the NCHE. 

iii) Process 5-3 is the addition of heat at constant 
pressure in the combustion chamber (CC).  

iv) Process 3-4 is the isentropic expansion in the 
turbine. 

v) Process 4-1 is the rejection of heat at constant 
pressure.  
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The temperature-entropy of the Brayton cycle is usually 
defined in terms of the compressor inlet pressure, P1, and 
temperature, T1. The compressor pressure ratio, rc, is the 
ratio between P1 and compressor outlet pressure, P2. The 
pressure loss in the combustion chamber is represented by 
P2 – P3, while in the turbine, it is represented by P4 – P1. 
For process 1-2, the compressor exit temperature, T2, is 
given by (Oyedepo et al.  2017),  
 

𝑇" = 𝑇$ ⋅ &1 +
)*
+,-.
+, /$
0*

1,                            (1) 

 
where 𝜂3 = 𝑇"′ − 𝑇$ 𝑇" − 𝑇$⁄  is the compressor isentropic 
efficiency, 𝑇$ and  are the compressor inlet and outlet 
temperatures, 𝑇"′ is the compressor isentropic outlet 
temperature and 𝛾8 = 1.4 is the heat capacity ratio for air 
or pure oxygen. 
 
The reversible adiabatic expansion, 𝑇;′, and the actual 
turbine discharge temperature, 𝑇;, are given by (Oyedepo 
et al.  2017; Rahman et al.  2011), 
 
𝑇;< =

=>

)*
+?-.
+?

	,         (2) 

 
𝑇; = 𝑇A − 𝜂= ⋅ (𝑇A − 𝑇;′)	,        (3) 
 
where 𝑇A is the temperature of flue gas after combustion, 
𝛾D = 1.33 is the heat capacity ratio for flue gas and 𝜂=	is 
the isentropic efficiency of turbine. 
 
For process 2-5, the temperature at the heat exchanger 
(NCHE) is given by, 
 
𝑇F = 𝑇" + 𝜂GHIJ(𝑇; − 𝑇").                     (4) 

 
For process 3-4, the heat, 𝑄L=, supplied to the cycle after 
turbine isentropic expansion is given by (Kayabasßı et al.  
2017; Kadhim et al.  2019), 
 
𝑄L= = 𝑚8 ⋅ 𝑐𝑝8 ⋅ (𝑇A − 𝑇"),            (5) 
 
where 𝑚8 is the mass flow rate for air or pure oxygen, 𝑐𝑝8= 
1.005 kJ/kg.K is the specific heat for air or pure oxygen 
and 𝜂GHIJ  is the heat exchanger efficiency. 
 
The work consumed in the compressor, WC, when ambient 
air or pure oxygen goes through isentropic compression 
(process 1-2) is given by,  
 
𝑊H = 𝑐𝑝8 ⋅ (𝑇" − 𝑇$) .                            (6) 
 
The work produced in the turbine, WGT, when flue gas goes 
through isentropic expansion (process 3-4) is given by 
(Kayabasßı et al. 2017; Kadhim et al.  2019), 
 
𝑊L= = 𝑐𝑝D ⋅ (𝑇A − 𝑇;) ,                (7) 
 
where 𝑐𝑝D= 1.15 kJ/kg.K is the specific heat capacity of flue 
gas.  
 
The work ratio, Wratio, is given by, 
 

𝑊)8QRS =
TUV/TW
TUV

.               (8) 
 
The total work, 𝑊XYQ_L=, in the cycle is the difference 
between the work consumed by the compressor and the 
work produced by the turbine, as given by (Kadhim et al.  
2019),  
 
𝑊XYQ_L= = (𝑊L= −𝑊H).              (9) 
 
The total work or power in the cycle can also be expressed 
as, 
 
𝑊XYQ_L= = 𝜂[H ∙ 𝑄L=.      (10) 
 
The thermal efficiency of the GT (BC), in terms of pressure 
ratio and temperature is given by, 
 
𝜂[H = 1 − $

()V)
+?-.
+?

= (=>/=]<)/(=̂ </=.)
(=>/=̂ <)

.   (11) 

 

3.2 Steam turbine cycle 

The ST cycle consists of a condenser, feedwater pumps (1 
& 2), a deaerator, a boiler, an evaporator, a superheater 
and a generator (Figure 1). The turbine operates based on 
the principles of Rankine cycle. The exhaust from the GT 
is used as the source of heat in the cycle and the 
temperature-entropy is shown in Figure 3 (Moran and 
Shapiro 2010).  

The Rankine cycle in Figure 3 is composed of six 
major processes:  

i. Process 1-2 is the isentropic compression stage, 
where water from the condenser vacuum flows to 
the deaerator through the pump 1.  

ii. Process 2-3’ is the pumping stage, where water from 
the deaerator flows into the boiler with an 
increased pressure through the pump 2.  

iii. Process 3’-3 is the heating process from the boiler to 
the evaporator at constant pressure of 80 bar. In 
this process, water is heated at a high temperature 
to become steam.  

iv. Process 3-4 is another heating stage, where the 
steam is re-heated by the superheater and flows 
into the turbine.  

v. Process 4-5 is the isentropic expansion stage, where 
the superheated steam is rotated by the ST blades 
and then transported to the generator to produce 
electric power.  

vi. Process 5-1 is the condensing stage, where the 
steam vapor from the turbine experiences an 
isobaric phase change inside the condenser to 
become liquid again for the next round of the cycle.  

 
The heat energy, 𝑄_=, flow input to the RC is given by, 
 
𝑄_= = 𝑚`H(ℎA − ℎ;) = 𝑚I_ ⋅ 𝑐𝑝I_b(𝑇c − 𝑇YdRQ).             (12) 
 
The work produced in the turbine,	𝑊𝑆𝑇, is given by 
(Tchanche et al.  2013; Nurhilal et al.  2016),  
 
𝑊_= = 𝑚`H ⋅ (ℎ; − ℎF).          (13) 
 

2T
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Fig. 3 T-s diagram of the Rankine cycle  

 
The work produced by the pump, 𝑊f, is given by, 
 
𝑊f = 𝑚`H ⋅ (ℎA − ℎ$).     (14) 
 
The total work, 𝑊XYQ__=, in the cycle is given by (Tchanche 
et al.  2013; Nurhilal et al.  2016),  
 
𝑊XYQ__= = 𝑊_= −𝑊f,             (15) 
 
𝑊XYQ__= = 𝑚`H ⋅ [(ℎ; − ℎF)− (ℎA − ℎ$)],    
 
where 𝑚`H is the mass flow rate to RC, 𝑚I_ is the mass 
flow rate of heat carrier (flue gas), 𝑐𝑝I_b  is the specific 
heat capacity of the heat source medium, 𝑇c is the inlet 
temperature, 𝑇YdRQ is the exit temperature, ℎ$ is the 
entalphy of pump, ℎA is the entalphy of preheaters, ℎ; is 
the entalphy of turbine and ℎF is the entalphy of  
condenser. 

 
The thermal efficiency of the ST (RC) is given by 
(Tchanche et al.  2013; Nurhilal et al.  2016),  
 
𝜂`H =

Tijk_lV

mlV
.           (16) 

 
The net power and efficiency of the combined cycle (GT and 
ST) are given by (Rajesh and Kishore 2018), 

 
𝑊HH

XYQ = 𝑊L= +𝑊_= −𝑊nop,       (17) 
 
𝜂HHXYQ = qTUVrTlV

mUVrmlV
s × 	100,                  (18) 

 
where 𝑊L= is the gas turbine work, 𝑊_= is the steam 
turbine work, 𝑊nop is the auxiliary (mechanical) work, 𝑄L= 
is the heat supplied to the gas turbine and 𝑄_= heat 
supplied to the steam turbine. 

3.3 MHD generator cycle 

§ Description of the MHD system 

The MHD generator can be designed as an open-cycle (hot 
flue gas is exhausted to the atmosphere), a closed-cycle 

(transfer of heat occurs through heat exchangers) and a 
liquid metal. The open cycle MHD system is implemented 
in this study. The system operates based on the principles 
of the law of electromagnetic induction in which a primary 
fluid is seeded with an alkali metal and burned in a 
combustor. The alkali metal mixes with the gaseous 
combustion products to produce a very hot fluid that 
contains a large number of electrically conducting charged 
particles (Bedick et al. 2017). This stream of charged 
particles (positively and negatively) escape from the 
combustor through a nozzle at high velocity,	𝑣. The 
charged particles are directed to transverse a very large 
and powerful electromagnet. This process forced them to 
move in opposite directions and are subsequently captured 
by the generator electrodes. The direct current obtained 
from the electrode terminals is converted to an alternating 
current that is compatible with power utility systems 
(Ajith and Jinshah 2013). Thereafter, the seed material is 
recovered from the generator exhaust by removing 
harmful emissions such as nitrogen and sulphur. The 
exhaust is discharged to the atmosphere through a stack 
(Figure 1). In principle, the generator open-circuit voltage, 
V, is a function of the fluid velocity, the distance between 
the electrodes, l, and the magnetic flux density, B, as given 
by (Ajith and Jinshah 2013; Poonthamil et al.  2016), 

 
V = (𝑣𝑙𝐵).              (19) 

 
𝑉{8d = (𝑣𝑙𝐵) − 𝐼{8d(𝑅~).                (20) 
 

The current flowing inside the MHD generator is given by, 
 
𝐼 = �

`�	r	`�
.              (21) 

 
The electric power, Pout, that can be obtained from the 
external load resistor connected to the electrodes is given 
by (Takayanagi et al. 2014; Anumaka 2014), 
 
𝑃S�Q = 𝜎𝑣"B"𝐴𝑙 ∙ 	𝑘(1− 𝑘).                (22) 
 
From Equation 22, when the load factor (0 ≤ k ≤ 1) is 
approximately 0.5, the internal resistance of the generator 
equals the external load resistance. Hence, the maximum 
power, Pmax, that can be extracted is given by (Kayukawa 
2004; Sivaram et al. 2015), 
 
𝑃S�Q = 𝜎𝑣"B"𝐴𝑙 ∙ 	 $

"
q1− $

"
s = ��^�^n�

;
	.               (23) 

 

The conversion efficiency, 𝜂, of the MHD generator is given 
by, 
 
𝜂 = ��,�

�[
	,           (24) 

 
where 𝜎 is the fluid electrical conductivity, 𝑣 is the fluid 
velocity, 𝐵 is the magnetic flux density, 𝑉{8d is the 
maximum voltage, 𝐼{8d = 𝑣𝐵𝐴𝜎 2⁄  is the maximum 
current, 𝑙 is the distance between the electrodes, 𝐴 is the 
electrode surface area, 𝑅� is the external load resistance 
and 𝑅~ = 𝑙 𝜎𝐴⁄  is the internal resistance, 𝑘 =
𝑅� (𝑅~ + 𝑅�)⁄ = 0.5 is the electrical load factor. 
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§ Theoretical modelling of the MHD generator 

The GT exhaust flue gas is the primary heat transfer fluid 
required for modelling the MHD generator in the present 
hybrid system setup. The flue gas is mixed with a small 
quantity of methane and seeded with about 1% of 
potassium carbonate inside a burner to increase the 
temperature and electrical conductivity (Figure 1). In 
addition, the exhaust flue gas after combustion passes 
through a convergent-divergent (C-D) nozzle to increase 
the velocity to an optimum level before entering the MHD 
generator. To investigate the behaviour of the exhaust gas 
flowing in the C-D nozzle, a computational fluid dynamic 
(CFD) simulation is performed using Ansys Fluent 
Software. Figure 4 depicts the mesh and design geometries 
of the nozzle. For the simulation setup, a quadrilateral-
shaped mesh grid consisting of 23400 nodes and 23014 
elements. This mesh size is adopted to optimize the CPU 
(2.3 GHz) time and cost of computations. Table 2 presents 
the flue gas parameters, and the nozzle boundary 
conditions.  

In order to evaluate the energy performance of the 
MHD generator, the C-D nozzle maximum velocity, along 
with the parameters presented in Table 3, will be used for 
a theoretical modelling of the system (Equations 23 and 
24) (Parsodkar 2015; Ayeleso and Kahn 2018).  
 

 
 

Table 2 
The flue gas parameters and the C-D nozzle boundary conditions  

General 
setup 

Solver Type: Density-Based, 
2D Space: Planar, 
Time: Steady 
Velocity formulation: Absolute. 

Models Energy equation: On  
Viscous model: Standard k-epsilon model, 
Standard Wall Function; Species transport. 

Materials Fluid species: Methane (5%), flue gas (95%).                        
Density: Ideal gas, 
Viscosity = 1.72e-05 Kg/m-s, 
Thermal conductivity = 0.0454 W/m-K, 
Mass diffusivity = 2.88e-05 m2/s. 

Boundary 
conditions 

Inlet:  Pressure-Inlet, 
Gauge Total Pressure = 1.013e5 Pa, 
Initial Gauge Pressure= 50662 Pa 
Inlet Temperature = 2600 K = 2326.85 oC, 
Outlet: Pressure-Outlet, 
Gauge Pressure = 3738.9 Pa, 
Outlet Temperature = 2600 K   

 

Table 3 
Modelling parameters for the MHD generator 

MHD generator parameter Value 
Magnetic flux density (B) 2.5 Tesla 
Flue gas electrical conductivity (σ) 10 S/m 
Surface area of the electrode (A) 1 m2 
Distance between the electrodes (l) 1 m 
Generator Internal resistance (RI) 0.1 Ω 
External resistor (RL)  0.1 Ω 

 
 

 
Fig. 4 C-D nozzle mesh and design geometries 

 
 
4. Results and Discussion 

 
This section presents the energy performance analysis of 
the SHCCPPM. 

4.1 Modelling results of the Mercury 50TM GT system 

The configuration of the GT system in the present study is 
based on the MW-class Mercury 50TM GT model developed 
by Solar Turbines. This plant has been used in several 
applications which deal with solar hybrid cycles. The 
design point parameters of the Mercury 50TM GT are 
sourced from available literature and used to validate the 
energy performance under air-fuel and oxy-fuel 
combustion processes. The Mercury 50TM GT plant has a 
turbine inlet temperature close to 1160 °C. The isotropy 
efficiencies of the plant which is at 86% are considered to 
be at mid-range, with a single stage cooling (Spelling 
2013). The turbine mechanical efficiencies are estimated 
to be at 95.7%. The energy performance results obtained 
using Cycle Tempo software are reasonably accurate and 
are comparable to the values reported in literature 
(Lundberg et al. 2003; Song et al. 2006; Giuliano et al. 
2008; Kalina 2012; Korzynietz et al. 2016; Petrakopoulou 
et al. 2017).  

When the Mercury 50TM GT operates under air-fuel 
combustion, the modelling results (Table 4 and Figure 5) 
obtained through Equations 9, 10 and 11 indicate that the 
generator produces a gross power of 4.6 MWe and a net 
efficiency of 38.5%. The turbine exhaust flue gas 
temperature (663.3 °C) is comparable to temperatures 
(640 °C and 662 °C) reported by (Song et al. 2006; Kalina 
2012). Conversely, under oxy-fuel combustion conditions, 
the plant generates a gross power of 4.2 MWe and a net 
efficiency of 35.9% (Table 4). The turbine exhaust 
temperature is increased to 679.9 °C, while keeping lower 
fuel consumption rate.  

Comparing the above results, the GT exhaust 
temperature obtained under oxy-fuel combustion is 
relatively higher than the temperature obtained under air-
fuel combustion (Table 4). This observation correlates well 
with the findings of Self et al. (2018), which demonstrate 
an increased CO2 content in the turbine exhaust. On the 
other hand, the fuel mass rate, gross power, and net 
efficiency are slightly higher under air-fuel combustion 
conditions.  
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Table 4 
Specifications of the Mercury 50TM GT plant: Results of performance analysis based on standard and predicted values 
Descriptions    Mercury 50TM  GT (air-fuel) Mercury 50TM  GT (oxy-fuel) 

Compressor   
Inlet temperature (°C) 15.05 15.05 
Pressure ratio (bar) 9.9 9.9 
Mass rate (kg/s) 17.8 17.8 
Exit temperature (°C) 318.55 308.09 
Isentropic efficiency (%) 86 86 
Mechanical efficiency (%) 95.7 95.7 
   

Recuperator   
Exit temperature (°C) 596.31 612.88 
Exit pressure (bar) 9.67 9.66 
   

Combustor  
Fuel temperature (°C) 

 
25 (Standard gas) 

 
25 (Methane) 

Fuel mass rate (kg/s) 0.34 0.24 
Low heating value (kJ/kg) 
Fuel pressure (bar) 

47100 
9.08 

50000 
9.08 

Exit temperature (°C) 1160 1160 
Exit pressure (bar) 8.81 8.81 

   
Turbine   
Inlet temperature (°C) 1160 1160 
Exhaust temperature (°C) 663.3 679.9 
Isentropic efficiency (%) 86 86 
Mechanical efficiency (%) 95.7 95.7 

   
Generator   
Gross power (MWe) 4.6 4.2 
Net efficiency (%) 38.5 35.9 

 
 

 
 

 
 

Fig. 5 Flow cycle of the Mercury 50TM  GT plant 
 



Citation: Ayeleso, A.O. and Raji, A.K.. (2021) An Enhanced Solar Hybrid Brayton and Rankine Cycles with Integrated Magnetohydrodynamic Conversion System for Electrical 
Power Generation. Int. Journal of Renewable Energy Development, 10(4), 755-767, doi:10.17410/ijred.2021.34927 
Page |  

IJRED-ISSN: 2252-4940.Copyright © 2021. The Authors. Published by CBIORE 
 

762 
 
4.2 Modelling results of the SHCCPP system  

In a previous study, Aldali and Morad (2016) has 
demonstrated the advantage of coupling a solar collector 
to both GT and ST. In the current study, the solar hybrid 
combined cycle power plant (SHCCPP) consists of a ST 
plant and of a  solar thermal plant coupled to a Mercury 
50TM GT modelled under oxy-fuel combustion (Figure 6). 
The pressurised volumetric solar receiver parameters 
applied in a combined cycle incorporating a Siemens 
SGT5-4000F GT system (Petrakopoulou et al. 2017) is used 
to model the current SHCCPP system. The receiver 
produced an air outlet temperature of 800 °C at a thermal 
efficiency of 76.14%. In addition, the tilting angle of the 
receiver is 30° (Solgate Report 2005; Petrakopoulou et al. 
2017). In the SHCCPP GT, the turbine inlet temperature 
is at 1065.35 °C, while the Siemens SGT5-4000F GT is at 
1547.6 °C. 

Figure 6 depicts the energy performance results of the 
SHCCPP system. In the SHCCPP, a significant amount of 
solar energy increased the inlet temperature of the 
combustor to 771 °C (mass rate of 735 kg/s). This results 
in a decreased in the net efficiency of the GT combustion 
process. This outcome is comparable to a combustor inlet 
temperature of 721.64 °C (mass rate of 748.99 kg/s) found 
in the Siemens SGT5-4000F GT under air-fuel combustion 
(Petrakopoulou et al. 2017). The obtained combustor inlet 
temperature depends on the GT size, air-to-fuel ratio and 
the turbine inlet temperature. 

It is worth noting that the incorporation of solar energy 
and oxy-fuel combustion to the SHCCPP system, result in 
a reduced fuel mass rate (2.81 kg/s) when compared to 15.4 

kg/s used in the Siemens SGT5-4000F GT (Petrakopoulou 
et al. 2017). The addition of the solar plants to these 
systems have proven to reduce  natural gas consumption 
and CO2 emissions. Similar observations were found in the 
findings of Dumitrascu et al. (2001), Horbaniuc et al. 
(2004), Aldali and Morad (2016), Baskar et al. (2016), 
Bedick et al. (2017), Wang et al. (2018), Nowak et al. (2019) 
and Ahmad et al. (2020). 

The net efficiency of the SHCCPP system is 36.6% 
(Equation 18), while the net efficiency of the Siemens 
SGT5-4000F hybrid power plant is 39.5%. When 
comparing the two plants, the net efficiency of the 
SHCCPP system has decreased by 2.9%.  

The net powers delivered by the SHCCPP system at a 
constant fuel pressure rate of 17.5 bar is approximately 
121 MWe (94 MWe GT power, 27 MWe ST power), as 
shown in Figure 6 and Table 5. The power delivered by the 
ST can be attributed to the energy extracted from the GT 
exhaust by superheater and evaporator to produce more 
steam in the HRSG. This process led to an increased ST 
inlet temperature of 465.53 °C using a GT exhaust 
temperature of 505.52 oC. In the Siemens SGT5-4000F 
hybrid plant, a higher ST inlet temperature of 830 °C is 
obtained using a GT exhaust temperature of 850.4 °C 
(Petrakopoulou et al. 2017). Butcher and Reddy (2007) 
found similar results of increased steam production due to 
increased flue gas temperature.  

From the above outcomes, the incorporation of oxy-fuel 
combustion in the SHCCPP system contributes 
significantly to the obtained GT exhaust temperature. 
This is beneficial to the bottom MHD generator cycle. 

 
 
 

 
 

Fig. 6 Flow cycle of the solar hybrid combined cycle power plant (SHCCPP) 
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Table 5 
The energy performance results of the SHCCPP system  

Descriptions No. Apparatus Type Energy Totals 
    (kW) (kW) 

Absorbed 8 Sink/Source 10 140546.34  

power 36 Sink/Source 10 189444.41  
     329990.75 
Delivered 1 Generator GT_G 93824.62  
gross power 2 Generator ST_G 27439.27  
     121263.89 
Aux. power 11 Pump 8 259.12  
consumption 16 Pump 8 3.96  
 24 Pump 8 166.31  
     429.38 
Delivered      
net power     120834.51 
Efficiencies gross   36.748 %  

 net   36.618 %  

 
 

 
Fig. 7 Plot and contour of flue gas pressure along the nozzle position 

 
 
 

 
 

Fig. 8 Plot of Mach number and contour of flue gas velocity along the nozzle position 
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Table 6 
Net power capacity of the SHCCPPM for several fuel pressure levels 

Descriptions Fuel pressure levels 

 10 (bar) 17.5 (bar) 25 (bar) 

Mass flow rate (kg/s) 2.81 2.81 2.81 

SHCCPP net efficiency (%) 30.5 36.6 40 

SHCCPP net power (MWe) 98 121 134 

MHD generator power (MWe) 71 71 71 

SHCCPPM net power (MWe)      169          192 205 

 
 
4.3 Modelling results of the MHD generator system 
 
In the present study, a linear shape MHD generator 
system coupled to a C-D nozzle is integrated as a bottom 
unit to the SHCCPP system.  

§ C-D nozzle 

Figure 7 presents the contour (x-y plane, z = 0) of the flue 
gas pressure gradient along the C-D nozzle. The flue gas 
pressure of 1e5 Pa at the nozzle inlet decreased to about 
6.46e4 Pa at the nozzle throat. From the nozzle throat, the 
pressure decreased to 5.96e3 Pa at the nozzle outlet. The 
rapid reduction of pressure is due to the shock wave that 
occurs just after the nozzle throat. These outcomes are 
comparable to the nozzle inlet and outlet pressures of 55e5 
Pa and 7.23e4 Pa reported by Butt and Arshad (2015). 
Similar reduction of pressure gradients was found in the 
findings of Deshpande et al. (2014), Khan et al. (2018), 
Ayeleso and Kahn (2018) and Ahmed et al. (2018). Figure 
8 presents the contour (x-y plane, z = 0) of the flue gas 
velocity along the C-D nozzle. The flue gas velocity of 296 
m/s at the nozzle inlet increased to about 925 m/s at the 
nozzle throat. From the nozzle throat, the velocity 
increased to 2131 m/s (Mach number = 2.44) at the nozzle 
outlet. It is worth noting that while the flue gas velocity 
increases towards the nozzle outlet, the pressure gradient 
decreases. These outcomes are comparable to the nozzle 
inlet and outlet velocities of 148 m/s and 2234 m/s reported 
by Butt and Arshad (2015). Similar observations were 
found in the findings of Deshpande et al. (2014), Khan et 
al. (2018), Ayeleso and Kahn (2018), Ahmed et al. (2018), 
and Lee and Kim (2021). 
 
§ MHD generator 
 
The MHD generator modelling results obtained in the 
present study are compared to those reported by Khalili et 
al. (2015). In both studies, an MHD generator unit is 
coupled to a triple combined cycle plant. The major 
difference is that a linear MHD is incorporated as a bottom 
unit in the current study, while a de Laval nozzle shape 
was incorporated as a topping unit by Khalili et al. (2015). 
When comparing the two systems, the power output is 
significantly higher in the present study. The differences 
in the power outputs can be attributed to the generator 
shape and input parameters.  

In the present study, the generator is linear (inlet 
velocity of 2131 m/s, Mach number of 2.44, conductivity of 
10 S/m, magnetic field of 2.5 T) and produces a net power 

of 71 MWe with a conversion efficiency rate of 50%. In 
Khalili et al. (2015), the generator was analysed with an 
inlet velocity of 701.71 m/s (Mach number = 0.7), a 
conductivity of 20 S/m and a magnetic field of 4 T at three 
diverging angles (0o, 2.85o and 5.70o). The net powers 
obtained were respectively 3.8 MWe, 11.6 MWe and 11.8 
MWe, with an efficiency rate of 30.43%. It can be argued 
that the Laval nozzle generator shape created different 
structural positions for the magnets, which had affected 
the distribution of the magnetic flux density in the 
generator channel (Khalili et al. 2015). It could also be due 
to the velocity magnitude in the current study which is 
increased in three-fold. More studies are required to 
further validate these findings. Table 6 presents the net 
power capacity of the SHCCPPM under several fuel 
pressure levels (10 bar, 17.5 bar, and 25 bar). As seen in 
Table 6, when the fuel pressure applied in the gas turbine 
is at 10 bar, 17.5 bar and 25 bar, the net powers delivered 
by the SHCCPP are 98 MWe, 121 MWe and 134 MWe and 
the net efficiencies are 30.5%, 36.6% and 40%, 
respectively. Furthermore, the performance analysis of the 
SHCCPPM indicates that at the different fuel pressure 
levels, a net nominal capacity of 169 MWe, 192 MWe, and 
205 MWe are obtained. These findings show that the 
overall power outputs of the triple combined cycle 
increased with an increase in the fuel pressure levels (10 
to 25 bar). In addition, the incorporation of the MHD 
generator at the bottom of the SHCCPPM increases the 
overall power delivered.  
 

5. Conclusion  
 
The energy performance of a MW-class solar hybrid 
system (SHCCPPM) for large power generation has been 
modelled in this study. To set up this system, a Mercury 
50TM gas turbine (Brayton cycle), a solar thermal plant, a 
steam turbine (Rankine cycle) and a 
magnetohydrodynamics generator were combined. The 
energy performance of the overall system was investigated 
under oxy-fuel combustion conditions and compared with 
a Siemens SGT5-4000F plant to demonstrate possible 
benefits and drawbacks.  

The performance analysis of the SHCCPP system 
showed that with an increase in the pressure rates at the 
inlet of the GT combustor, the net power and efficiency of 
the system improve. The overall power delivered by the 
entire system is attributed to the energy extracted from 
the GT exhaust in the RC and the bottom MHD generator 
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cycle. The incorporation of solar energy and oxy-fuel 
combustion to the GT reduces fuel mass rate. However, the 
increase in the inlet temperature of the GT combustor due 
to the addition of solar energy led to a relative decrease in 
the efficiency of the GT combustion process.  

From the above observations, the solar hybrid system 
can be considered as a potential alternative to the 
conventional power plants. This system offers potential 
benefits such as reduction in fuel consumption and CO2 
emissions. 
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Nomenclature 
Symbols 

𝜂3      Compressor isentropic efficiency [%] 
𝑇$      Compressor inlet temperature [oC] 
𝑇"′    Compressor isentropic outlet temperature [oC] 
𝑇"      Compressor outlet temperature [oC] 
rc,       Compressor pressure ratio [dimensionless] 
𝛾8      Heat capacity ratio for air or O2 [dimensionless] 
𝑇A       Flue gas temperature after combustion [oC] 
𝑇;′     The reversible adiabatic expansion [oC] 
𝑇;       Actual turbine discharge temperature [oC]  
𝛾D      Heat capacity ratio for flue gas [dimensionless] 
𝜂=       Turbine isentropic efficiency [%] 
𝑇F       Heat exchanger temperature [oC] 
𝜂GHIJ  Heat exchanger efficiency [%] 
𝑚8       Mass flow rate for air or pure oxygen [kg/s] 
𝑐𝑝8      Specific heat for air or pure oxygen [kJ/kg.K] 
WC       Compressor work [kJ/kg.K] 
WGT      Gas turbine work [kJ/kg.K] 
𝑐𝑝D       Specific heat capacity of flue gas [kJ/kg.K]  
𝑟=        Turbine pressure ratio [dimensionless] 
𝑊)8QRS Turbine work ratio [dimensionless] 
𝑊XYQ_L= Gas turbine net power [kW] 
𝜂[H    Brayton cycle efficiency [%] 
𝑊_=     Steam turbine work [kW] 
𝑊f      Power of pump [kW] 
𝑊XYQ__= Steam turbine net power [kW] 
𝜂`H   Thermal efficiency of Rankine cycle [%] 
𝑚`H Mass flow rate to Rankine cycle [kg/s] 
𝑚I_    Mass flow rate of heat carrier [kg/s] 
𝑐𝑝I_b  Specific heat capacity of heat source medium 
𝑇c       Steam turbine inlet temperature [oC] 
𝑇YdRQ    Steam turbine exit temperature [oC] 
ℎ$        Entalphy of pump [kJ/kg] 
ℎF       Entalphy of condenser [kJ/kg]  
ℎA       Entalphy of preheaters [kJ/kg] 
ℎ;       Entalphy of turbine [kJ/kg]  
𝑊nop  Auxiliary work [kW] 
𝑊HH

XYQ							Combined cycle net power [kW] 
𝜂HHXYQ  Combined cycle net efficiency [%] 
𝑄L=      Heat supplied to the gas turbine [kW] 
𝑄_=      Heat supplied to the steam turbine [kW] 
𝑚��Y�   Fuel mass flow rate [kg/s] 
𝐿𝐻𝑉��Y�  Lower heating value of fuel [kJ/kg]   
V           Open-circuit voltage [V] 

          Fluid velocity [m/s] 
𝑙          Distance between the electrodes [m] 
𝐵         Magnetic flux density [T] 
𝑉{8d       Maximum voltage [V] 

          Current [A] 
𝐼{8d       Maximum current [A] 

𝑅~         Internal resistance [Ω] 
𝑅�        External load resistance [Ω] 
𝑃S�Q        Electric power [W] 
𝑃{8d     Maximum power [W] 
𝜎          Electrical conductivity [S/m]  
𝐴         Electrode surface area [m2] 
𝑘           Electrical load factor [dimensionless] 
𝜂          MHD conversion efficiency [%]  
 
Abbreviations 
 
SPT       Solar power tower 
CSP       Concentrated solar power  
CRS       Central receiver system 
GT         Gas turbine  
ST          Steam turbine 
HTF       Heat transfer fluid 
CO2         Carbon dioxide  
CCGTs   Combined cycle gas turbines  
MW        Megawatt 
BC       Brayton cycle 
RC       Rankine cycle 
MHD      Magnetohydrodynamic 
OEC       Oxygen Enhanced Combustion 
O2           Oxygen  
NCHE    Non-contact heat exchanger 
HRSG     Heat recovery steam generator 
T-s          Temperature-entropy 
CC          Combustion chamber 
C-D         Convergent-divergent 
CFD        Computational fluid dynamic 
SHCCPP      Solar hybrid combined cycle power plant 
SHCCPPM  Solar hybrid combined cycle power plant    and MHD 

generator  
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