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Abstract: In order to decarbonize the atmosphere and become carbon neutral by 2050, society is constantly 8 

pushing for energy generation through renewable resources, such as wind or photovoltaic power plants. 9 

However, due to their manageability problems and their difficulty of storage, it is necessary to have grid sup- 10 

port technologies that allow energy generation when resources are insufficient or during peak demand hours. 11 

Some alternatives identified to solve this problem are solar thermal power plants or CSP (concentrated solar 12 

power) because they allow thermal storage through a system of tanks that use molten salts as fluid; or tech- 13 

nologies of non-renewable origin, specifically, combined cycle power plants, since they are, of the fossil fuel 14 

plants, the ones that emit the least emissions into the atmosphere and the simplest to decarbonize. For all 15 

these reasons, the present project proposes the hybridization of a solar tower receiver power plant (CSP) 16 

with a combined cycle power plant, thus reducing emissions during hours of high solar radiation thanks to a 17 

partial regeneration in the gas turbine, responsible for raising the temperature of the air leaving the com- 18 

pressor before it enters the combustion chamber and, therefore, reducing the need for fuel. In addition, by 19 

adding a supercritical CO2 bottoming cycle and an ORC cycle, it will be possible to take advantage of medium 20 

and low temperature heat respectively, achieving average efficiencies of 57.2% and a reduction in atmos- 21 

pheric CO2 emissions of up to 32% (under constant cooling and feeding conditions). The plant has been sized 22 

to generate 180 MWe and aims to increase the manageability and reduce the investment of CSP plants 23 

through the use of combined cycle power plants. 24 

 25 

Keywords: combined cycle power plant, central tower receiver, supercritical CO2 cycle, ORC cycle. 26 

 27 

1. Introduction 28 

Among the different technologies being developed to provide an uninterrupted energy supply, the 29 

use of batteries, molten salt tanks and biofuels, stand out among others. This project proposes the 30 

use of a combined cycle power plant hybridised with thermosolar technology, thus allow to reduce 31 

natural gas consumption considerably during peak solar hours and allowing for a generation tech- 32 

nology that, despite being partially dependent on environmental factors, can also supply electricity 33 

on a continuous basis. 34 

2. State of the Art 35 

2.1. Brayton cycles 36 

Brayton cycles are thermodynamic cycles characterized by working with fluids in a gaseous state. 37 

However, unlike the Rankine cycle, having to compress a gas increases the consumption of the 38 

cycle. 39 
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Brayton cycles can be opened, using air as a working fluid (gas cycle) or closed, working in this case 40 

with fluids that provide greater efficiency (supercritical CO2 cycle or helium cycle). An advantage 41 

of the closed cycle is that it allows, unlike an open one, that the minimum working pressure is 42 

above the atmospheric one, which reduces the specific volume of the fluid, consequently decreas- 43 

ing the consumption of the compressor.  44 

 
Figure 1: Single Brayton cycle closed. 

 
Figure 2: Brayton cycle closed with intermediate heat recovery. 

 45 

2.2. Recompression cycles 46 

Within the cycles that use supercritical CO2 as a working fluid, the recompression cycle must be 47 

highlighted. This is because, when S-CO2 is used, the higher the cycle pressure, the higher the spe- 48 

cific heat, which causes an imbalance in the heat recuperator of a closed Brayton cycle (Figure 2). 49 

The solution to this problem is the division of the heat recuperator into two units, a heat recuper- 50 

ator that works at low temperatures (LTR) and another that works at high temperatures (HTR). 51 

The most remarkable feature of the recompression cycle is that the low temperature recuperator 52 

has two different mass flows due to the addition of a degree of freedom (α). Figure 3 shows how, 53 

in point 4, there is a division of the mass flow into two currents, a first directed to an auxiliary 54 

compressor, which returns the fluid at high pressure to the HTR; and a second division that directs 55 

the S-CO2 towards the main compressor, which compresses the fluid in conditions close to its crit- 56 

ical point (due to the previous passage through the cold focus). After being compressed, the fluid 57 

leaving the main compressor at high pressure is directed back towards the LTR and joined with the 58 

previously diverted fluid. The current 3-4 (low pressure and low specific heat) crosses the LTR with 59 

a mass flow greater than the current 6-7, at higher pressure and with greater specific heat. By 60 

adjusting the fraction of flow (α) that passes through the auxiliary compressor, it can be achieved 61 

that the heat capacity of both currents is similar, which allows to have a T-Q profile balanced, 62 

which reduces the destruction of exergy inside, considerably reducing losses. 63 
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Figure 3: Recompression cycle. 

The recompression cycle fed at low pressure differs from the conventional one in that the hot 64 

focus is no longer located at the entrance of the turbine, but at its exit, giving greater relevance to 65 

the HTR heat exchanger, which becomes the bridge between the thermal source and the fluid 66 

upstream of the turbine. This modification gives several advantages to the cycle (such as the in- 67 

crease of the pressure of the cycle or the reduction of size of the heat exchangers) at the cost of 68 

needing to slightly increase the temperature at the exit of the hot spot, which translates into a 69 

slight increase in fuel. 70 

 
Figure 4: Recompression cycle fed at low pressure. 

 71 

3. Objectives 72 

The hybridisation of a combined cycle power plant with a solar thermal power plant addressed in 73 

this project consists of using a regenerative gas turbine as the topping cycle and a supercritical CO2 74 

cycle as the bottoming cycle. The S-CO2 power cycle receives heat from two thermal sources: one 75 

high temperature and one intermediate temperature. The high-temperature thermal source is a 76 
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parallel between the turbine outlet of the topping cycle (High Temperature Heat Recovery, HTHR) 77 

and the solar receiver (Central Tower Receiver, CTR). The Intermediate Temperature Heat Recov- 78 

ery (ITHR) uses the exhaust gases from the gas turbine. These are obtained after mixing the gases 79 

coming from the gas turbine recuperator, together with those coming from the HTHR (gas turbine 80 

outlet). The waste heat available downstream of the ITHR heat exchanger is collected in another 81 

heat recovery unit, a low temperature heat recovery unit (LTHR) and converted into electricity by 82 

means of an Organic Rankine Cycle (ORC). In the S-CO2 power cycle the heat rejection is carried 83 

out by a cooling tower through the Precooler (PC), whereas, in the ORC, it is carried out through 84 

the condenser (COND). 85 

 

Figure 5: Conceptual scheme of the proposed plant. 

4. Methodology 86 

After brief description of the elements that make up the hybridization of the combined cycle with 87 

the solar thermal power plant, the methodology used in the modeling will be described. 88 

4.1. Cycle analysis 89 

The fact of maintaining a continuous supply of energy to the grid to supply the needs of society, 90 

together with the need to decarbonize the atmosphere for Horizon 2050, has led to the implemen- 91 

tation of new methods of energy generation that, until a few years ago, were not considered. The 92 

idea developed on this project is the hybridization of a combined cycle power plant with a solar 93 

thermal receiver, using as a secondary cycle to maximize efficiency a supercritical CO2 cycle and 94 

implementing an ORC cycle aimed at taking advantage of the waste heat of the exhaust gases of 95 

the plant. 96 

 97 
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Figure 5 shows the conceptual diagram of the plant in which a gas cycle is used as the topping 98 

cycle and a S-CO2 cycle is used as the bottoming one. There is also an ORC cycle intended to take 99 

advantage of the remaining waste heat after the exchange of medium temperature with the S-CO2 100 

cycle. Instead, Figure 6 shows a more detailed view of the plant, in which all the elements that 101 

compose the combined cycle can be observed. 102 

 
Figure 6: Hybridization of combined cycle with solar thermal power plant. 

4.1.1. Gas cycle 103 

The gas cycle is an open Brayton Cycle, which is constituted with the main elements of it: 104 

• Compressor: increases the inlet pressure of the air from the atmospheric (1 bar) to about 6 105 

bar. 106 
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• Combustion chamber: place where the oxidizer is inflamed, making the contribution of ther- 107 

mal energy to the fluid and increasing its temperature from 257 ᵒC obtained after compression 108 

to 1500 ᵒC. 109 

• Turbine: responsible for transforming the thermal energy of the fluid into electrical energy, 110 

reducing the pressure of the fluid from the 6 bar previously mentioned to the atmospheric 111 

pressure. The combustioned air leaves the turbine at a temperature close to 940 ᵒC, so it is 112 

necessary to use the bottoming cycle of supercritical CO2 to take advantage of this waste heat. 113 

However, as can be seen in Figure 7, this cycle has some additional elements responsible for re- 114 

ducing fuel consumption in the hours of maximum solar radiation. The first element that is appre- 115 

ciated is the gas turbine recuperator (g2-g7), which is a cross-flow heat exchanger (plates with 116 

fins). In second instance, it is observed that the turbine has two different output channels, one 117 

directly directed towards the S-CO2 cycle (g4-g5), while the other is directed towards the gas tur- 118 

bine recuperator (g4-g5p), rejoining both flows at the entrance of the loop cycle (g5m). 119 

As will be seen later, the S-CO2 cycle receives high-temperature heat from two sources in parallel: 120 

the exhaust gases from the gas turbine and the solar receiver, so during the central hours of the 121 

day it is not necessary to provide heat in the high temperature exchanger or HTHR (cross-flow 122 

exchanger); in those central hours all the exhaust gases that leave the turbine will be directed 123 

towards the heat recuperator (direction g4-g5p), increasing the temperature of the fluid prior to 124 

its entry into the combustion chamber from 257 ᵒC to approximately 705 ᵒC, which considerably 125 

reduces the amount of fuel needed to reach the 1500 ᵒC needed at the inlet of the gas turbine. As 126 

solar radiation decreases, the amount of flow diverted to the gas turbine recuperator (γ) will be 127 

reduced, increasing the mass flow that will be directed towards the HTHR exchanger. To compen- 128 

sate for the heat not provided in the regenerator, more fuel will be provided in the combustion 129 

chamber. At the moment when solar radiation is non-existent, fluid will stop passing through the 130 

heat recuperator (g4-g5p) and all the flow will go to the HTHR exchanger. 131 

After the separation of both flows at the outlet of the gas turbine, these will be mixed back to the 132 

inlet of the medium temperature exchanger (ITHR), a cross-flow heat exchanger (tubes with fins), 133 

at 540 ᵒC and the fluid will continue on its way to the heat exchanger with the ORC cycle with an 134 

inlet temperature of approximately 335 ᵒC. Finally, the exhaust gases will be expelled at atmos- 135 

pheric pressure and at a temperature above 100 ᵒC, avoiding the condensation of H2O droplets 136 

mixed with other compounds such as NOx or S2O, which are capable of corroding the chimney 137 

pipes. 138 
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Figure 7: Gas cycle. 

 139 

In order to perform the modeling of the gas cycle, it has been necessary to assume a series of 140 

internal conditions of the cycle. 141 

• The air will enter at the compressor at a temperature of 15 ᵒC and at a pressure of 1 bar. It 142 

will be expelled from the cycle at atmospheric pressure. 143 

• The temperature of the fluid after passing through the combustion chamber shall be 1500 ᵒC. 144 

In addition, it is assumed that complete combustion is carried out and that the fuel is pure 145 

methane, which enters the combustion chamber at 25 ᵒC. 146 

• The efficiency of the compressor will be estimated at 85%, while that of the turbine efficiency 147 

will be 90%. 148 

• The exhaust gases of the gas cycle must have a temperature higher than 100 ᵒC to avoid prob- 149 

lems related to corrosion and wear of the pipes. 150 

• The turbine outlet temperature is set at 950 ᵒC and produces a network of 100 MWe. 151 

 152 
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4.1.2. S-CO2 cycle 153 

The S-CO2 cycle receives heat at two temperature levels (Figure 6¡Error! No se encuentra el ori- 154 

gen de la referencia.). High-temperature reception can proceed in parallel from the exhaust gases 155 

at the turbine outlet (HTHR) or solar receiver (CTR), while low-temperature reception comes from 156 

mixing the low-pressure outlet of the turbine regenerator with that of the HTHR recuperator via 157 

the ITHR. Since the latter is a cross-flow heat exchanger (tubes and fins) an intermediate loop of 158 

CO2 is used, so that heat is transferred from the IHTR to a loop at 85 bar, and from there by a PCHE 159 

to the main circuit (approximately at 300 bar). 160 

Once the reception of heat at high temperature has occurred, the heat transfer to the high-pres- 161 

sure current that is directed towards the turbine is carried out by means of the HTR heat exchang- 162 

ers (PCHE), both heat exchangers receive the heat from their respective thermal source and rejoin 163 

their flows after the exchange, meeting the LTR heat exchanger (PCHE), which provides medium 164 

temperature heat to a fraction (α) of the medium pressure flow. After passing through the LTR, the 165 

fluid is directed towards the Precooler or PC (PCHE) where it reduces its temperature to 35 ᵒC, 166 

remaining close to the critical point, which considerably increases the density of CO2 and decreases 167 

the work exerted by the compressor. 168 

Finally, after the contribution of medium temperature heat, from both, LTR and auxiliary loop, the 169 

fluid is directed back towards the HTR exchangers, receiving the high temperature heat to enter 170 

into the turbine. 171 

 

Figure 8: Loop cycle and S-CO2 cycle. 

 172 

The operating conditions established for the resolution of this cycle are as follows: 173 

• Temperature of S-CO2 prior to its passage through the respective HTR exchangers will be 700 174 

ᵒC. 175 
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• Pitch point of the HTR interchange will be 15 ᵒC, that of the LTR will be 5 ᵒC and that of the 176 

HTHR will be 30 ᵒC. 177 

• Turbine efficiency will be estimated at 92%, while that of the compressor will be 87%. 178 

• Pressure drops in exchangers using S-CO2 as a fluid is 40 kPa. 179 

• Pressure in the high zone will be about 300 bar, while in the low zone it will be around 85 bar. 180 

• Coefficients of delta (δ), beta (β) and gamma (γ) will be exactly the same at all times. 181 

• The efficiency of the pump belonging to the loop cycle will be 75% and the heat exchanger 182 

with the S-CO2 cycle will have a Pitch Point of 5 ᵒC. 183 

• Pressure of the Loop Cycle will be 85 bar. 184 

4.1.3. ORC Cycle 185 

As Figure 9 shows, the ORC cycle used is an Organic Rankine Cycle that has an intermediate heat 186 

recuperator.  187 

 

Figure 9: ORC Cycle. 

 188 

Its established operating conditions are:  189 

• The estimated turbine efficiency is 80%, while the pump is 75%. 190 

• The temperature of the fluid after condensation (4) will be 35 ᵒC and, in addition, as the next 191 

element of the cycle is a pump, the fluid will be in liquid state to avoid cavitation. 192 

• The pressure on the high-pressure side of the ORC cycle will be 50 bar and an inlet tempera- 193 

ture to the turbine will be close to 200 ᵒC. 194 

• The Pitch Point of the heat recuperator is 10 ᵒC. 195 

 196 
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4.1.4. Cooling circuit 198 

The cooling circuit consists of 3 clearly differentiated elements. 199 

• Cooling tower: equipment responsible for cooling the water through the principle of evapora- 200 

tive cooling, in which the hot water is sprayed in the form of droplets to cool itself from a 201 

stream of air flowing in the opposite direction. The chilled water is collected and redistributed 202 

through the cooling circuit. A contribution is required to replace the evaporated water. 203 

• Pump: responsible for overcoming pressure losses. 204 

• Exchanger: allows water to absorb heat from the fluid circulating through the power circuit. 205 

Due to the fact that two cooling circuits are necessary throughout the plant, it has been decided 206 

to size two different cooling circuits, a first that is responsible for cooling the S-CO2 (PC) and a 207 

second one in charge of condensing the R-600 (C ORC). 208 

 

Figure 10: Cooling circuit. 

 209 

To size the cooling circuits, it has been established that: 210 

• Water will enter the cooling tower at 30 ᵒC and 5 bar and leave it at atmospheric pressure and 211 

25 ᵒC. 212 

• Water pressure at the pump outlet will be 6 bar. 213 

4.1.5. Cycle calculations 214 

To perform the model calculations in the EES program, all turbomachines have been assumed to 215 

be adiabatic. The working pressures of the plant have been chosen to maximize its efficiency.  216 

The abbreviations used during formulation are: 217 

• ṁ: mass flow. 218 

• ṅ𝑓: flow of fuel used. 219 

• Q: heat exchange. 220 
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• h: enthalpy. 221 

• s: entropy. 222 

• T: temperature. 223 

• p: pressure. 224 

• Δp: pressure variation. 225 

• ε: effectiveness of the exchanger. 226 

• NTU: number of units transferred. 227 

• UA: variable used for the analysis and design of heat exchangers. 228 

• α, β, γ, δ: internal variables of the model that reflect the amount of solar radiation absorbed 229 

by the receiver. 230 

• λ: excess air in the mixture. 231 

• η: performance. 232 

• Ẇ: work. 233 

• Cp: critical power. 234 

Subscripts: 235 

• i: inlet. Used to refer to the entry points of components. 236 

• or: outlet. Used to refer to the exit points of components. 237 

• A: high pressure zone of the exchangers. 238 

• B: low pressure zone of the exchangers. 239 

• PP: pitch point. 240 

• T: turbine. 241 

• C: compressor. 242 

• CComb: combustion chamber. 243 

• REG: regenerative. 244 

• REC: heat recovery. 245 

• CTR: Solar receiver. 246 

4.1.5.1. Common equations. 247 

Turbines: 248 

𝜂𝑇 =
ℎ𝑖 − ℎ𝑜
ℎ𝑖 − ℎ𝑜𝑠

 ( 1 ) 

ℎ𝑜𝑠 = ℎ(𝑠𝑖; 𝑝𝑜) 
( 2 ) 

Ẇ𝑇 = ṁ𝑇 ∙ (ℎ𝑖 − ℎ𝑜) 
( 3 ) 

Compressor: 249 

𝜂𝐶 =
ℎ𝑜𝑠 − ℎ𝑖
ℎ𝑜 − ℎ𝑖

 ( 4 ) 

ℎ𝑜𝑠 = ℎ(𝑠𝑖; 𝑝𝑜) 
( 5 ) 

Ẇ𝐶 = ṁ𝐶 ∙ (ℎ𝑜 − ℎ𝑖) 
( 6 ) 
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Pipe joints: 250 

𝑝1 = 𝑝2 ( 7 ) 

(1 − 𝛽) ∙ ℎ1 + 𝛽 ∙ ℎ2 = ℎ3 ( 8 ) 

Total power: 251 

Ẇ𝐶𝐶 = Ẇ𝐺𝐴𝑆 +Ẇ𝑆−𝐶𝑂2 +Ẇ𝑂𝑅𝐶  ( 9 ) 

𝜂𝐶𝐶 =
Ẇ𝐺𝐴𝑆 +Ẇ𝑆−𝐶𝑂2 +Ẇ𝑂𝑅𝐶

𝑄𝐶𝐶 + 𝑄𝑅𝐸𝐶

 ( 10 ) 

Emissions: 252 

𝐺𝑒 =
ṅ𝑓 ∙ 16 ∙ 1000 ∙ 3600

Ẇ𝐺𝐴𝑆 +Ẇ𝑆−𝐶𝑂2 +Ẇ𝑂𝑅𝐶

 ( 11 ) 

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝐶𝑂2 = 𝐺𝑒 ∙
44

16
 ( 12 ) 

4.1.5.2. Gas Cycle 253 

𝐶𝑝𝐺𝐴𝑆 =
(ṅ𝑓 ∙ (ℎ̅𝐺𝐴𝑆(𝑇𝐺𝐴𝑆−𝑂𝑅𝐶𝑖 ; 𝜆) − ℎ̅𝐺𝐴𝑆(𝑇𝐺𝐴𝑆−𝑂𝑅𝐶𝑜; 𝜆)))

(ṁ𝐴𝑖𝑟𝑒 + 16 ∙ ṅ𝑓) ∙ (𝑇𝐺𝐴𝑆−𝑂𝑅𝐶𝑖 − 𝑇𝐺𝐴𝑆−𝑂𝑅𝐶𝑜)
 ( 13 ) 

ℎ̅𝐶𝑂𝑀𝐵 = ℎ̅𝑓𝐶𝑂2 + 2 ∙ ℎ̅𝑓𝐻2𝑂 − ℎ̅𝑓𝐶𝐻4 ( 14 ) 

Ẇ𝐺𝐴𝑆 = Ẇ𝑇 −Ẇ𝐶  ( 15 ) 

ṁ𝐴𝑖𝑟𝑒 = ṅ𝑓 ∙ 2 ∙ (1 + 𝜆) ∙ (32 + 3,76 ∙ 28) ( 16 ) 

ṁ𝐺𝐴𝑆 = ṁ𝐴𝑖𝑟𝑒 + ṅ𝑓 ∙ 16 ( 17 ) 

Combustion chamber: 254 

44 ∙ ℎ(𝐶𝑂2; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑜]) + 2 ∙ ℎ(𝐻2𝑂; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑜]) ∙ 18 + 7,52 ∙ (1 + 𝜆) ∙ ℎ(𝑁2; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑜])

∙ 28 + 2 ∙ 𝜆 ∙ ℎ(𝑂2; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑜]) ∙ 32

= 2 ∙ (1 + 𝜆) ∙ ℎ(𝑂2; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑖]) ∙ 32 + 7,52 ∙ (1 + 𝜆) ∙ ℎ(𝑁2; 𝑇 = 𝑇[𝐶𝐶𝑜𝑚𝑏𝑖]) ∙ 28

+ ℎ(𝐶𝐻4; 𝑇 = 25) ∙ 16 
( 18 ) 

𝑄𝐶𝐶𝑜𝑚𝑏 = ṅ𝑓 ∙ |ℎ̅𝐶𝑂𝑀𝐵| 
( 19 ) 

Air compressor: 255 

𝑠(𝑂2; 𝑇 = 𝑇𝐶𝑖 ; 𝑝 = 𝑝𝐶𝑖) ∙ 32 + 3,76 ∙ 𝑠(𝑁2; 𝑇 = 𝑇𝐶𝑖; 𝑝 = 𝑝𝐶𝑖) ∙ 28

= 𝑠(𝑂2; 𝑇 = 𝑇𝑠𝐶𝑜 ; 𝑝 = 𝑝𝐶𝑜) ∙ 32 + 3,76 ∙ 𝑠(𝑁2; 𝑇 = 𝑇𝑠𝐶𝑜; 𝑝 = 𝑝𝐶𝑜) ∙ 28 
( 20 ) 

𝜂𝐶 ∙ (ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑖) ∙ 32 − 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑖) ∙ 28)

= (ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑠𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑠𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑖) ∙ 32 − 3,76

∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑖) ∙ 28) 

( 21 ) 

Ẇ𝐶 = ṅ𝑓 ∙ 2 ∙ (1 + 𝜆) ∙ ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐶𝑖) ∙ 32 − 3,76

∙ ℎ(𝑁2; 𝑇 = 𝑇𝐶𝑖) ∙ 28 
( 22 ) 

 256 

Gas turbine: 257 
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𝑠̅(𝑝𝑇𝑖; 𝑇𝑇𝑖 ; 𝜆) = 𝑠̅(𝑝𝑇𝑜; 𝑇𝑇𝑠𝑜; 𝜆) 
( 23 ) 

𝜂𝑇 =
ℎ̅(𝑇𝑇𝑖; 𝜆) − ℎ̅(𝑇𝑇𝑜; 𝜆)

ℎ̅(𝑇𝑇𝑖; 𝜆) − ℎ̅(𝑇𝑇𝑠𝑜; 𝜆)
 ( 24 ) 

Ẇ𝑇 = ṅ𝑓 ∙ (ℎ̅(𝑇𝑇𝑖; 𝜆) − ℎ̅(𝑇𝑇𝑜; 𝜆)) 
( 25 ) 

Gas cycle regenerator: 258 

𝛾 ∙ (ℎ̅̅̅(𝑇𝐵𝑖 ; 𝜆) − ℎ̅(𝑇𝐵𝑜; 𝜆))

= 2 ∙ (1 + 𝜆) ∙ (ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑖) ∙ 32

− 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑖) ∙ 28) 

( 26 ) 

𝑄𝑅𝐸𝐺 = ṅ𝑓 ∙ 2 ∙ (1 + 𝜆) ∙ (ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑖) ∙ 32 − 3,76

∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑖) ∙ 28) 

( 27 ) 

𝑚̇𝐴𝑁 = ṅ𝑓𝑁 ∙ 2 ∙ (1 + 𝜆𝑁) 
( 28 ) 

𝑚̇𝐵𝑁 = ṅ𝑓𝑁 ( 29 ) 

𝑚̇𝐴 = ṅ𝑓 ∙ 2 ∙ (1 + 𝜆) ( 30 ) 

𝑚̇𝐵 = ṅ𝑓 ∙ 𝛾 ( 31 ) 

𝑈𝐴 ∙
(𝑚̇𝐴

0,8 + 𝑚̇𝐵
0,8)

𝑈𝐴𝑁

= 𝑚̇𝐴
0,8 ∙ 𝑚̇𝐵

0,8 ∙
(𝑚̇𝐴

0,8 + 𝑚̇𝐵
0,8)

𝑚̇𝐴𝑁
0,8 ∙ 𝑚̇𝐵𝑁

0,8  ( 32 ) 

𝑚𝐶𝑝𝐴 = 𝛾 ∙ ṅ𝑓 ∙ 2 ∙ (1 + 𝜆) ∙ (ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑜) ∙ 32 + 3,76 ∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑜) ∙ 28 − ℎ(𝑂2; 𝑇 = 𝑇𝐴𝑖) ∙ 32 − 3,76

∙ ℎ(𝑁2; 𝑇 = 𝑇𝐴𝑖) ∙ 28)/(𝑇𝐴𝑜 − 𝑇𝐴𝑖) 
( 33 ) 

𝑚𝐶𝑝𝐵 ∙ (𝑇𝐵𝑖 − 𝑇𝐵𝑜) = ṅ𝑓 ∙ 𝛾 ∙ (ℎ̅̅̅(𝑇𝐵𝑖 ; 𝜆) − ℎ̅(𝑇𝐵𝑜; 𝜆)) 
( 34 ) 

𝑚𝐶𝑝 = min⁡(𝑚𝐶𝑝𝐴; 𝑚𝐶𝑝𝐵) 
( 35 ) 

𝑁𝑇𝑈 ∙ 𝑚𝐶𝑝 = 𝑈𝐴 ( 36 ) 

𝜀 = ℎ𝑥(′𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑓𝑙𝑜𝑤′; 𝑁𝑇𝑈;𝑚𝐶𝑝𝐴; 𝑚𝐶𝑝𝐵; "𝜀") 
( 37 ) 

𝜀 ∙ 𝑚𝐶𝑝 ∙ (𝑇𝐵𝑖 − 𝑇𝐴𝑖) = 𝑄𝑅𝐸𝐺  ( 38 ) 

4.1.5.3. S-CO2 cycle 259 

HTHR: 260 

𝑄𝐻𝑇𝐻𝑅 = ṅ𝑓 ∙ (ℎ̅(𝑇𝐺𝐴𝑆𝑖 ; 𝜆) − ℎ̅(𝑇𝐺𝐴𝑆𝑜; 𝜆)) ( 39 ) 

𝑄𝐻𝑇𝐻𝑅 = ṁ ∙ (1 − 𝛿) ∙ (ℎ𝑖 − ℎ𝑜) 
( 40 ) 

𝜀𝐻𝑇𝐻𝑅 =
𝑇𝐺𝐴𝑆𝑖 − 𝑇𝐺𝐴𝑆𝑜
𝑇𝐺𝐴𝑆𝑖 − 𝑇𝑖

 ( 41 ) 

𝑚𝐶𝑝𝐶𝑂2 = ⁡ṁ ∙ (1 − 𝛿) ∙ (
ℎ𝑜 − ℎ𝑖
𝑇𝑜 − 𝑇𝑖

) ( 42 ) 
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𝑚𝐶𝑝𝐺𝐴𝑆 =⁡ṅ𝑓 ∙ (
(ℎ̅(𝑇𝐺𝐴𝑆𝑖 ; 𝜆) − ℎ̅(𝑇𝐺𝐴𝑆𝑜; 𝜆))

𝑇𝐺𝐴𝑆𝑖 − 𝑇𝐺𝐴𝑆𝑜
) 

( 43 ) 

𝑁𝑇𝑈𝐶𝑅𝐴𝑇 = ℎ𝑥(′𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤⁡𝑏𝑜𝑡ℎ⁡𝑢𝑛𝑚𝑖𝑥𝑒𝑑′; 𝜀𝐻𝑇𝐻𝑅;𝑚𝐶𝑝𝐺𝐴𝑆; 𝑚𝐶𝑝𝐶𝑂2; "𝑁𝑇𝑈") 
( 44 ) 

𝑁𝑇𝑈𝐻𝑇𝐻𝑅 =
𝑈𝐴𝐻𝑇𝐻𝑅

𝑚𝐶𝑝𝐺𝐴𝑆
 ( 45 ) 

𝑇𝐺𝐴𝑆𝑜 = 𝑇𝑖 + 𝑃𝑃𝐻𝑇𝐻𝑅  ( 46 ) 

𝑝𝑜 = 𝑝𝑖 − 𝛥𝑝𝐶𝑂2 ( 47 ) 

HTR & LTR: 261 

𝑃𝑃𝐻𝑇𝑅 = 𝑇𝐵𝑜 − 𝑇𝐴𝑖  
( 48 ) 

ṁ𝐵 ∙ (ℎ𝐵𝑖 − ℎ𝐵𝑜) = ṁ𝐴 ∙ (ℎ𝐴𝑜 − ℎ𝐴𝑖) 
( 49 ) 

𝑄𝐻𝑇𝑅 = ṁ𝐵 ∙ (ℎ𝐵𝑖 − ℎ𝐵𝑜) 
( 50 ) 

𝑝𝐵𝑜 = 𝑝𝐵𝑖 − 𝛥𝑝𝐶𝑂2 ( 51 ) 

𝑝𝐴𝑜 = 𝑝𝐴𝑖 − 𝛥𝑝𝐶𝑂2 ( 52 ) 

𝜀𝐻𝑇𝑅 =
𝑇𝐵𝑖 − 𝑇𝐵𝑜
𝑇𝐵𝑖 − 𝑇𝐴𝑖

 ( 53 ) 

𝑁𝑇𝑈𝐻𝑇𝑅 =
𝜀𝐻𝑇𝑅

(1 − 𝜀𝐻𝑇𝑅)
 ( 54 ) 

𝑁𝑇𝑈𝐻𝑇𝑅 =
𝑈𝐴𝐻𝑇𝑅

𝑚𝐶𝑝𝐵𝑖−𝐵𝑜
 ( 55 ) 

𝑚𝐶𝑝𝐵𝑖−𝐵𝑜 = ṁ𝐵 ∙ (
ℎ𝐵𝑖 − ℎ𝐵𝑜
𝑇𝐵𝑖 − 𝑇𝐵𝑜

) ( 56 ) 

Solar Receiver: 262 

𝑄𝐶𝑇𝑅 = ṁ ∙ 𝛿 ∙ (ℎ𝑖 − ℎ𝑜) 
( 57 ) 

𝑝𝑜 = 𝑝𝑖 − 𝛥𝑝𝐶𝑂2 ( 58 ) 

Loop Cycle Exchanger: 263 

ṁ𝐶𝑂2 ∙ (ℎ𝐶𝑂2𝑜 − ℎ𝐶𝑂2𝑖) = ṁ𝐿𝑜𝑜𝑝 ∙ (ℎ𝐿𝑖 − ℎ𝐿𝑜) 
( 59 ) 

𝑝𝐶𝑂2𝑜 = 𝑝𝐶𝑂2𝑖 − 𝛥𝑝𝐶𝑂2 ( 60 ) 

𝑇𝐿𝑜 = 𝑇𝑖 + 𝑃𝑃𝐿𝑜𝑜𝑝 ( 61 ) 

𝑝𝐿𝑜 = 𝑝𝐿𝑖 − 𝛥𝑝𝐶𝑂2 ( 62 ) 

𝑇𝐿𝑖 = 𝑇𝐶𝑂2𝑜 + 𝑃𝑃𝐿𝑜𝑜𝑝  ( 63 ) 

𝑄𝐶𝑂2 = ṁ𝐶𝑂2 ∙ (ℎ𝐶𝑂2𝑜 − ℎ𝐶𝑂2𝑖) 
( 64 ) 
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Loop Cycle Pump: 264 

𝜂𝑃𝑢𝑚𝑝 =
ℎ𝐿𝑜 − ℎ𝐿𝑖
ℎ𝐿𝑠𝑜 − ℎ𝐿𝑖

 ( 65 ) 

Ẇ𝑃𝑢𝑚𝑝 = ṁ𝐿 ∙ (ℎ𝐿𝑜 − ℎ𝐿𝑖) 
( 66 ) 

ITHR: 265 

𝑄𝐼𝐻𝑇𝑅 = ṅ𝑓 ∙ (ℎ̅(𝑇𝐺𝐴𝑆𝑖 ; 𝜆) − ℎ̅(𝑇𝐺𝐴𝑆𝑜; 𝜆)) ( 67 ) 

𝑄𝐼𝐻𝑇𝑅 = ṁ𝐿 ∙ (ℎ𝐿𝑖 − ℎ𝐿𝑜) 
( 68 ) 

𝑝𝐿𝑜 = 𝑝𝐿𝑖 − 𝛥𝑝𝐶𝑂2 ( 69 ) 

PC: 266 

𝑄𝑃𝐶 = ⁡ṁ ∙ (ℎ𝑖 − ℎ𝑜) 
( 70 ) 

𝑝𝑜 = 𝑝𝑖 − 𝛥𝑝𝐶𝑂2 ( 71 ) 

Power and performance cycle S-CO2: 267 

Ẇ𝑆−𝐶𝑂2 = Ẇ𝑇 −Ẇ𝐶 −Ẇ𝑃𝑢𝑚𝑝 ( 72 ) 

𝜂𝑆−𝐶𝑂2 =
Ẇ𝑆−𝐶𝑂2

𝑄𝐻𝑇𝐻𝑅 + 𝑄𝐶𝑇𝑅 + 𝑄𝐼𝑇𝐻𝑅

 ( 73 ) 

4.1.5.4. ORC Cycle 268 

ṁ𝐺𝐴𝑆 = ṁ𝐴𝐼𝑅𝐸 + 16 ∙ ṅ𝑓  ( 74 ) 

ṁ𝐺𝐴𝑆𝑁 = ṁ𝐴𝐼𝑅𝐸𝑁 + 16 ∙ ṅ𝑓𝑁  ( 75 ) 

𝑄𝐼𝑁𝑇⁡𝐺𝐴𝑆 = ṁ𝐺𝐴𝑆 ∙ 𝐶𝑝𝐺𝐴𝑆 ∙ (𝑇𝐺𝐴𝑆𝑖 − 𝑇𝐺𝐴𝑆𝑜) 
( 76 ) 

ṁ = ṁ𝑁 ( 77 ) 

𝐶𝑝𝐺𝐴𝑆 = 1,109 ( 78 ) 

𝑚𝐶𝑝𝐺𝐴𝑆 = ṁ𝐺𝐴𝑆 ∙ 𝐶𝑝𝐺𝐴𝑆 ( 79 ) 

𝑚𝐶𝑝𝐺𝐴𝑆 = 𝑚𝐶𝑝 ( 80 ) 

𝜂𝑂𝑅𝐶 =
𝑤𝑇 − 𝑤𝑃𝑢𝑚𝑝

𝑞𝐶𝐴𝐿
 ( 81 ) 

Ẇ𝑂𝑅𝐶 = Ẇ𝑇 −Ẇ𝑃𝑢𝑚𝑝  ( 82 ) 

Turbine: 269 

𝑝𝑖 − 𝑝𝑜 = (𝑝𝑁𝑖 − 𝑝𝑁𝑜) ∙ (
ṁ

ṁ𝑁

)
2

 ( 83 ) 

Regenerator: 270 

ℎ𝐵𝑖 − ℎ𝐵𝑜 = ℎ𝐴𝑜 − ℎ𝐴𝑖  
( 84 ) 
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𝑄𝑅𝐸𝐺 = ṁ ∙ 𝑞𝑅𝐸𝐺  ( 85 ) 

𝑇𝐵𝑜 = 𝑇𝐴𝑖 + 𝑃𝑃𝑅𝐸𝐺  ( 86 ) 

𝑝𝐵𝑖 = 𝑝𝐵𝑜  ( 87 ) 

𝑝𝐴𝑖 = 𝑝𝐴𝑜  ( 88 ) 

𝑞𝑅𝐸𝐺 = ℎ𝐵𝑖 − ℎ𝐵𝑜 ( 89 ) 

𝜀𝑅𝐸𝐺 ∙ 𝑚𝐶𝐵 ∙ (𝑇𝐵𝑖 − 𝑇𝐴𝑖) = 𝑄𝑅𝐸𝐺  ( 90 ) 

𝑚𝐶𝐵 = ṁ ∙ 𝐶𝑝𝐵  ( 91 ) 

𝐶𝑝𝐵 = 2,012 ( 92 ) 

𝑚𝐶𝐴 = ṁ ∙ 𝐶𝑝𝐴 ( 93 ) 

𝐶𝑝𝐴 = 2,677 ( 94 ) 

𝑁𝑇𝑈𝑅𝐸𝐺 = ℎ𝑥(′𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑓𝑙𝑜𝑤′; 𝜀𝑅𝐸𝐺; 𝑚𝐶𝐵;𝑚𝐶𝐴; "𝑁𝑇𝑈") 
( 95 ) 

𝑁𝑇𝑈𝑅𝐸𝐺 =
𝑈𝐴𝑅𝐸𝐺

𝑚𝐶𝐵
 ( 96 ) 

𝑈𝐴𝑅𝐸𝐺

𝑈𝐴𝑅𝐸𝐺𝑁

= (
ṁ

ṁ𝑁

)
0,8

 ( 97 ) 

PC ORC: 271 

𝑝𝑖 = 𝑝𝑜  ( 98 ) 

𝑞𝐶𝑂𝑁 = ℎ𝑖 − ℎ𝑜 ( 99 ) 

𝑄𝐶𝑂𝑁 = ṁ ∙ 𝑞𝐶𝑂𝑁  ( 100 ) 

Pump: 272 

𝜂𝑃𝑢𝑚𝑝 ∙ (ℎ𝑜 − ℎ𝑖) = 𝑣𝑖 ∙ (𝑝𝑜 − 𝑝𝑖) ∙ 100 ( 101 ) 

𝑤𝑃𝑢𝑚𝑝 = (ℎ𝑜 − ℎ𝑖) 
( 102 ) 

Ẇ𝑃𝑢𝑚𝑝 = ṁ ∙ 𝑤𝑝𝑢𝑚𝑝 ( 103 ) 

Gas Cycle Exchanger: 273 

𝑞𝐶𝐴𝐿 = ℎ𝑜 − ℎ𝑖 
( 104 ) 

𝑄𝐶𝐴𝐿 = ṁ ∙ 𝑞𝐶𝐴𝐿  ( 105 ) 

𝑝𝑖 = 𝑝𝑜  ( 106 ) 

𝑈𝐴𝐶𝐴𝐿 ∙
(ṁ0,8 +ṁ𝐺𝐴𝑆

0,8 )

𝑈𝐴𝐶𝐴𝐿𝑁

= ṁ0,8 ∙ ṁ𝐺𝐴𝑆
0,8 ∙ (

ṁ𝑁
0,8 +ṁ𝐺𝐴𝑆𝑁

0,8

ṁ𝑁
0,8 ∙ ṁ𝐺𝐴𝑆𝑁

0,8 ) ( 107 ) 
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𝑚𝐶𝑂𝑅𝐶 ∙ (𝑇𝑜 − 𝑇𝑖) = ṁ ∙ (ℎ𝑜 − ℎ𝑖) 
( 108 ) 

𝑁𝑇𝑈𝐶𝐴𝐿 =
𝑈𝐴𝐶𝐴𝐿

𝑚𝐶𝑝
 ( 109 ) 

𝜀𝐶𝐴𝐿 = ℎ𝑥(′𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤⁡𝑏𝑜𝑡ℎ⁡𝑢𝑛𝑚𝑖𝑥𝑒𝑑′; 𝑁𝑇𝑈𝐶𝐴𝐿; 𝑚𝐶𝑝𝐺𝐴𝑆; 𝑚𝐶𝑂𝑅𝐶 ; "𝜀") 
( 110 ) 

𝑄𝐺𝐴𝑆 = 𝜀𝐶𝐴𝐿 ∙ 𝑚𝐶𝑝 ∙ (𝑇𝐺𝐴𝑆𝑖 − 𝑇𝑖) 
( 111 ) 

4.2. Properties of fluids 274 

Air and exhaust gases have been modeled as ideal gases, while CO2 and R-600 as pure substances. 275 

These models are collected in the "Engineering Ecuation Solver" or "EES" environment. 276 

4.2.1. Air and exhaust gases 277 

The properties of air as an ideal gas are implemented in EES through the correlations of Lemmon 278 

et al. [1], valid between 100 ᵒK and 2000 ᵒK. In the case of exhaust gases, the properties of the 279 

mixture have been calculated assuming a complete combustion with methane, whose excess air 280 

has been determined according to the desired temperature at the inlet of the gas turbine. Oxygen, 281 

carbon dioxide, water vapor and nitrogen have also been considered ideal gases. This mixture has 282 

been used in the calculations of the cycle; in the modeling of exchangers, pipes and tur- 283 

bomachines, properties of air have been taken as an ideal gas also for exhaust gases. 284 

4.2.2. Supercritical CO2 285 

Carbon dioxide or R744 possesses highly accurate thermodynamic properties through the funda- 286 

mental equations developed by Span and Wagner [2]. The conductivity has been determined by 287 

Vesovic [3] and is valid for temperatures from 200 ᵒK to 1000 ᵒK and pressures up to 1000 MPa. 288 

Finally, viscosity is determined by the studies of Fenghour, Wakeham and Vesovic [4] and is valid 289 

for pressures below 300 MPa and temperatures within the range of 200 ᵒK up to 1500 ᵒK. 290 

4.2.3. R-600 291 

The thermodynamic and transport equations used for butane, of molar mass 58.122 g/mol, have 292 

been obtained by the program through the studies of Miyamoto and Watanabe [5]. In addition, 293 

the equations of state of this fluid are valid for temperatures between 134,87 ᵒK (triple point tem- 294 

perature) and 589 ᵒK and pressures up to 69 MPa. Finally, the conductivity is given by the studies 295 

of Perkins, Ramires, Nieto del Castro and Cusco [6], while the viscosity is provided by Younglove 296 

and Ely [7]. 297 

4.3. Heat exchanger modeling 298 

The modeling of the exchangers has been carried out using the libraries of the environment "En- 299 

gineering Ecuation Solver" or "EES", using a different model depending on the type of exchanger 300 

used. 301 

4.3.1. Shell and tube, finned tubes and finned plate heat exchangers 302 

These three models of heat exchangers have been dimensioned using the variables of heat ex- 303 

changer effectiveness (ε) and number of units transferred (NTU). Equations ( 112 ) and ( 113 ) show 304 

the general equations used for the calculation of variable paths, obtained from [8] and [9]. 305 

𝜀 = 𝐻𝑋(𝑇𝑦𝑝𝑒𝐻𝑋$, 𝑁𝑇𝑈, 𝐶1, 𝐶2, 𝑅𝑒𝑡𝑢𝑟𝑛$) 
( 112 ) 
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𝑁𝑇𝑈 = 𝐻𝑋(𝑇𝑦𝑝𝑒𝐻𝑋$, 𝜀, 𝐶1, 𝐶2, 𝑅𝑒𝑡𝑢𝑟𝑛$) 
( 113 ) 

The TypeHX$ variable is used to specify the flow configuration of the exchanger (parallel flow, 306 

cross flow, shell and tubes, etc.); NTU is the ratio between the overall conductance and the mini- 307 

mum capacitance of the exchanger; C1 and C2 are the capacitance ratio of fluids, calculated as the 308 

product of mass flow (ṁ) and specific heat (Ce). 309 

It should be noted that these exchanger models do not have a significant variation in properties as 310 

they are hardly affected by changes in solar radiation, which simplifies their sizing. 311 

4.3.2. PCHE heat exchangers 312 

As explained in "Power conversion system for solar thermal tower plant based on Brayton cycle of 313 

supercritical CO2" [20], PCHE exchangers have been modeled by an iterative process, in which a 314 

continuous variation in the properties of the fluid is assumed and its length is divided into minor 315 

elements. From a constructive point of view, PCHEs are supplied in modules, which have certain 316 

limitations imposed by the manufacturing process: 317 

• The size limitation of each module is 0.6 m x 0.6 m x 1.5 m (width x length x height).  318 

• Each module contains 96000 channels, 48000 for each of the fluids.  319 

• Up to 14 modules can be stacked in a single structure, obtaining a maximum length of 8.4 m.  320 

• The canals are semicircular and have 2 mm in diameter. The distance between each row of 321 

channels is 1.5 mm. 322 

To perform the calculation of PCHE heat exchangers, equations ( 114 ) and ( 115 ), highlighting the 323 

following abbreviations: 324 

• i: element to be analyzed. 325 

• Ui: heat transfer coefficient. 326 

• Qi: heat transferred. 327 

• Pi: area of heat transfer obtained through the perimeter. 328 

• Li: length. 329 

• fi: friction factor. 330 

• Δpi: pressure variation. 331 

• Di: hydraulic diameter of the channel. 332 

• ci: fluid velocity. 333 

• ρi: density of the fluid. 334 

𝑄𝑖 = 𝑈𝑖 ∙ 𝐿𝑖 ∙ 𝑃𝑖 ∙ (𝑇ℎ,𝑖 − 𝑇𝑐,𝑖) ( 114 ) 

𝛥𝑝𝑖 = 𝑓𝑖 ∙
𝐿𝑖
𝐷𝑖

∙ 𝜌𝑖 ∙
𝑐𝑖
2

2
 ( 115 ) 

 335 

The calculation process establishes a number of initial channels, from which the length necessary 336 

to transfer the heat and the load losses produced is determined. The number of channels is in- 337 

creased if the maximum pressure loss is above the prescribed, or reduced otherwise. The correla- 338 

tions for convection coefficients are detailed in [10]. 339 
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It will be assumed that the heat exchangers work at the nominal point and, in addition, their design 340 

will be optimized in cases where the mass flow is maximum. It will be also assumed that, despite 341 

the complete variation of mass flow that changes in solar radiation entail, variations in CO2 flow 342 

properties are hardly non-existent, so the working conditions of the exchangers will remain con- 343 

stant at all times.  344 

4.4. Pre-design of turbomachines 345 

The sizing of the turbomachines consists of three steps. First, the specific speed (Ns) must be es- 346 

tablished using Baljè's method [11], which allows the identification of the type of turbomachine to 347 

be used inside each cycle (axial, radial or mixed), as shown in Figure 11. Secondly, specific diam- 348 

eter (Ds) is determined and, simultaneously, the performance of the turbomachines is established 349 

as it is a function that depends directly on the parameter Ns. Finally, the diameter of the rotor is 350 

established from the specific diameter, which is a fundamental parameter for the construction of 351 

the same. 352 

 

Figure 11: Specific speed of turbomachines. [12] 

 

Figure 12: Specific speed ranges to obtain high efficiencies 

in turbomachines. [12] 

 353 

To calculate the specific velocity ( 116 ) it is necessary to know the angular velocity (w), the volu- 354 

metric flow (V) and the difference of isentropic enthalpies between the input and the output 355 

(ΔHad). If the difference in enthalpies is such that the values of Ns obtained are very low, tur- 356 

bomachines will be introduced in series or the rotational speed of the turbomachine will be in- 357 

creased to increase its specific speed( 117 ); if the Ns is excessively large, the rotational speed of 358 

the turbomachine could be modified by decreasing it, or by adding others in parallel, so that, as 359 

with the enthalpy difference, the volumetric flow will also be reduced. It should be noted that, in 360 

case of introducing several turbomachines in series, it is necessary to calculate the specific speed 361 

( 116 ) for each stage, since the Ns is defined for each of them, not for the machine as a whole. 362 

𝑁𝑠 =
𝑤 ∙ √𝑉

(𝛥𝐻𝑎𝑑_𝑓𝑖𝑛𝑎𝑙)
3/4

 ( 116 ) 

𝛥𝐻𝑎𝑑_𝑓𝑖𝑛𝑎𝑙 =
𝛥𝐻𝑎𝑑

𝑛ᵒ𝑡𝑢𝑟𝑏𝑜𝑚á𝑞𝑢𝑖𝑛𝑎𝑠
 ( 117 ) 

 363 

Once the Ns is known, it is necessary to adjust to the parameters established in Figure 12, max- 364 

imizing the efficiency of the turbomachines. It is possible that for the Ns to be within this range, it 365 
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is necessary to introduce one or more turbomachines in series / parallel in order to modify their 366 

respective parameters (ΔHad and V). 367 

After obtaining the specific speed of the turbomachine, an estimate of the maximum performance 368 

that each turbomachine will have is obtained simultaneously; therefore, the next step is to estab- 369 

lish the specific diameter by using Baljè diagrams [11]. 370 

𝜂 = 𝑓(𝑁𝑠, 𝐷𝑠) 
( 118 ) 

 371 

 

Figure 13: Baljè diagram for pumps. [12] 

 

Figure 14: Baljè diagram for compressors. [12] 

 372 

 

Figure 15: Baljè diagram for axial turbines. [12] 

 

Figure 16: Baljé diagram for radial turbines. [12] 

 373 

Through the specific diameter, the diameter of the turbomachine rotor (D) is dimensioned, which 374 

depends on the adiabatic difference of enthalpies between the inlet and the output of the stage 375 

(ΔHad) and the volumetric flow (V). 376 

𝐷𝑠 =
𝐷 ∙ (𝛥𝐻𝑎𝑑_𝑓𝑖𝑛𝑎𝑙)

1/4

√𝑉
 ( 119 ) 

Ultimately, in order to limit the centrifugal force of the turbomachines, a maximum peripheral 377 

speed value of 450 m/s has been established for them, which is calculated through the rotational 378 

speed, w [rad/s] and the rotor diameter, D [m]. 379 

450
𝑚

𝑠
> 𝑢 = 𝑤 ∙

𝐷

2
 ( 120 ) 
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Particularly, the S-CO2, gas and R-600 turbines together with the air compressor, have been sized 380 

taking into account the variation in density they suffer at the input/output of each stage when 381 

several turbomachines are introduced in series. In the case of the S-CO2 compressor and the R-600 382 

pump, this process has not been necessary since the variation in densities is negligible along the 383 

turbomachine. 384 

4.5. Pipe design 385 

The pipes are the elements responsible for transporting the fluid around the cycle, therefore, it is 386 

necessary to ensure its operation and guarantee its resistance to the high pressure and tempera- 387 

ture loads of the plant. In addition, they must be properly insulated thermally and acoustically. To 388 

carry out its sizing it has been decided to use two different criteria: 389 

• Firstly, the criteria of maximum permissible speed have been established, avoiding possible 390 

problems related to noise and vibration. With it, if the fluid is in a gaseous state, the limitation 391 

shown in equation ( 124 ). However, if the fluid has low density, its maximum velocity shall be 392 

limited in such a way that it does not exceed 60 m/s in the case of a gas, or 6 m/s if it is a liquid.  393 

• In the second instance, the criteria of loss of load has been established, in such a way that the 394 

values established by the regulations are not exceeded. These values limit the pressure loss in 395 

3 different segments (only valid for fluids in the gaseous state): 396 

o If the pressure is greater than 138 bar. 397 

𝑃é𝑟𝑑𝑖𝑑𝑎𝐶𝑎𝑟𝑔𝑎𝑀á𝑥 =
𝑝

500
 ( 121 ) 

 398 

o  If the pressure is between 138 bar and 35 bar. 399 

𝑃é𝑟𝑑𝑖𝑑𝑎𝐶𝑎𝑟𝑔𝑎𝑀á𝑥 = (𝑝 − 35) ∙
(0,27 − 0,11)

(138 − 35)
+ 0,11 ( 122 ) 

 400 

o If the pressure is less than 35 bar. 401 

𝑃é𝑟𝑑𝑖𝑑𝑎𝐶𝑎𝑟𝑔𝑎𝑀á𝑥 = 𝑝 ∙
(0,11 − 0,001)

(35 − 0)
+ 0,001 ( 123 ) 

 402 

For the sizing of the plant, three different pipe materials have been used according to the fluids 403 

that circulate through each of the cycles. In the case of the gas cycle, the "310s Alloy" [13] has 404 

been used (formed by austenitic stainless steel for high temperature applications, with great re- 405 

sistance to corrosion and a high content of Nickel and Chromium), since it can withstand temper- 406 

atures of up to 1038 ᵒC without seeing its properties diminished. For the S-CO2 cycle and for the 407 

ORC cycle, it has been decided to use the Inconel 740-H pipes, formed by an alloy of Ni-Cr-Co. 408 

Finally, for the cooling circuit, whose working fluid is water, A-106B (carbon steel) pipes will be 409 

used. 410 

The nomenclatures and formulas used during the sizing of the pipes are as follows. 411 

Nomenclatures: 412 

• Pressure: p [bar]. 413 
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• Temperature: T [orC]. 414 

• Density: ρ [kg/m3]. 415 

• Viscosity: μ [m2/s]. 416 

• Mass flow: ṁ [kg/s]. 417 

• Number of pipes: n [-]. 418 

• Fluid velocity: v [m/s]. 419 

• Pipe diameter: D [mm]. 420 

• Pipe internal diameter: d [mm]. 421 

• Maximum permissible voltage: S [MPa]. 422 

• Pipe thickness: t [mm]. 423 

• Reynolds number: Re [-]. 424 

• Roughness: ε [mm]. 425 

• Friction factor: f [-]. 426 

• Coefficient y: and [-]. 427 

Formulas: 428 

𝑣𝑚𝑎𝑥 = 175 ∙ (
1

𝜌
)
0,43

 ( 124 ) 

𝐷𝑚𝑖𝑛 = 1000 ∙ √
4 ∙ ṁ

𝑛 ∙ 𝜋 ∙ 𝜌 ∙ 𝑣𝑚𝑎𝑥

 
( 125 ) 

𝑡𝑚𝑖𝑛 =
𝑇 ∙ 100 ∙ 𝐷𝑜

2 ∙ (𝑆 ∙ 1000 + 𝑇 ∙ 100 ∙ 𝑦)
 ( 126 ) 

𝑑 = 𝐷𝑜 − 2 ∙ 𝑡 ( 127 ) 

𝑣 =
ṁ

𝑛 ∙ 𝜌 ∙ (𝜋 ∙
𝑑

1000
)
2/4

 
( 128 ) 

𝑅𝑒 = 𝑣 ∙
𝑑

1000 ∙ 𝜇
 ( 129 ) 

ℎ𝑓

𝐿
=
1000 ∙ 𝑓 ∙ 𝑣2

𝑑 ∙ 2 ∙ 9,81
 ( 130 ) 

1

√𝑓
= −2 ∙ 𝑙𝑜𝑔 (

𝜀/𝑑

3,7
+

2,51

𝑅𝑒 ∙ √𝑓
) ( 131 ) 

 429 

The sizing of the pipes has been carried out through an iterative process that begins by introducing 430 

the working conditions of the pipes at each of the points of the cycle. The variables that are nec- 431 

essary to know to carry out this analysis are pressure, temperature, density, viscosity and mass 432 

flow. 433 

Once the working conditions are known, the number of pipes is chosen and, by means of the cri- 434 

teria of maximum permissible speed, a normalized diameter value (DN) is established, higher than 435 

the minimum diameter (Dmin) calculated through the equation ( 125 ) Next, the thickness of the 436 
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pipe is decided, greater than the minimum thickness [equation ( 126 )], calculated through the 437 

ASME/ANSI B36.10 M standard [14]. In case of either, there are no standard pipes wide enough to 438 

be able to transport the fluid, or that the thickness of the pipe is insufficient, pipes will be added 439 

in parallel to, in this way, be able to divide the mass flow that will circulate through the pipes and, 440 

consequently, reduce its diameter and thickness. 441 

After having dimensioned through the criterion of maximum permissible speed, the criterion of 442 

maximum pressure loss will be applied, by means of which the pressure loss of each of the pipe 443 

sections will be calculated using the Darcy-Weisbach equation [equation ( 130 )] and the friction 444 

factor of the Colebrook equation [equation ( 131 ) ]. If the pressure loss is greater than the value 445 

recommended by the Norsok standard [18], the pipe diameter or the number of pipes must be 446 

modified until the pressure drop has an acceptable value. 447 

5. Results 448 

This section shows the performance obtained by the system against the variability of solar input, 449 

keeping the conditions of the input air and refrigeration constant. In this sense, it can be under- 450 

stood as obtaining the benefits in nominal point depending on the solar contribution. In addition 451 

to the performance, the dimensions established for each of the elements that make up the plant 452 

will also be obtained. 453 

5.1. Cycles 454 

As previously mentioned, the addition of the solar receiver next to the heat recuperator of the gas 455 

turbine, cause variations in the gas consumption requested by the plant depending on the solar 456 

radiation absorbed. Consequently, this also causes a decrease in emissions at peak times. Figure 457 

17¡Error! No se encuentra el origen de la referencia. shows this variation, observing a linear rela- 458 

tionship between both variables, emissions and consumption of natural gas with solar radiation, 459 

which shows that at times when this is non-existent the plant consumes about 125 g CH4 / kWhe 460 

and emits into the atmosphere about 345 g CO2 / kWhe, while at times when it is maximum, the 461 

plant goes on to consume about 85 g CH4/kWhe and emit approximately 235 g CO2/kWhe, which 462 

translates into a reduction of up to 32% in natural gas consumption and CO2 emissions. 463 
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Figure 17: Variation in natural gas consumption and CO2 emissions emitted as a result of solar radiation. 

 464 

However, the variation of the energy generating method (natural gas or natural gas + solar re- 465 

ceiver) causes variations in the performance of the combined cycle, which produces modifications 466 

in the amount of energy produced. Figure 18 shows how cycle efficiency is minimized when the 467 

plant operates in extreme conditions (minimum or maximum solar radiation), while maximum per- 468 

formance is achieved at times when the solar receiver load is at 50%. However, the loss of effi- 469 

ciency suffered by the combined cycle under both extremes of operation is not significant, since it 470 

varies only by 1.1% (corresponding to the minimum yield of 56.85% and the maximum 57.5%). On 471 

the other hand, the net energy produced by the combined cycle reaches its maximum value when 472 

there is no energy contribution from the solar receiver, this being 182.8 MWe, and, being the min- 473 

imum value under load conditions of the solar receiver of approximately 83%, producing the plant 474 

177 MWe. Finally, it should be noted that under a condition of 100% charge by the solar receiver 475 

the electrical power generated is 178 MWe. 476 
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Figure 18: Variation of the energy obtained in each of the cycles and the performance of the combined cy-

cle depending on the load of the solar receiver. 

5.1.1. Variations in the operation of the elements of the gas cycle depending on the load of the 477 

solar receiver 478 

Within the gas cycle, the main element that undergoes variations in its point of work is the regen- 479 

erator of the gas turbine, for which two different scenarios have been analyzed. First, Figure 19 480 

shows how the heat exchange between the cold current (compressor outlet and inlet to the com- 481 

bustion chamber) and hot current (turbine outlet) takes place, in which, because the hot current 482 

has a mass flow 5 times less than the cold current, the energy load of the higher temperature 483 

current suddenly decays (ΔThot current = 500 o C), while the lowest temperature current has a variation 484 

of 120 ᵒC, being the amount of energy exchanged by both currents of 24 MW. Secondly, Figure 485 

20 shows a scenario in which the load of the solar receiver corresponds to 80%, which produces 486 

that both currents are more balanced in terms of mass flow and, therefore, the heat exchange is 487 

higher than the previous case (81 MW) and the relationship between heat exchanged per MW is 488 

much more equitable, being 5.13 ᵒC/MW in the case of cold current and 5.19 ᵒC/MW in the case 489 

of hot current. 490 
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Figure 19: Gas turbine regenerator under a solar receiver load of 20%. 

 491 

 

Figure 20: Gas turbine regenerator under a solar receiver load of 80%. 

 492 
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Other elements of the gas cycle that are affected by the variation of solar charge are the HTHR and 493 

ITHR exchangers. Unlike the gas turbine recuperator, the HTHR exchanger works better with a 494 

lower load of the solar receiver, since its mass flow depends inversely on this parameter. Figure 495 

21 shows how both heat exchangers work almost optimally when the degree of charge of the solar 496 

receiver is low, also possessing an approach of around 25 ᵒC as shown in Figure 23. On the con- 497 

trary, Figure 22 shows how the heat exchange of the HTHR exchanger is considerably reduced by 498 

decreasing the mass flow that circulates through the hot current, simultaneously reducing the ap- 499 

proaching between both flows. 500 

Regarding the ITHR exchanger, it is not so affected by the variation of the solar load, since, being 501 

after the union of flows from the output of the gas turbine and the heat recuperator makes its 502 

temperature is much more constant than that of the HTHR exchanger, exchanging in both cases 503 

approximately the same amount of energy (≈46 MW). 504 

 

Figure 21: HTHR and ITHR exchangers under a solar receiver load of 20%. 

 505 
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Figure 22: HTHR and ITHR exchangers under a solar receiver load of 80%. 

 506 

 507 

 

Figure 23: Approach of the HTHR exchanger as a function of the load of the solar receiver. 

 508 
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Finally, Figure 24 shows how the output temperatures of the gas turbine recuperator and the 509 

HTHR exchanger vary, demonstrating that, as the load of the receiver increases, the recuperator 510 

intensifies the amount of energy exchanged by having a greater mass flow by the hot current and, 511 

consequently, increases the temperature of the air at its exit. On the other hand, in the case of the 512 

HTHR heat exchanger, the opposite happens, as the load of the receiver increases, the tempera- 513 

ture at its exit decreases due to the mass flow of the hot current decreases and, as a result, the 514 

amount of heat exchanged also decreases.  515 

In Figure 24 it can also be seen that the ITHR exchanger is the one that suffers the least variations 516 

when the limit cases are compared; being its entry temperature practically identical, under both 517 

the conditions, maximum load by the solar receiver, and under minimum load, the amount of heat 518 

it exchanges does not suffer variations. As a particularity, this exchanger has its minimum effi- 519 

ciency when the load of the solar receiver is around 50%, since, as its inlet temperature is minimal, 520 

so will be the output temperature. 521 

 

Figure 24: Output temperature of the elements affected by the load of the solar receiver depending on it. 

 522 

5.1.2. Variations in the operation of the elements of the CO2 cycle depending on the load of the 523 

solar receiver 524 

 525 

To facilitate its design and construction, the CO2 cycle has been divided into two twin units, there- 526 

fore, all the elements of this cycle will be duplicated, with the only exception of the medium tem- 527 

perature exchanger of CO2-CO2, which, when exchanging heat to a small part of the mass flow, will 528 

only be connected to one of the currents, rejoining the flows of both cycles before passing through 529 

the HTR exchangers. 530 

In reference to the mass flow of the CO2 cycle, Figure 25 shows how it varies according to the load 531 

of the solar receiver, being maximum when the load is non-existent and minimum when its 532 
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capacity is around 80%. In addition, it should be noted that when the load capacity exceeds 90%, 533 

there is an increase in the need for mass flow by the CO2 plant. However, for the sizing of all the 534 

elements of the cycle, it has been chosen to use the most unfavorable case, that is, the one with 535 

the highest mass flow (443.9 kg/s). 536 

 537 

 

Figure 25: Mass flow of CO2 as a function of the load of the solar receiver. 

 538 

HTR heat exchangers are the internal element of the CO2 cycle that undergoes greater variations 539 

in its working point due to the load of the solar receiver. The CO2 cycle has two HTR exchangers 540 

that work simultaneously, but with the inverse amount of mass flow, that is, if the HTR heat ex- 541 

changer of the solar receiver has 80% of the mass flow, the HTR heat exchanger of the gas cycle 542 

will have the remaining 20%. Figure 26 and Figure 27 refer to the HTR heat exchanger found 543 

behind the HTHR heat exchanger, in other words, the gas cycle. 544 

Another remarkable feature of these exchangers is that, unlike the gas turbine recuperator, when 545 

the load of the solar receiver varies, it does not only affect one flow, but both. Therefore, the 546 

approach between the two flows, hot and cold, remains approximately constant at all times. 547 

Figure 26 shows that, when the mass flow passing through the exchanger is high (80% of the total 548 

mass flow in this case), the amount of power exchanged is also very high, specifically in this case 549 

110 MW. On the other hand, Figure 27, referring to a small amount of mass flow (20%), causes 550 

the power exchanged by the heat exchanger to be much lower than the previous case (of the order 551 

of 27 MW). In addition, as previously mentioned, since both mass flows are similar, it can be ob- 552 

served how the approach of the exchanger hardly varies. 553 
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Figure 26: HTR (gas) exchanger under a solar receiver load of 20%. 

 554 

 

Figure 27: HTR (gas) exchanger under a solar receiver load of 80%. 

 555 

 556 
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5.1.3. Variations in the operation of the elements of the ORC cycle depending on the load of 557 

the solar receiver 558 

 559 

The ORC cycle is the one in which fewer variations occur due to the load of the solar receiver, since 560 

the main variation it has is its inlet temperature. The temperature is directly related to the inlet 561 

temperature of the ITHR exchanger (Figure 24), so, it has its minimum when the load of the solar 562 

receiver is approximately 50% and its maximum when the receiver operates at its extremes, which 563 

causes the efficiency of the ORC cycle to decrease slightly when it is under the first operating con- 564 

dition mentioned. Finally, the most characteristic point to analyze in Figure 28 is the exhaust tem- 565 

perature of the gases from the ORC boiler, that is, those coming from the gas turbine. As men- 566 

tioned in the previous sections, to avoid possible problems related to corrosion (condensation of 567 

acidic products) the ideal is that the temperature of these gases does not decrease below 100 ᵒC. 568 

However, in order to maximize the efficiency of the cycle, the temperature of these gases has been 569 

allowed to decrease to 95 ᵒC for the receiver charge range from 25% to 75%, since the combined 570 

cycle will operate most of the time outside this range, where the gases will reach temperatures of 571 

up to 114 ᵒC (in the case of zero load). 572 

 

Figure 28: Operating temperature of the ORC cycle elements as a function of the load of the solar receiver. 

 573 

5.2. Heat exchangers 574 

Heat exchangers have been designed to cope with the working point that produces a greater load. 575 

Therefore, for some of the operating points discussed in the previous section, these exchangers 576 

will be oversized. 577 

First, ¡Error! No se encuentra el origen de la referencia. the cross-flow heat exchangers. As is 578 

normal, the HTHR heat exchanger is the one with the highest heat exchange, since, of the three 579 
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exchangers, this is where the fluid circulates at the highest temperature. Consequently, this ex- 580 

changer is also the one with the largest dimensions. However, because the S-CO2 cycle has been 581 

divided into two twin units, this exchanger has been separated into two units of identical dimen- 582 

sions (¡Error! No se encuentra el origen de la referencia.). 583 

Within the cross-flow exchangers, the one with the smallest size is the ITHR, since the amount of 584 

CO2 that circulates inside it is much lower than that of the HTHR. In addition, although the tem- 585 

perature of the inlet air is higher compared to the LTHR, its power is lower, since this exchanger 586 

does not need to transfer to the CO2 cycle as much heat as the LTHR to the ORC cycle. 587 

 588 

Table 1: Dimensions of cross-flow exchangers. 589 

Cross-flow exchangers 

HTHR 

Power [MW] 93,3 

Height [m] 12,31 

Width [m] 3,25 

Length [m] 0,50 

Volume [m3] 20,12 

nᵒ tubes 12300 

ITHR 

Power [MW] 43,3 

Height [m] 5,27 

Width [m] 4,75 

Length [m] 0,32 

Volume [m3] 7,89 

nᵒ tubes 3300 

LTHR 

Power [MW] 46,8 

Height [m] 4,57 

Width [m] 6,35 

Length [m] 0,63 

Volume [m3] 18,22 

nᵒ tubes 5700 

 590 

Table 2: HTHR exchanger divided into two twin units. 591 

2xHTHR 

Power [MW] 46,6 

Height [m] 6,16 

Width [m] 3,25 

Length [m] 0,50 

Volume [m3] 10,1 

nᵒ tubes 6150,0 

 592 
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Secondly, ¡Error! No se encuentra el origen de la referencia. shows the dimensions and power of t 593 

he finned plate exchanger, the gas turbine regenerator. Because the air represents both working 594 

fluids of the exchanger, its volume is much higher than the rest of the plant heat exchangers that 595 

do not produce a phase change. 596 

Table 3: Dimensions of the finned plate exchanger.  597 

Plate exchanger with fins 

Regenerador 

TG 

Power [MW] 90,3 

Height [m] 5,23 

Width [m] 2,05 

Length [m] 11,08 

Volume [m3] 119 

nᵒ plates 445 

 598 

Thirdly, ¡Error! No se encuentra el origen de la referencia. shows the characteristics of the shell a 599 

nd tube exchanger, which is responsible for condensing the R-600 fluid. The fluids that will pass 600 

through its interior will be water (as a refrigerant) and R-600, in a gaseous state at the entrance 601 

and in a liquid state at the outlet.  602 

 603 

Table 4: Dimensions of the shell and tube exchanger.   604 

Shell and tube exchanger 

ORC Capacitor 

Power [MW] 37,4 

Housing diameter [m] 5,91 

Length [m] 10,39 

Volume [m3] 284,83 

nᵒ tubes 35000 

 605 

Finally, ¡Error! No se encuentra el origen de la referencia. shows the dimensions of the PCHE ex- 606 

changers, which have as constructive restrictions their length, which cannot exceed 8.5 m (14 mod- 607 

ules) and their height (1.5 m). Therefore, it is necessary to divide them into different sections so 608 

that heat exchange occurs optimally. As with the HTHR heat exchanger, HTR, LTR and PC heat ex- 609 

changers have been divided into two twin units, one for each of the supercritical CO2 cycles (¡Error! 610 

No se encuentra el origen de la referencia.). Figures 29 to 33 show how these exchangers will be 611 

built. 612 

Table 5: Dimensions of PCHE exchangers.   613 

PCHE exchangers 

HTR 

Power [MW] 133,4 

Height [m] 1,78 

Width [m] 0,6 

Length [m] 12,62 
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Volume [m3] 13,42 

nᵒ modules 22 

LTR 

Power [MW] 197,6 

Height [m] 4,49 

Width [m] 0,6 

Length [m] 15,03 

Volume [m3] 40,5 

nᵒ modules 26 

PC 

Power [MW] 77,0 

Height [m] 0,49 

Width [m] 0,6 

Length [m] 8,50 

Volume [m3] 2,24 

nᵒ modules 15 

Regenerador 

ORC 

Power [MW] 12,6 

Height [m] 0,97 

Width [m] 0,6 

Length [m] 8,76 

Volume [m3] 5,09 

nᵒ modules 15 

Loop Cycle: 

Exchanger 

CO2-CO2 

Power [MW] 47,0 

Height [m] 4,44 

Width [m] 0,6 

Length [m] 3,94 

Volume [m3] 10,49 

nᵒ modules 7 

 614 

Table 6: HTR, LTR and PC exchangers divided into two twin units. 615 

HTR 

Power [MW] 66,7 

Height [m] 1,78 

Width [m] 0,60 

Length [m] 6,31 

Volume [m3] 13,42 

nᵒ modules 11 

LTR 

Power [MW] 98,783 

Height [m] 4,50 

Width [m] 0,60 

Length [m] 7.5 0 

Volume [m3] 40,5 

nᵒ modules 13 
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PC 

Power [MW] 38,5 

Height [m] 0,5 

Width [m] 0,60 

Length [m] 4,25 

Volume [m3] 2,24 

nᵒ modules 7,5 

 

Figure 29: Design of an HTR heat exchanger unit. 

 616 

 

Figure 30: Design of an LTR heat exchanger unit. 

 617 

 618 
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Figure 31: Design of a PC heat exchanger unit. 

 

Figure 32: Design of a Reg ORC heat exchanger unit. 

 619 

 

Figure 33: CO2-CO2 heat exchanger design. 

 620 

5.3. Turbomachines 621 

 622 

Because the plant is composed by three types of cycles with their respective fluids (air, CO2 and R- 623 

600), it has been decided to use a different synchronism speed for each of the cycles. In addition, 624 

in all cases both turbomachines, compressor (or pump in the case of the R-600) and turbine, will 625 

be coupled to the same shaft and, therefore, will have the same rotational speed. 626 

Every turbine used at the plant will be axial turbomachines, so will be the gas cycle compressor. In 627 

contrast, the S-CO2 cycle compressor and the ORC cycle pump will be radial turbomachines. Ta- 628 

ble¡Error! No se encuentra el origen de la referencia. shows the data and operating characteristics 629 

of each of the turbomachines. 630 

 631 

 632 
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 633 

Table 7: Data on input and output conditions of turbomachines.    634 

Cycle type Type of turbomachine Tᵒ input [ᵒC] P entrance [bar] Tᵒ output [ᵒC] P exit [bar] 

Gas cycle 
Axial Turbine 674,1 299,2 510,4 86,6 

Axial Compressor 35 85 72,55 300 

CO2 cycle 
Axial Turbine 1500 6,752 940,1 1 

Radial Compressor 15 1 257 6,752 

ORC Cycle 
Axial Turbine 198,9 50 108,4 3,29 

Radial Pump 35 3,29 39,43 50 

 635 

It should be noted that, in the case of compressors, the stages that have the highest specific speed 636 

are those that are at the beginning, since the fluid has a lower density and, therefore, its flow rate 637 

is higher. In turbines the opposite happens, the first stages are corresponding to those with the 638 

highest Ns, since, as the temperature and pressure of the fluid decrease, density of is also reduced 639 

at the exit of each stage, which produces lower Ns values compared to the previous stages.  640 

5.3.1. Gas cycle 641 

Air has a density that varies significantly depending on pressure and temperature. Therefore, in 642 

order to establish the number of stages that the turbomachine will have, an analysis has been 643 

carried out in which its density variation is taken into account at the output / input of each of the 644 

stages. In addition, it is necessary to optimize the number of stages in such a way that the perfor- 645 

mance of each of the turbomachines coupled in series is maximized, which forces to limit the spe- 646 

cific speed within the range of Ns ∈ [0,6 - 1,2] for the axial turbine and Ns ∈ [1,5 - 2,5] for the axial 647 

compressor.[52] 648 

 

Figure 34:Variation of the Ns as a function of the number of stages of the gas turbine. 

 649 
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Figure 35: Variation of the Ns depending on the number of stages of the gas compressor. 

 650 

Looking at Figure 34 and Figure 35, it has been decided that the rotational speed of the gas tur- 651 

bomachines is 3000 rpm, since this is the synchronism speed of the Spanish electrical system. Con- 652 

sequently, it is necessary to use at least 6 stages for the turbine, since in this way all the stages are 653 

within the limits marked by the Ns, and 11 or 12 stages for the compressor. It has been decided to 654 

finally use 11 stages because the performance of axial compressors decreases to a greater extent 655 

when exceeding the upper limit than if the lower limit is not reached. With all this, the results 656 

shown in ¡Error! No se encuentra el origen de la referencia. and Table 1. 657 

 658 

Table 8: Sizing of the gas compressor stages.      659 

Sizing of gas compressors 

  Rotational speed [rpm] η [-] D [m] u [m/s] 

Stage 1 3000 0,89 2,59 407,23 

Stage 2 3000 0,9 2,49 391,72 

Stage 3 3000 0,9 2,31 363,49 

Stage 4 3000 0,9 2,24 352,16 

Stage 5 3000 0,9 2,18 342,03 

Stage 6 3000 0,9 2,04 320,92 

Stage 7 3000 0,9 1,99 313,28 

Stage 8 3000 0,9 1,88 295,68 

Stage 9 3000 0,9 1,84 289,78 

Stage 10 3000 0,9 1,75 274,83 

Stage 11 3000 0,9 1,72 270,19 
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 660 

Table 1: Sizing of the gas turbine stages.       661 

Sizing of gas turbines 

  Rotational speed [rpm] η [-] D [m] u [m/s] 

Stage 1 3000 0,92 2,44 383,46 

Stage 2 3000 0,92 2,64 414,37 

Stage 3 3000 0,92 2,78 436,68 

Stage 4 3000 0,91 2,74 430,33 

Stage 5 3000 0,9 2,78 437,17 

Stage 6 3000 0,89 2,82 442,41 

 662 

5.3.2. S-CO2 cycle 663 

Because CO2 has very high densities in the areas near its critical point, in the case of the compres- 664 

sor, it has been decided not to take into account the variation in density between stages, since it 665 

is insignificant. On the other hand, the turbine, having a higher temperature and, consequently, 666 

lower density, has been analyzed from both perspectives in order to optimize its design, showing 667 

in Figure 37 the case without variation in density between stages and in Figure 38 the opposite. 668 

 

Figure 36: Variation of the Ns as a function of the number of stages of the S-CO2 compressor with con-

stant density. 

 669 
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Figure 37: Variation of the Ns as a function of the number of stages of the S-CO2 turbine with constant 

density. 

 670 

 

Figure 38: Variation of the Ns as a function of the number of stages of the S-CO2 turbine with variable 

density. 

 671 

As ¡Error! No se encuentra el origen de la referencia. shows, the CO2 compressor, which is a radial c 672 

ompressor, is within the limits of the Ns for speeds from 12000 rpm to 20000 rpm using a single 673 

stage. On the contrary, the turbine is more limited with respect to the speed it must have if a single 674 
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stage is used, so, in order to optimize the performance of the plant, it has been decided to finally 675 

use 2 stages with a rotational speed of 18000 rpm for both turbomachines. 676 

 677 

Table 2: S-CO2 turbomachine sizing.      678 

Sizing of CO2 turbomachines 

  Rotational speed [rpm] η [-] D [m] u [m/s] 

Compressor 18000 0,9 0,258 243,003 

Turbine stage 1 18000 0,92 0,399 376,028 

Turbine stage 2 18000 0,92 0,458 432,092 

 679 

Table 2 shows the sizing of the CO2 cycle turbomachines. In it, it can be seen that the yields of all 680 

turbomachines are above 90% (92% in the case of turbines) and that in no case is the limit of 450 681 

m/s established as a limit for centrifugal force is exceeded. 682 

5.3.3. ORC Cycle 683 

As in the previous cases, the number of turbine stages has been calculated through the variable 684 

density criteria. However, for the pump, as the fluid is in a liquid state and, therefore, it is an in- 685 

compressible fluid, it has not been necessary to apply this criterion. This results in the graphs 686 

shown in Figure 39 and Figure 40. 687 

 

Figure 39: Variation of the Ns as a function of the number of turbine stages of the ORC cycle. 

 688 
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Figure 40: Variation of the Ns as a function of the number of pump stages of the ORC cycle. 

 689 

In both graphs it can be seen that for rotational speeds between 12000 rpm and 18000 rpm both 690 

turbomachines are within the established limits and, in addition, only a single stage is needed for 691 

each of them. So finally, a rotational speed of 12000 rpm has been chosen in such a way that the 692 

centrifugal force that the turbomachines must withstand is minimized. 693 

 694 

Table 3: Sizing of the turbomachines of the ORC cycle.     695 

Sizing of the turbomachines of the ORC cycle. 

  Rotational speed [rpm] η [-] D [m] u [m/s] 

Turbine 12000 0,92 0,68 425,33 

Bomb 12000 0,9 0,18 114,90 

 696 

Table 3 shows the performance and impeller dimensions of both turbomachines. In addition, it can 697 

be verified that in both cases the maximum value of 450 m/s is not exceeded. 698 

5.4. Pipes 699 

Tables 12 to 15 show the dimensions of the pipes used for the combined cycle. It should be noted 700 

that in the case of the CO2 cycle, the ORC cycle and the water cycle all the pipes are standardized, 701 

while, in the gas cycle, due to the high viscosity of the air and its low density, they have not been 702 

standardized, since there are no standardized pipes of that size, and, instead, ones with the di- 703 

mensions set out inTable 5. Finally, it should be noted that in point 3 of the air pipes, outlet of the 704 

combustion chamber and inlet of the turbine, it is not necessary to size any pipe since both com- 705 

ponents are directly coupled to each other. 706 

 707 

 708 

 709 

 710 

 711 
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Table 4: Sizing of CO2 pipes.     712 

S-CO2 

Point nº pipes DN schedule Standard 

1 2 350,00 20 YES 

2 1 200,00 80 YES 

2_alpha 2 250,00 80 YES 

3 2 200,00 80 YES 

4 2 350,00 80 YES 

5 2 400,00 100 YES 

6 2 450,00 120 YES 

7 2 550,00 20 YES 

8 4 450,00 40 YES 

9 2 550,00 20 YES 

10 2 450,00 140 YES 

11 2 450,00 120 YES 

12 4 450,00 40 YES 

13 2 550,00 20 YES 

14 2 550,00 20 YES 

15 2 450,00 20 YES 

L1 1 350,00 20 YES 

L2 1 450,00 20 YES 

L3 1 400,00 20 YES 

 713 

Table 5: Sizing of air pipes.      714 

Air 

Points nº pipes Do(mm) t(mm) Standard 

1 1 2400,00 1,00 NO 

2 1 1300,00 2,00 NO 

3 --- --- --- --- 

4 2 2800,00 2,00 NO 

5 2 2300,00 1,00 NO 

5p 2 2300,00 1,00 NO 

5m 2 2300,00 1,00 NO 

6 2 2100,00 1,00 NO 

7 2 1000,00 3,00 NO 

8 2 1900,00 1,00 NO 

 715 

 716 

 717 

 718 
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Table 6: Sizing of R-600 pipes.     719 

R-600 

Points nº pipes DN schedule Standard 

1 1 400,00 20 YES 

2 4 650,00 STD YES 

3 4 650,00 STD YES 

4 1 500,00 20 YES 

5 1 300,00 20 YES 

6 1 300,00 20 YES 

 720 

Table 7: Sizing of water pipes.     721 

Water 

Points nº pipes DN schedule Standard 

PC_1 6 400 20 YES 

PC_2 6 400 20 YES 

PC_3 6 400 20 YES 

C_ORC_1 1 700 20 YES 

C_ORC_2 1 700 20 YES 

C_ORC_3 1 700 20 YES 

 722 

Figures 41 to 46 show the diagrams of the cycles with the indication of the number of pipes, their 723 

nominal diameter and their thickness. For the CO2 cycle and for the pipes connecting the gas cycle 724 

exchangers to it, they have been given an even number of pipes as the carbon dioxide cycle has 725 

been divided into two twin units. 726 
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Figure 41: Diagram of the gas cycle with the pipeline design. 

 

Figure 42: Diagram of the CO2 cycle with pipes. 
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 727 

 

Figure 43: Diagram of the CO2 cycle divided into two parallel cycles with pipes. 

 

Figure 44: Diagram of the ORC cycle with pipes. 

 728 
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 729 

 

Figure 45: Diagram of the CO2 cooling cycle. 

 

Figure 46: Diagram of the ORC cooling cycle. 

6. Conclusions 730 

A new energy generation alternative has been proposed that allows the use of renewable energy 731 

sources and that is capable of operating when renewable resources are non-existent. The project 732 

presents the 48ybridization of a combined cycle with an S-CO2 cycle as a bottoming cycle, sup- 733 

ported by a solar tower receiver and an ORC cycle. The plant has been studied under constant 734 

ambient and cooling conditions, with a variable solar contribution. This modelling maintains an 735 

almost constant energy output of 180 Mwe with an average efficiency of 57.2%. In addition, it can 736 

reduce its emissions by up to a third thanks to the support of the solar tower receiver.  737 

Finally, there are various alternatives to replace natural gas as a fuel, such as hydrogen, bio- 738 

methane or gasified biomass, which would allow this model of thermal power plant to be 100% 739 

renewable. Furthermore, it is also possible to keep the use of solar thermal energy practically con- 740 

stant with the implementation of a molten salt storage system. 741 

 742 

Appendix A- Sustainable Development Goals 743 

Among the objectives established in the SDGs, the main ones that are achieved in this project are 744 

two:  745 

• 7. Affordable and non-polluting energy: with the implementation of combined cycle hybridi- 746 

zation of natural gas with solar thermal energy, it is possible to reduce the amount of fuel used 747 

during the intermediate hours of the day and, consequently, the environmental impact that 748 

occurs is considerably reduced. On the other hand, by having the gas turbine to increase the 749 

capacity factor without oversizing the heliostat field, it is expected to considerably reduce the 750 

LCOE. In addition, in case of implementing sustainable fuels such as green hydrogen or bio- 751 

methane, it will be possible to obtain an energy generation method completely aligned with 752 

the 2050 agenda, of a manageable nature, which will allow it to be used as an energy backup.  753 
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• 13. Climate action: with the reduction of natural gas consumption, the amount of CO2 emitted 754 

into the atmosphere is reduced, reducing the greenhouse gases generated. Likewise, if tech- 755 

nologies such as CO2 capture are implemented, this generation method would become com- 756 

pletely sustainable, and if, in addition, renewable gases are added to the equation, it could 757 

even help the decarbonization of the atmosphere, by generating negative emissions.  758 

 

Figure 47: SDG 7, affordable and clean energy. [15] 

 

Figure 48: SDG 13, climate action. [15] 

 759 

Secondarily, the implementation of this technology also applies to other objectives such as:  760 

• 11. Sustainable cities and communities: with the reduction of emissions in the generating en- 761 

vironment, more sustainable communities are achieved, allowing other sectors such as mo- 762 

bility (through plug-in or electric hybrid cars) or industry (such as steel through technologies 763 

such as EAF or electric arc furnace, which depend directly on the method of energy genera- 764 

tion) to become zero emissions.  765 

• 14. Underwater life: by reducing the amount of natural gas used, it is possible to reduce some 766 

impacts on the aquatic environment such as ocean acidification or marine ecotoxicity.  767 

• 15. Life of terrestrial ecosystems: in the same way as with underwater life, the impacts on 768 

terrestrial ecosystems are also diminished by impacts such as deforestation or terrestrial eco- 769 

toxicity. In addition, the use of biomethane allows the circular economy to be applied, gener- 770 

ating fertilizers from digestate.  771 

 

Figure 49: SDG 11, sustainable 

cities and communities. [15] 

 

Figure 50: SDG 14, underwater 

life. [15] 

 

Figure 51: SDG 15, life of terres-

trial ecosystems. [15] 

 772 

 773 
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Appendix B- Plant work point 774 

The designs of the pipes, exchangers and turbomachines have been made through their 775 

sizing under the limit conditions in which they will work. These conditions are included 776 

in the following tables: 777 

Table 8: Working conditions of the gas cycle.     778 

Gas Cycle 

Points p(bar) T(oC) density(kg/m^3) visco(m^2/s) m_dot(kg/s) 

1 1 15 1,21 1,484E-05 195,10 

2 6,752 257 4,427 6,390E-06 195,10 

3 6,752 1500 1,325 4.745E-05 201,50 

4 1 940,1 0,2848 1.732E-04 201,50 

5 1 540 0,4281 8,827E-05 201,50 

5p 1 540 0,4281 8,827E-05 201,50 

5m 1 540 0,4281 8,827E-05 201,50 

6 1 335,7 0,5684 5,493E-05 201,50 

7 6,752 705,7 4,373 6,524E-06 201,50 

8 1 106,6 0,8998 2,502E-05 201,50 

 779 

Table 9: Working conditions of the S-CO2 cycle.     780 

S-CO2 cycle 

Points p(bar) T(oC) density(kg/m^3) visco(m^2/s) m_dot(kg/s) 

1 85 35 612,1 7,496E-08 443,90 

2 300 72,55 777,2 8.783E-08 93,26 

2_alpha 300 72,55 777,2 8.783E-08 350,64 

3 299,6 400 229,8 1,543E-07 93,26 

4 299,6 447,1 211,8 1.722E-07 350,64 

5 299,6 437,2 215,3 1,684E-07 443,90 

6 299,2 674 156,4 2,692E-07 443,90 

7 86,6 510,4 57,97 6.041E-07 443,90 

8 86,2 700 46,07 8,858E-07 443,90 

9 85,8 452,2 62,38 5.305E-07 443,90 

10 299,2 682,1 155 2,729E-07 443,90 

11 299,2 674,1 156,4 2,692E-07 443,90 

12 86,2 700 46,07 8,858E-07 443,90 

13 85,8 443,3 63,2 5,190E-07 443,90 

14 85,8 452,1 62,38 5.305E-07 443,90 

15 85,4 77,55 179,1 1.143E-07 443,90 

L1 85,8 78,28 179,3 1.144E-07 120,70 

L2 85,4 405 66,8 4,714E-07 120,70 

L3 85 77,55 177,9 1.148E-07 120,70 
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Table 10: Working conditions of the ORC cycle.     781 

ORC Cycle 

Points p(bar) T(oC) density(kg/m^3) visco(m^2/s) m_dot(kg/s) 

1 50 198,9 117,5 1,423E-07 106,70 

2 3,29 108,4 6,452 1.465E-06 106,70 

3 3,29 49,1 7,726 1.066E-06 106,70 

4 3,29 35 8,128 9,780E-07 106,70 

5 50 39,43 541,9 2,585E-07 106,70 

6 50 83,97 489,3 1.935E-07 106,70 

 782 

 783 
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