
Economic and thermo-mechanical design of tubular sCO2

central-receivers

M. Fernández-Torrijosa,∗, P. A. González-Gómeza, C. Sobrinoa, D.
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Abstract

Supercritical CO2 central-receivers must withstand high temperatures and

pressures combined with cyclic operation, which makes the solar receiver

susceptible to creep-fatigue failure. In this work, a creep-fatigue analysis of

a sCO2 Inconel 740H tubular receiver of a 2 MWe solar tower plant has been

accomplished to study the influence of the tube size on the receiver and solar

field design. A 2D numerical model of the tubular receiver that accounts

for the thermal conduction in both radial and circumferential directions

was developed to determine the sCO2 and wall temperature profile, which

is crucial for the creep-fatigue calculations. The receiver flux distribution,

which is an input to the model, was obtained with SolarPILOT, while a

conventional recompression model was used to calculate the cycle efficiency

and inlet temperature to the receiver. Comparison of the results of the 2D

model with those of a 1D model showed that the 1D model overestimates

the creep fatigue rupture time by two orders of magnitude. Furthermore,

the efficiency and costs of the heliostat field and receiver were calculated for

different receiver tube sizes. Smaller tubes allowed a higher maximum heat
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flux leading to smaller receiver and heliostat field designs, which resulted in

higher overall efficiency of the power plant and lower material costs. For a

design ensuring 25 year receiver lifetime the minimum sCO2 solar receiver

cost, 345 e/kWth, was obtained for the smallest pipe diameter.

Keywords: Solar receiver, Creep-fatigue damage, Heliostat field, Thermal

stress, sCO2

1. Introduction1

CSP with up to 1.5 GWh of thermal energy storage (TES) increases the2

flexibility of the electricity system, avoiding the need for fossil fuel back up3

and making it easier to integrate renewable energy sources with a variable4

output, such as photovoltaics (PV) and wind energy.5

Several Key Performance Indicators (KPI) have been identified to eval-6

uate the success in the implementation of CSP technology [1]. The overar-7

ching KPI is the supply price for dispatchable electricity (without the need8

for fossil-fuel back-up). Today’s most advanced CSP systems are central re-9

ceivers (also called solar power towers) integrated with 2-tank TES, working10

with nitrate molten salt both in the receiver and in the storage system and11

delivering thermal energy at 565◦C for integration with conventional steam-12

Rankine power cycles. Increasing the heat transfer fluid (HTF) temperature13

and the efficiency of the power block by replacing actual subcritical steam14

cycles by supercritical CO2 (sCO2) cycles is one of the strategies proposed15

to reduce the cost of CSP electricity [2, 3]. The receiver of such a configu-16

ration would be working under high temperatures (≤ 700◦C) and high heat17

flux (0.3-1MW/m2). Direct heating of the sCO2 in the receiver has been18

considered as an option that would overcome the problem of maximum op-19
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erating temperature and freezing of the HTF associated to molten salt [4].20

Challenges of direct type sCO2 receiver is that they must withstand a high21

temperature and pressure, that reach 700◦C and 200 bar, which are usual22

temperature and pressure values at the turbine inlet. One of the main prob-23

lems in using a gas such as CO2 as the heat transfer fluid in a receiver is24

the lower internal heat transfer coefficients that are achieved. Moreover, the25

lower internal heat transfer coefficient of CO2 in comparison to liquid HTF26

results in a higher temperature of the receiver tube surface [5]. Standalone27

on-sun tests were carried out successfully for a CO2 cavity receiver working28

with subcritical CO2 at a pressure of 700 kPa reaching CO2 temperatures of29

750◦C and tube temperature of 1050◦C [5]. A subcritical configuration was30

selected in this case because thermal storing system using CO2 was pursued31

and the supercritical option was impractical at the moment due to material32

limitations relating to containment wall thickness required and corrosion of33

candidate metals. The combination of elevated temperature operation and34

cyclic behavior makes solar receiver susceptible to creep-fatigue failure. This35

risk is even more critical at the higher temperatures of sCO2 receivers com-36

pared to commercial molten salt plants. Code Case N-47 [6] and Section37

III-NH of ASME Boiler and Pressure Vessel Code [7] have been applied in38

the past for the creep-fatigue evaluation of solar receivers. Because those39

standards were written for nuclear components the criteria become too con-40

servative for solar receivers resulting in excessive economic penalties [8].41

Nithyanandam et al. [9] conducted a thermo-mechanical simulations of a42

sCO2 receiver tube concluding that the optimum design for highest thermal43

efficiency requires tubes of smaller radius and higher heat flux at the expense44

of higher pressure drop, however the results presented were for an axisym-45

metric temperature distribution in the receiver tubes which largely reduces46
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the stress level compared to the non-axisymmetric temperature distribution47

obtained with conventional central receiver configurations. Besides, plastic48

deformation or stress relaxation were not considered in the creep-fatigue49

analysis. Ortega et al. [10] used ANSYS software to calculate the ther-50

mal and mechanical stresses of a sCO2 receiver tube with a non uniform51

temperature distribution characteristic of central receivers and perform a52

creep-fatigue analysis. For the case presented, only 86 % of the nodes of53

the geometry surpassed the required lifetime. They suggested to reduce the54

flux and the wall thickness to decrease the thermal stresses. Nevertheless,55

again, the stress relaxation effect on the creep-fatigue assessment was not56

considered despite of its high impact on the lifetime estimation. Neises et57

al. [11] performed a preliminary creep-fatigue analysis of a simplified sCO258

receiver tube, indicating that circumferential flux variation, not accounted59

in their analysis may significantly decrease the maximum allowable flux and60

should be included in further research.61

According to the literature review, the main conclusion is that the avail-62

able works focused on sCO2 receivers did not consider the not negligible63

material effects such as plastic deformation and stress relaxation for the64

creep-fatigue analysis to accurately determine the lifetime on the receiver65

and the maximum allowable heat flux. According to [12], considering afore-66

mentioned material effects on the aiming strategy may lead to an improve-67

ment on the combined solar field-receiver efficiency by a factor of 2 compared68

to aiming strategies based on conventional stress limit methods. It should be69

noted that the maximum allowable heat flux sets the solar field and receiver70

sizes, which are one of the main investment costs of a solar power plant.71

The present paper presents results of the temperature field and ther-72

mal and pressure stresses for a sCO2 tubular receiver, varying the external73
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diameter of the tubes. A two dimensional thermal model was applied con-74

sidering conduction in radial and circumferential direction and the creep75

and fatigue damage interaction was evaluated. Finally the cost of the re-76

ceiver panels and solar field for the different tube sizes were compared. The77

creep-fatigue analysis is based on the procedure proposed by [12] that cal-78

culates the stresses under elastic-plastic regime and the stress relaxation79

due to visco-elastic behavior of the material, using a low-computational cost80

method. The methodology is based on the ASME Section III-NH [7] but81

including some modifications to provide a sufficient level of safety and re-82

liability for CSP applications but without imposing the excessive economic83

penalties.84

85

2. Numerical modeling86

2.1. External receiver characteristics87

In solar tower power plants, the central receiver is located at the top of88

a tower, and it is formed by vertical thin-walled tubes connected in parallel89

to form a panel, through which the heat transfer fluid flows. The receiver90

consists of several panels connected in series or parallel, depending on the91

established flow pattern. Tubular receptor can be cavity-type, where the92

tubes are located inside an enclosure with an aperture to the heliostat field,93

or external type. The heliostats can be spacially distributed in two main94

configurations depending of the type of the central receiver: north field95

for flat external or cavity receivers, and circular field for circular external96

receivers.97

In this work, a flat external-type receiver with panels connected in series98
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was chosen to study the influence of the receiver tube diameter size on99

both field and receiver designs for solar tower power plants working with a100

supercritical CO2 cycle, with a turbine operating at an inlet pressure of 20101

MPa and an inlet temperature of 700 ◦C. The sCO2 flat external receiver102

used in this work consists of parallel straight tubes of height Ht = 9.6 m,103

that gather into panels, through which the sCO2 flows. Each panel includes104

an inlet and an outlet header, inlet and outlet nozzles, and several tubes105

(see Figure 1). The sCO2 enters in the receiver through the eastern panel at106

low temperature, passes through the panels of the receiver, as a serpentine,107

and leaves the receiver through the western panel at 700◦C. In each panel108

the sCO2 flow is divided into the tubes (Nt) that make part of the panel.109

The distance between the receiver tubes (B) is fixed to 2 mm. The material110

of the tubes is Nickel-based alloy Inconel 740H.

Ht 

Dh 

Nt Np 

Lh 

Tf,in 

Tf,out 

Figure 1: Schematic of the receiver.
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The purpose of this work is to study the thermo-mechanical behavior111

of the receiver to evaluate its reliability under creep and fatigue conditions.112

Besides, the capital and manufacturing costs of both receiver and heliostat113

field were calculated for different receiver tube diameters to obtain the cost114

trend with the tube size. Thus, three cases with different tube external115

radius were considered: i) Case 1: ro = 6.2 mm, ii) Case 2: ro = 12.4 mm116

and iii) Case 3: ro = 21 mm.117

As a design condition, the sCO2 velocity through both the receiver tubes118

and headers is set to the maximum allowed to avoid noise or vibration prob-119

lems [13]120

umax =
175

(ρf (700◦C))0.43
(1)

The sCO2 mass flow rate to provide a net power output of 2 MWe in the121

cycle and to have a solar multiple of approximately 2.3 (SM = Q̇th,sf/Q̇th,pb)122

is123

ṁ =
ẆPB SM

(hf,out − hf,in) ηPB
(2)

where ηPB is the efficiency of the recompression cycle used in this work124

(see Section 2.3), hf,in is the sCO2 receiver inlet specific enthalpy, which125

is slightly different for each receiver tubes size considered (see Section 2.3),126

and hf,out is the sCO2 receiver outlet specific enthalpy.127

The number of tubes per panel for the three different cases was calculated128

as129

Nt =
ṁ

ρf (700◦C)umaxAs
(3)

where As is the cross-sectional area of a tube.130

The tubes and headers thickness for each tubes external diameter con-131
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sidered was selected according to [14] for pressurized tubes and pipes:132

t =
P ro

S E + 0.4P
=

P ri
S E − 0.6P

(4)

where P is the internal pressure in the receiver (20 MPa in this case), S is the133

maximum allowable stress value (34.5 MPa for the maximum temperature134

allowed of 800◦C [15]), ro is the external radius, ri is the internal radius,135

and E is the joint efficiency factor. For seamless tubes E = 1. When the136

thickness exceeds one-half of the inside radius137

t = ro

(
1− exp

[
−P
S E

])
= ri

(
exp

[
P

S E

]
− 1

)
(5)

where the tube and headers thicknesses obtained for the three different cases138

are shown in Table 5.139

Solar tower receiver tubes are subjected to a high non uniform heat140

flux that results in high temperature differences between the front and rear141

sides of the tubes, which causes thermal stress and tube bending. As the142

tubes in the panels are separated between them only 2 mm, thus to avoid143

overheating of the tubes by contact, each tube is periodically guided over144

its entire length by clips welded to the tube surface to restrain the tubes145

from bowing outwards and laterally. In this work, clips are located every146

two meters along the receiver tubes [16]. The total number of clips obtained147

for the three different receiver diameters studied is shown in Table 5.148

2.2. Solar field and incident flux on the receiver149

In this work, the heliostat field design was obtained from SolarPILOT,150

an open source software that creates heliostat field layouts that account for151

local solar and atmospheric conditions, receiver geometry and tower height,152

and simulate receiver flux profiles using both the analytical Hermite polyno-153

mial expansion flux mapping technique and Monte Carlo ray-tracing engine154
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with SolTrace [17]. The solar power plant simulated in this work is located155

in Albuquerque. The desing-point DNI of the solar power plant was set to156

950 W/m2 on summer solstice. The solar field design power was approxi-157

mately 10 MWt, as the solar multiple was 2.3, the sCO2 cycle was designed158

to provide 2 MWe, and the cycle efficiency was around 47 % (see Table159

2). The tower height was set to 100 m, the solar field layout method was160

established as radial stagger with no blocking-dense. The heliostat field is161

formed by Nh heliostats of 12.2 x 12.2 m2, which concentrates the radiation162

onto the flat receiver. The aperture of the receiver (AR) is calculated as the163

minimum area that fulfill two conditions: i) the outlet temperature of the164

receiver must be 700 ◦C; ii) the lifetime of the receiver must be 25 years. To165

ensure that these conditions are fulfilled, a finite-volume numerical model166

of a sCO2 flat tubular receiver was developed to obtain both sCO2 and wall167

temperature profiles from the receiver flux distribution obtained with So-168

larPILOT. A trial-error methodology was conducted: first, the solar field169

was simulated with SolarPILOT, then, the incident heat flux on the receiver170

was established as an input of the finite-volume model to calculate both the171

sCO2 outlet temperature and the wall temperature profile, which is crucial172

to calculate the receiver lifetime by means of the creep-fatigue analysis. If173

the sCO2 outlet temperature is not 700 ◦C, or the receiver lifetime is not 25174

years, the solar field is redesigned with SolarPILOT, and the new incident175

heat flux is considered as the input of the finite-volume model. The large176

number of tubes in the receivers makes a detailed simulation computation-177

ally expensive. To reduce the computational cost of the numerical model178

simulations, a representative tube that receives the mean heat flux at each179

axial position of each panel of the receiver was selected to calculate the sCO2180

outlet temperature. Rodŕıguez-Sánchez et al. [18] studied the influence of181
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simulating one representative tube per panel instead of the whole receiver182

on the yield production of the power plant results, and obtained an error183

below 2.5 %. However, to accurately estimate the temperature profile and184

the thermal stress of the tubes to calculate the receiver lifetime, a more185

detailed simulation is needed [18]. As the more critical point of the receiver186

in terms of lifetime is usually the tube section that receives the maximum187

heat flux, a representative tube that receives the maximum heat flux of each188

panel of the receiver was selected for obtaining the wall temperature profiles189

that are used to determine the receiver lifetime.190

2.3. Supercritical carbon dioxide power cycle191

A conventional recompression cycle (Figure 2) is modeled to calculate192

the cycle efficiency and the temperature at the receiver inlet. The CSP plant193

working with sCO2 as the HTF in the receiver and operating with a sCO2194

cycle would need a thermal storage system to be able to operate at any195

time day or night. Carbonate molten salt (Li2CO3-Na2CO3-K2CO3), with196

a melting point slightly under 400 ◦C and good stability up to 700◦C, has197

been demonstrated to be a suitable candidate for a two tank sensible heat198

storage system at high temperatures [19]. Since the thermal power delivered199

by the solar field is higher that the thermal power needed by the power cycle200

to work under nominal conditions (SM > 1), part of the sCO2 coming from201

the receiver is sent to the sCO2 - molten salt heat exchanger (Figure 2)202

during the charging cycle of the thermal storage system to transfer thermal203

energy from the sCO2 to the molten salt on its way from the cold to the hot204

tank.205

The equations applied to each component of the cycle are summarized in206

Table 1. The pressure at the turbine inlet is set to 200 bar and its tem-207
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perature to 700 ◦C. The pressure at the main compressor inlet is set to 79208

bar and its temperature to 32 ◦C, corresponding to a wet cooling scenario.209

Configuration (axial or radial) of the turbomachinery mainly depends on210

the cycle power level. Generally, radial-flow turbomachinery is preferred for211

small-scale cycles with power level less than 10 MW, while an axial-flow tur-212

bomachinery is adopted for higher power level cycle systems [20]. Besides,213

conventional sealing technology in sCO2 cycle turbomachinery can result in214

an efficiency penalty as high as 0.55 - 0.65% due to the inherent charac-215

teristics of sCO2 and the high rotational speeds. However new barrier gas216

methods are being investigated to reduce the penalty in the turbine power217

due to the increased leakage flow rate to only 0.15%, which is insignificant218

compared to the power saving in the leakage compression power [21]. There-219

fore, isentropic efficiencies of 83.37 %, 81 % and 81.76 % are taken for the220

turbine, main compressor and auxiliary compressor respectively [20]. The221

pressure drops for precooler (PC), low temperature recuperator (LTR) and222

high temperature recuperator (HTR) are set to 0.4 bar [22] and approach223

temperatures of 6 ◦C and 16 ◦C were considered for the LTR and HTR224

respectively, in accordance with the ranges established in [23]. The ratio225

of cold to hot mass flow rate streams at LTR, α, is that needed to have226

the same temperature approach at both extremes of the LTR. The receiver227

pressure drop is calculated using Equation (14). The state points of the228

cycle for three different receiver designs with different values of the outer229

radius of the tubes, can be found in Table 2 and are represented in the T-s230

diagram of Figure 3 for the case of receiver tubes with an external radius of231

ro = 6.2 mm.232
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Figure 2: Schematic of the CSP plant with a sCO2 recompression cycle
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Figure 3: T-s diagram of the power cycle
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MC ẆMC = α ṁ (h6 − h5)

ηPB =
h6s − h5
h6 − h5

AC ẆMC = (1− α) ṁ (h8 − h4)

ηPB =
h8s − h4
h8 − h4

T ẆT = ṁ (h1 − h2)

ηT =
h1 − h2
h1 − h2s

Receiver Q̇R = ṁ (h1 − h10)

∆P = P10 − P1

HTR Q̇HTR = ṁ (h2 − h3)

(h2 − h3) = (h10 − h9)

∆PCO2 = P2 − P3

∆PCO2 = P9 − P10

PPHTR = T3 − T9

LTR Q̇LTR = ṁ (h3 − h4)

(h3 − h4) = α (h7 − h6)

∆PCO2 = P3 − P4

∆PCO2 = P6 − P7

PPLTR = T3 − T7

PPLTR = T4 − T6

PC Q̇PC = ṁ α (h4 − h5)

Junction P8 = P9 = P7

αh7 + (1− α)h8 = h9

Table 1: sCO2 cycle modelling
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ro = 6.2 mm ro = 12.4 mm ro = 21 mm

P (bar) T (◦C) h (kJ/kg) P (bar) T (◦C) h (kJ/kg) P (bar) T (◦C) h (kJ/kg)

1 200 700 1223.3 200 700 1223.3 200 700 1233.3

2 80.2 587.3 1089.8 80.2 587.3 1089.8 80.2 587.3 1089.8

3 79.8 186.8 624.7 79.8 188.6 626.7 79.8 192.4 631.1

4 79.4 65.2 468.5 79.4 65.6 469.2 79.4 66.4 470.6

5 79 32 298.8 79 32 298.8 79 32 298.8

6 206.1 59.2 321.1 208.4 59.6 321.5 213.4 60.4 322.3

7 205.7 180.8 568.6 208 182.6 570.4 213 186.4 574.2

8 205.7 154.5 528.1 208 156.2 529.8 213 159.6 533.4

9 205.7 170.8 553.6 208 172.6 555.5 213 176.4 559.4

10 205.3 537.1 1018.7 207.6 537 1018.5 212.6 537 1018.1

ηPB(%) 47.6 47.3 46.6

Table 2: State points and cycle efficiency of the sCO2 recompression cycle for the three

different receiver designs.

2.4. Thermal model233

The numerical model developed in this work solves the steady state heat234

transfer problem of a tubular external sCO2 receiver. The temperature of235

the tubes is assumed to vary in axial, radial and circumferential directions236

of each tube. For simplicity, only one tube per panel has been studied,237

considering that every tube in a panel receives the same radiation flux [18].238

The mass and energy balance of sCO2 is fulfilled by Equations (6)-(7)239

∂

∂t
(ρf (z)) +

∂

∂z
(ρf (z)u(z)) = 0 (6)
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ρf (z) cp,f (z)
∂Tf (z)

∂t
+ ρf (z)u(z) cp,f (z)

∂Tf (z)

∂z
=hi(z) aw

(
Tw(z)− Tf (z)

)
(7)

where Tf is the sCO2 bulk temperature, ρf , cp,f are the sCO2 density and240

specific heat, respectively, which depends on the sCO2 temperature and have241

been obtained using CoolProp library. u is the sCO2 velocity, aw = 4/di is242

the inner wall surface area per unit of volume, and Tw is the mean inner243

surface temperature for each axial position. hi is the internal convective244

coefficient which has been calculated using Petukhov’s correlation for gases245

[24] Caliot and Flamant [25] showed that for a turbulent flow, radiation246

has negligible influence on the heat transfer of sCO2; thus, only convec-247

tive heat transfer method is considered at the inner surface. Heat transfer248

deterioration must be considered for sCO2 applications where the operat-249

ing temperatures and pressures are close to sCO2 pseudocritical line, where250

fluid properties such as density and enthalpy show property changes inter-251

mediate to those of liquid and gas, with large gradients from liquid-like252

to gas-like. The gradients get lower when the pressure and temperature253

are away from the critical point [26, 27]. Although the precise mechanism254

of a heat transfer deterioration is not well understood, Kurganov and Kap-255

til’nyi [28] experimentally verified that an M-shape velocity distribution and256

a distortion of the shear stress are the major causes of a heat transfer dete-257

rioration. Bae and Kim [29] proposed an experimental correlation to obtain258

the correction factor that accounts for the heat transfer deterioration, as a259

function of Bu = Gr
Re2.7 Pr

. They concluded that when Bu is small enough260

(i.e. Bu < 10−8) the heat transfer can be predicted by typical correlations261

available in literature (i.e. Dittus-Boelter). When 10−8 < Bu < 10−4, the262
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heat transfer decreases due to the M-shape velocity distribution caused by263

the existence of the point of the pseudo-critical temperature near the wall.264

When Bu becomes very large (i.e. Bu > 10−4), the flow recovers from a de-265

terioration and the heat transfer coefficient begins to increase, presumably266

due to the evolution of the velocity distribution from an M-shape to a nor-267

mal velocity distribution in a turbulent flow. In this work, the parameter268

Bu in the solar receiver is around 10−10, which means that heat transfer269

deterioration does not occurs in the receiver proposed in this work, as the270

operating pressure and temperatures are far from the critical point. Thus,271

sCO2 is equivalent to a perfect gas for the receiver simulation purposes, in272

the working receiver conditions 200-213 bar and 537-700 ◦C, because the273

compressibility factor ranges from 0.96 to 1.002 in such working conditions274

[30].275

The energy balance of the tube wall is fulfilled by Equation (8)276

ρw cp,w
∂Tw(r, θ, z)

∂t
= ∇ · (kw(r, θ, z)∇Tw(r, θ, z)) (8)

where ρw and cp,w corresponds to the Inconel 740H density and specific277

heat, which have been considered constant and equal to 8050 kg/m3 and 542278

J/kgK, respectively; kw corresponds to the Inconel 740H thermal conductiv-279

ity coefficient that depends on the wall temperature of the tube according280

to [15]281

The outer wall thermal boundary condition is set to a mixed convective

and radiative heat transfer condition. Thus, the boundary conditions of the
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problem are expressed as follows:

−kw(r, θ, z)
∂Tw(r, θ, z)

∂r
= hi(z)(Tf (z)− Tw(r, θ, z)) , at r = ri (9)

−kw(r, θ, z)
∂Tw(r, θ, z)

∂r
= hnc(Tw(z, θ)− Tamb) + q(θ, z) , at r = ro (10)

∂Tw(r, θ, z)

∂θ
= 0 , at θ = 0, π (11)

∂Tw(r, θ, z)

∂z
= 0 , at z = 0, Ht (12)

where hnc is the natural convective heat transfer coefficient calculated as282

[31], since the wind velocity around the receiver is neglected.283

To take into account the radiative heat transfer on the receiver, the284

net radiation method was used [32]. The element of study is formed by285

two semi-tubes sited face to face, a rear surface thermally isolated that can286

be considered as a refractory wall, and an imaginary front surface totally287

transparent to solar irradiation and through which the energy reflected to288

the sky is lost (see Figure 5). An artificial and punctual energy source289

representing an emitter of the reflected radiation is coming from the heliostat290

field (qh), which has been obtained from the heliostat field design conducted291

with SolarPILOT (see Section 2.2).292

[
δm,0
ε0
−
(

1

ε0
− 1

)
Fm,0

]
q0
σs

+

Ns∑
i=1

(
δm,i
εi
−
(

1

εi
− 1

)
Fm,i

)
qi
σs
−

[δm,Ns+1 − Fm,Ns+1]T
4
Ns+1 = [δm,0 − Fm,0]T 4

0 +

Ns∑
i=1

(δm,i − Fm,i)T 4
i −[

δm,Ns+1

εNs+1
−
(

1

εNs+1
− 1

)
Fm,Ns+1

]
qNs+1

σs
− Fm,0

qh
σs
αs

(13)

where, the refractory wall and the imaginary surface, corresponding to293

the environment, are represented by the subscripts Ns+1 and 0, respectively.294
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T represents the effective temperature of radiation, T0 is the surroundings295

temperature calculated according to [33], Ns is the number of surfaces in the296

circumferential direction, F is the view factor between surfaces calculated297

using the crossed-strings method [32], δ is the Kronecker delta, σs is the298

Stefan-Boltzmann constant, and αs is the surface absortivity, which has been299

taken as 0.94, since the receiver tubes are coated with Black Pyromark, a300

paint of high absorptivity of the solar radiation. ε0, εi and εNs+1 are the301

sky, tube wall and refractory wall emissivities, which have been taken as302

0.895, 0.87 and 0.2, respectively. q is the heat emitted by the tubes only303

considering heat loss to the surroundings due to radiation. qNs+1 represents304

the conductive losses through the refractory wall, which are null since the305

wall has been considered adiabatic.306

The pressure drop along the receiver is calculated as307

∆P =

Np∑
i=1

(
fr
Ht

di
+Kcon +Kexp

)
u2(z) ρf (z)

2
(14)

where fr is the friction factor for smooth tubes [24], Kcon = 0.45 and Kexp308

= 0.81 are the contraction and expansion coefficients [34] considering that309

the inlet and outlet connections to the header are 2.54 cm in diameter [10].310

2.4.1. Solution procedure311

The governing equations were numerically solved using a finite volume312

method, with a second-order central differencing scheme for the derivative313

terms of temperatures and a first-order upwind scheme for the first derivative314

terms of velocity. Equations 6-8 were solved in Matlab by a time marching315

method to reach the steady state solutions of both sCO2 and wall tempera-316

tures. The steady state is reached when the temperature difference between317

successive time steps is less than 0.001 K. The domain is divided into a318
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uniform mesh in axial, radial and circumferential directions. The mesh size319

selected to carry out the simulations were ∆z = 19 ro, ∆r = 0.5 tt, ∆θ = 10◦.320

The temperature fields of the sCO2 and the receiver wall were obtained321

using an explicit method; thus, in each time step n, the temperature fields322

were calculated from both temperature and velocity fields in the previous323

time step n−1. After the temperature fields were solved in the current time324

step, the velocity field was obtained from Equation (15) that is derived from325

Equations (6) and (7)326

∂u

∂z
= β(z)

hi(z) aw
ρf (z) cp,f (z)

(
Tw(z)− Tf (z)

)
(15)

where β = − 1
ρf

∂ρf
∂Tf

.327

328

The criterion used for assessing code verification was the order of ac-329

curacy test, which determines whether or not the discretization error is330

reduced at the expected rate. The formal order of accuracy is determined331

by the truncation error, whereas the observed order of accuracy is the ac-332

curacy that is directly computed from code output for a given simulation333

[35]. The formal order of accuracy for sCO2 and receiver wall temperatures334

is supposed to be a value between 1 and 2 as the derivative terms of tem-335

perature were solved using a second-order central differencing scheme, but336

the derivative terms of velocity was discretized using a first-order scheme.337

For calculating the observed order of accuracy when the exact solution is338

not known, three numerical solutions on different meshes are needed. The339

observed order of accuracy is calculated as follows [35]340

p =
ln
(
‖f3−f2‖
‖f2−f1‖

)
ln rm

(16)

where f3 is the solution on the coarse mesh, f2 the solution on the medium341
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mesh, f1 the solution on the fine mesh, and rm is the grid refinement fac-342

tor, which is the ratio between the coarse and the fine element sizes. In this343

work, a value of 1.75 was selected as grid refinement factor. Therefore, mesh344

sizes for the coarse mesh were ∆z3 = 33 ro, ∆r3 = 0.875 tt, ∆θ3 = 18◦; mesh345

sizes for the medium mesh, which is the mesh used for the calculations in346

this work, were ∆z2 = 19 ro, ∆r2 = 0.5 tt, ∆θ2 = 10◦; and mesh sizes for the347

fine mesh were ∆z1 = 11 ro, ∆r1 = 0.29 tt, ∆θ1 = 6◦. The order of accuracy348

of the wall temperature along the receiver height was approximately 1.5,349

which is in accordance with the formal order of accuracy, which indicates350

that the numerical code accurately solves the mathematical model incor-351

porated. Solution verification consists in assessing the discretization errors352

present when partial differential equations are solved numerically. Grid Con-353

vergence Index (GCI) is a method for uniform reporting of grid refinement354

studies proposed by Roache [36]. The GCI provides an objective asymp-355

totic approach to quantification of uncertainty of grid convergence, and is356

based upon a grid refinement error estimator derived from the theory of the357

generalized Richardson Extrapolation. The GCI is defined as follows358

GCI =
Fs

rpm − 1

∣∣∣∣f2 − f1f1

∣∣∣∣ (17)

where p is the order of accuracy, and Fs is a factor of safety that is usually359

set to three. The GCI obtained for wall temperature along the most critical360

section was 0.05%.361

362

Besides, a simulation based on the Finite Element Method conducted363

with Abaqus software was carried out, and the maximum relative error com-364

mitted for temperature calculations were 0.4%, whereas the error committed365

in the estimation of the maximum thermal stress along the tube section was366

21



1%.367

The radiation map obtained with SolarPILOT is a square grid of 25x25;368

thus, the radiation map grid needs to be interpolated to adapt it to the369

number of axial sections. To adapt the radiation map to the number of370

panels, a representative flux map has been selected for all the tubes of each371

panel (see Section 2.2).372

373

2.5. Mechanical model374

2.5.1. Thermo-elastic stress375

The thermal stress on the receiver tubes is estimated according to the376

methodology described in [16]. Generalized plane strain (GPS) conditions377

have been considered to determine the stress on the receiver tubes. Ac-378

cording to [16], GPS is a reasonable approach when the receiver tubes are379

supported by clips to prevent an excessive deformation. Note that GPS380

conditions allow the free axial expansion of the tubes resulting in zero axial381

section force and keeping constant the total strain in the axial direction.382

Given the non-axisymmetric temperature profile on the tube walls, the383

thermo-elastic stress components (σET,i) are calculated considering the tem-384

perature dependence of the main mechanical properties, i.e., the Modulus385

of elasticity and the thermal expansion coefficient. Such approach is highly386

recommended due to the large temperature variations between the front and387

rear sides of the receiver tubes, where if the mechanical properties are con-388

sidered temperature independent, the stress would be underestimated up to389

20%. The values of the Modulus of elasticity and the thermal expansion390

coefficient for Alloy 740H are obtained from [37].391

The high working pressure of sCO2 receivers makes necessary the con-392
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sideration of the pressure stresses for the structural integrity assessment. In393

this work, the pressure stress components for cylindrical coordinates (σEP,i)394

are calculated according to [12]. Lastly, the thermal and pressure stresses395

are superimposed to obtain the total stress.396

2.5.2. Stress-strain curve model397

The time-independent strain is calculated as the sum of the elastic and398

plastic strains as:399

ε = εE + εP (18)

The elastic strain is calculated considering temperature dependent Elas-400

tic modulus as: εE = σ/E . The plastic strain of Alloy 740H is calculated401

using Ramberg-Osgood model for temperatures between 600 ◦C and 800402

◦C and Voce Hardening model for temperatures higher than 800 ◦C. These403

models are expressed in Equation (19) and the parameters are summarized404

in Table 3.405

εP =



0 if σ ≤ σ0

K

(
σ − σ0
σ0

)n
if σ > σ0 600◦C ≤ T ≤ 800◦C

0 if σ ≤ σ1

−1

δ
ln

(
1− σ − σ1

σp − σ1

)
if σ > σ1 T > 800◦C

(19)

2.5.3. Creep strain rate model406

The creep strain rate must be considered to estimate the stress relaxation407

phenomenon which is essential to calculate properly the creep damage on the408

23



σ0 (MPa) K (-) n (-) σp (MPa) σ1 (MPa) δ (-)

600 ◦C-700 ◦C 400.24 0.0704 6.6480

725 ◦C 374.20 0.0357 7.1315

750 ◦C 348.16 0.0181 7.6150

775 ◦C 312.255 0.0055 10.971

800 ◦C 276.35 0.0017 14.327 574.991 455.850 908.324

825 ◦C 521.631 319.315 2212.205

850 ◦C 468.271 182.780 3516.087

Table 3: Parameters of plastic strain models of Alloy 740H [2].

receiver [12]. The creep strain rate is calculated using the model proposed409

in [37] and based on theoretical formulations of [38, 39] as:410

ε̇c = ε̇0 exp(
B µ b3

AkB T
)

(
σ

µ

) −µ b3
AkB T

(20)

where ε̇0 is a reference strain rate, µ is the shear stress modulus (µ =411

E/(2(1 +ν))), T is the absolute temperature, kB is the Boltzmann constant412

and b is the characteristic Burgers vector. The rest of parameters of Equa-413

tion (20) adjusted for Alloy 740H (A, B and ε̇0) are summarized in Table414

4.415

2.5.4. Creep damage416

According to ASME Section III NH subsection [7] the creep damage417

should be evaluated using the Time Fraction rule as:418

Dc =

∫ th

0

dt

tR(σeff , T )
(21)
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Parameter Value Units

ε̇0 1.19 · 1010 hr−1

kB 1.38064· 10−20 mJ/K

b 2.53· 10−7 mm

A -10.98557 -

B -0.53098 -

Table 4: Parameters of the creep strain model of Alloy 740H [2].

where the time to rupture is calculated using the following polynomial ex-419

pression [40]:420

log(tR) = −19.392+
23360

T
+

55321 log(σeff )

T
−

2065 log(σeff )2

T
−

102.7 log(σeff )3

T
(22)

To estimate the time to rupture, it is first necessary to determine the421

effective creep stress, σeff = (σeq − σrelaxeq )/Ksafe. The safety factor, Ksafe,422

is considered equal to the unity due the following reasons: i) the equivalent423

stress is calculated using the von Mises criterion which largely underesti-424

mates the time to rupture due to creep damage under compressive stress425

state [41]; ii) the solar receiver failure is not especially dangerous and it426

would be reasonable consider a safety factor equal to the unity [42], reducing427

in this way the resulting economic penalties. The elastic-plastic equivalent428

stress (σeq) is calculated considering three different cases:429

1. The elastically calculated stress is lower than the yield strength, σEeq ≤430

Sy: in this case, the material response is purely elastic and then the431

elastic-plastic equivalent stress is: σeq = σEeq.432

2. The elastically calculated stress (thermal and pressure) satisfies these433
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two conditions: σET,eq < 2Sy and σEP,eq + 1/4σET,eq < Sy . At these434

conditions, cyclic elastic shakedown regime is obtained according to435

the Bree diagram [43]. The elastic-plastic equivalent stress can be436

estimated using the Neuber rule, when the elastic stress and strain are437

known: σEeq ε
E
eq = σeq εeq438

3. The elastically calculated stress does not satisfy the two aforemen-439

tioned conditions and thus the material response is under cyclic plas-440

ticity or ratchetting conditions [43]. Due to the low lifetime expected,441

the heat flux on the receiver is reduced in order to avoid such working442

conditions.443

Once the elastic-plastic stress is determined (σeq), the equivalent stress444

relaxation (σrelaxeq ) is calculated based on the methodology proposed by [12]445

and introducing additional modifications to consider the specific conditions446

of this study:447

1. The stress relaxation stabilization time, tstab, is fixed to 1000 hours,448

considering only one hour of relaxation per day during the first 1000449

days of operation. To check the conservativeness of the proposed450

methodology, the stress relaxation calculated using the analytical method451

proposed in [12] is compared against FEM simulations results of a solar452

receiver of Alloy 740H [44], which has comparable working conditions453

of this work: generalized plane strain, 760 ◦C, 200 MPa. As can454

be seen in Figure 4, tstab = 30 hours approach proposed originally in455

[12] may lead to a huge economic penalty due to the ultra-conservative456

stress relaxation estimation. However, tstab = 1000 hours yields a more457

reasonable approximation of the stress relaxation when it is comparted458

to FEM simulations and it still keeps a reasonable level of safety.459
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Figure 4: Verification of the conservativeness on the stress relaxation calculation method-

ology proposed and compared against the FEM results of [44]

.

2. A stress relaxation limit should be considered due to the high working460

pressure of sCO2 receivers. That limit is calculated in two steps: i)461

the normalized pressure stress (X = σEP,eq/Sy) and the normalized462

thermal stress (X = σET,eq/Sy) are calculated; ii) these values are used463

to calculate the normalized lower bound stress Z = σLB/Sy,c according464

Figure HBB-T-1332-1 of ASME Section III code [7], where the effective465

stress considering stress relaxation has to satisfy: σeff ≥ σLB.466

2.5.5. Fatigue467

The fatigue damage of the receiver is estimated using the accumulated468

damage summation model following ASME Section III NH subsection [7] as:469

Df =
∑ 1

Na,j
(23)

where the allowable number of cycles, Na,j , of Alloy 740H is calculated as470
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[37]:471

∆εeq =


0.0125N−0.08a + 0.0765N−0.44a if T ≤ 700◦C

0.0393N−0.08a if 700 ◦C < T ≤ 800 ◦C

(24)

2.5.6. Creep-fatigue damage interaction472

The combination of fatigue and creep damages may lead to a dramatical473

lifetime reduction of thermal devices, especially when both have a similar474

order of magnitude [45]. This phenomenon is captured by creep-fatigue475

interaction diagrams and their use allow the prediction of the lifetime when476

both mechanics of damage are combined. In the case of Alloy 740H, this477

diagram is not available in the open literature. However, the diagram of478

nickel-based Alloy 617 can be assumed as a first approximation due to the479

similarities with Alloy 740H [46]. Therefore, the diagram to calculate the480

damage limit (DL) is based on the bilinear rule with an intersection point of481

(0.1,0.1). Lastly, the lifetime on the receiver is estimated using the damage482

summation model as:483

Df +Dc = DL (25)

The creep and fatigue damages can be calculated for the design day as484

dc and df . Then, the lifetime of the receiver can be estimated as equivalent485

operating days (EODs):486

EODs · df + EODs · dc = DL → EODs =
DL

df + dc
(26)

Note that the daily creep damage, dc, varies along the receiver lifetime487

due to the stress relaxation. In this work, it is considered a stabilization of488

the daily creep damage in 1000 days. Therefore, it is more convenient to be489

expressed as an average daily creep damage: dc = Dc/EOD.490
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3. Results491

To accurately estimate the temperature profile along the tubes wall of the492

receiver, a complete two-dimensional model that considers thermal conduc-493

tion in both radial an circumferential directions was developed in this work.494

The wall temperature profile obtained with the two-dimensional model was495

compared to these obtained with a simplified one-dimensional model that496

neglects thermal conduction in circumferential direction [47]. The Biot num-497

ber Bi = hi tt/kw is the parameter that controls whether the local approach498

is valid: for high Biot numbers, the heat flux in circumferential direction is499

negligible compared to radial; for low Biot numbers, the opposite happens.500

Biot number in sCO2 tubular receivers has an order of magnitude of 1; thus,501

thermal conduction in both radial and circumferential directions must be502

considered. Figure 5 shows the comparison of the wall temperature profiles503

obtained with 1D and 2D models. As shown, 1D model overestimates in 22504

◦C the front-tube section temperature, resulting in higher temperature dif-505

ference between the front and rear sides of the tube. The higher temperature506

of the front side of the tube results in lower creep and higher lifetime.507

It should be noted that 1D thermal model has been extensively used to508

calculate the temperature on the receiver tubes [48, 49]. However, a careful509

attention should be paid at low Biot numbers due to the large differences510

obtained in the temperature field between 1D and 2D thermal models [50].511

The importance on the temperature field estimation is given by its huge512

impact on the stress estimation. In this specific case, a growth of 3% in the513

maximum temperature (from 771◦C to 793◦C) leads to an increase of 63%514

in the elastic stress (from 148.6 to 241.5 MPa). Such variation in the stress515

and temperature means a difference in the creep rupture time value of two516
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orders of magnitude in the case of Alloy 740H [40]517

Rear side

Front side
Sky(0)

Refractory wall (Ns+1)

q₀

qh

qc,l

qrad

Pitch

hi

qNs+1 = 0

(a) 1D Model.

qac

Sky(0)

Refractory wall (Ns+1)

q₀

qh

qc,l

qrad

Pitch

hi

qNs+1 = 0

Rear side

Front side

(b) 2D Model.

Figure 5: Geometry and coordinate system. Temperature profile in ◦C

.

Figure 6 shows the comparison between the heliostat field and receiver518

designs for the three different tubes size considered. Smaller tubes results519

in higher maximum allowed heat flux onto the receiver to keep its lifetime520

above 25 years, which results in smaller receivers and heliostat fields. During521

the design process of both receiver and heliostat field with SolarPILOT, the522

mirrors aiming strategy was selected to obtain a uniform incident heat flux523

onto the receiver.524

Table 5 shows the receiver and heliostat field dimensions obtained for525

the three different designs considered. As shown, the number of receiver526

panels increases with the tube diameter, but the number of tubes per panel527

decreases, so that the total number of receiver tubes decreases when the528

tube diameter increases.529

530
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(a) ro=6.2 mm

(b) ro=12.4 mm

(c) ro=21 mm

Figure 6: Heliostats field (first column) and receiver incident heat flux (second column)

for the three different designs considered varying the receiver external diameter.
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ro = 6.2 mm ro = 12.4 mm ro = 21 mm

Tube thickness, tt (mm) 2.7 5.5 9.2

Tube height, Ht (m) 9.6 9.6 9.6

Number of tubes per panel, Nt (-) 508 128 46

Number of panels, Np (-) 1 3 8

Receiver aperture AR (m2) 70.27 98.78 155.4

Header inner radius, ri,h (mm) 78.3 78.6 79.8

Header length, Lh (m) 7.32 3.43 2.02

Header thickness, th (mm) 61.5 61.7 62.7

Number of tube clips, Nc (-) 2438 1843 1766

Number of header’s nozzles, Nn (-) 1016 768 736

Number of heliostats, Nh (-) 140 152 180

Heliostat field area ASF (m2) 20212 21945 25987

Table 5: Receiver and heliostat field dimensions for the three different designs considered

varying the receiver external diameter.

Figure 7: Solar field optical efficiency, receiver efficiency, power block efficiency and overall

efficiency.
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Figure 7 shows the solar field optical efficiency ηSF , receiver efficiency531

ηR, power block efficiency ηPB and overall efficiency ηSPT = ηSF ·ηR ·ηPB for532

the three different designs considered varying the receiver external diameter.533

Since the receiver area and, therefore, the thermal losses are higher for bigger534

diameters, the receiver efficiency decreases when the receiver tubes size are535

increased. Although the solar field optical efficiency slightly increases with536

tube diameter as the solar field is larger, the decrease of the receiver efficiency537

is more acute, so that the overall efficiency of the solar power plant is higher538

for smaller diameters.539

Figure 8 shows the temperature and von Mises stress profiles at the tube540

crown (outer surface at θ = 0), and the sCO2 bulk temperature. Besides,541

the most critical tube section in terms of lifetime is included: z = 8.15 m of542

panel 1 for ro = 6.2 mm, z = 6.6 m of panel 3 for ro = 12.4 mm, z = 3.8 m of543

panel 8 for ro = 21 mm. Both sCO2 and surface temperatures increases with544

the axial position for the three different receiver designs, reaching slightly545

higher maximum temperatures at the most critical section for smaller tubes.546

However, von Mises stress decreases with the axial position, as the temper-547

ature gradient in the tube walls is the highest in the first panel. The most548

critical tube section is located at the end of the last panel, where the wall549

temperature is maximum, although the thermal stress is lower than in the550

first panel. The most critical section is the point having the minimum life-551

time of the receiver which has been set to 25 years. Since creep is the main552

mechanism of damage in the receiver, it makes sense that the critical points553

are obtained at the final panels which have the worst combination of high554

temperature and stress from the creep damage point of view. Note that the555

creep damage grows with the stress and temperature (see Equations (21)556

and (22)).557
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(a) ro=6.2 mm

(b) ro=12.4 mm

(c) ro=21 mm

Figure 8: Temperature (green line) and von Mises stress (red line) at the tube crown.

sCO2 bulk temperature (blue line)
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Tmax = 770 °C

Tmean = 735 °C σmax = 132 MPa

(a) ro=6.2 mm

Tmax = 762 °C

Tmean = 724 °C
σmax = 144 MPa

(b) ro=12.4 mm

Tmax = 759 °C

Tmean = 717 °C
σmax = 160 MPa

(c) ro=21 mm

Figure 9: Temperature profile in ◦C (first column) and von Mises stress profiles in MPa

(second column) along the most critical tube section for the three different receiver designs

(z = 8.15 m of panel 1 for ro = 6.2 mm, z = 6.6 m of panel 3 for ro = 12.4 mm, z = 3.8

m of panel 8 for ro = 21 mm).
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Figure 9 shows the temperature and von Mises stress profiles along the558

most critical tube section for the three different receiver designs considered559

varying the external diameter. As explained before, smaller tubes result560

in higher maximum allowed heat flux, as the temperature differences along561

the cross section are lower for smaller tubes, which results in lower thermal562

stress that reduces creep and fatigue. As shown in Figure 9 smaller tubes563

results in higher maximum allowed temperature.564

3.1. Heliostat field and receiver costs565

The capital cost of Inconel 740H was considered the same as Inconel 617566

[51], which is 100 e/kg [52]. The receiver tubes were coated with Pyromark567

2500, whose cost is 4.5 e/m2 [53]. To obtain the manufacturing receiver568

cost, number of nozzles pulled from headers, tube-to-header welds, tube clip569

welds and tubes coating were considered. The man-hour rate was established570

at 53.5 e, whereas the labor hours per nozzles, tube-to-header welds, and571

tube clip welds, including leak detection, were 2, 1.5 and 1, respectively [54].572

The coating application cost was considered as 240 e/m2 [53]. The capital573

costs of heliostat field was considered as 120 e/m2 [55]. The material and574

manufacturing costs of both receivers and heliostat field are shown in Table575

6. The manufacturing costs of receiver increases when the tube diameter576

diminishes, as the number of tubes is higher for smaller tubes and, then, the577

number of nozzles pulled from headers and tube clips are higher (see Table578

5). On the contrary, the material cost of tubes increases with the tube579

diameter due to the higher thickness required to withstand high pressures580

of 20 MPa. As shown in Table 5, lower tubes diameter results in smaller581

heliostat fields, as the allowed heat flux onto the receiver is higher for smaller582

tubes and, then, the receiver area is smaller. As heliostat field and receiver583
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material costs dominate over receiver manufacturing costs, the total cost of584

both heliostats field and receiver decreases with a tube diameter reduction.585

ro = 6.2 mm ro = 12.4 mm ro = 21 mm

Tubes material cost Ct (M e) 0.33 0.98 2.7

Coating material cost Cco,m (M e) 0.0008 0.0004 0.0003

Coating application cost Cco,a (M e) 0.046 0.023 0.014

Headers material cost Ch (M e) 0.25 0.35 0.57

Tube-to-header welds cost Cwe (M e) 0.082 0.062 0.059

Nozzles cost Cn (M e) 0.11 0.082 0.079

Tube clip welds cost Cc (M e) 0.13 0.099 0.095

Total receiver cost CR (M e) 0.94 1.60 3.52

Heliostat field cost CSF (M e) 2.43 2.63 3.12

Total cost CSF+R (M e) 3.37 4.23 6.64

Table 6: Costs of heliostat field and receiver for the three different receiver designs con-

sidered varying the external diameter.

586

4. Conclusion587

In this work, the influence of the receiver tube size on the thermo-588

mechanical behaviour and lifetime of solar central receivers working with589

sCO2 was studied. Thus, a 2-D model was developed to accurately deter-590

mine the cross section temperature profiles along the length of the receiver591

tubes, which is crucial to accurately calculate the creep-fatigue damage of592

the most critical section of the receiver to estimate its lifetime. The re-593

sults of the 2D model were compared with those of a simplified 1-D model594
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commonly used in molten salt receivers that neglects thermal conduction595

in circumferential direction. The design of both the heliostat field and the596

direct-heating sCO2 tubular receiver was accomplished for different receiver597

tube sizes, to compare the influence of the tube diameter on both the effi-598

ciency and cost of the solar power plant. With this aim, the power plant599

was designed to deliver 2 MWe reaching sCO2 temperatures of 700 ◦C at the600

outlet of the receiver, whose lifetime must be 25 years. The main conclusions601

of the study are:602

1. 1D models are not appropriate for sCO2 receivers, as the high working603

pressures around 20 MPa result in higher tube thickness, so that the604

heat flux in circumferential direction is not negligible compared to605

radial.606

2. Smaller tubes maximize the allowed heat flux onto the receiver which607

results in smaller receiver and heliostat field. This is due to a lower608

temperature difference along the cross section which results in lower609

thermal stress that reduces creep and fatigue despite the higher tem-610

perature reached at the tube crown.611

3. The most critical tube section is located at the end of the last panel,612

where the temperature is maximum although the thermal stress is not613

as high as in the first panel.614

4. The receiver efficiency diminishes when the tube diameter rises as the615

receiver area and, therefore, the thermal losses are higher.616

5. The overall efficiency of the solar power plant is higher for smaller tube617

diameter since despite the fact that the solar field optical efficiency618

slightly increases with tube diameter as the solar field is larger, the619

decrease of the receiver efficiency is more acute.620
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6. The total cost of both heliostat field and receiver is lower for small621

diameter tubes because although the number of tubes and, therefore,622

the manufacturing costs of receiver increases when the tube diameter623

diminishes, the material costs of tubes, headers and heliostats are lower624

and dominate over the receiver manufacturing costs.625

7. For a design ensuring 25 year receiver lifetime the minimum sCO2626

solar receiver cost, 345 e/kWth, was obtained for the smallest pipe627

diameter.628
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5. Notation637

5.1. Acronyms638

AC Auxiliary Compressor639

CSP Concentrating Solar Plants640

HF Heliostat Field641

HX Heat Exchanger642
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HTF Heat Transfer Fluid643

HTR High Temperature Recuperator644

LTR Low Temperature Recuperator645

MC Main Compressor646

PC Pre-cooler647

PB Power Block648

R Receiver649

SPT Solar Power Tower650

T Turbine651

5.2. Latin letters652

A Stress relaxation constant [-]653

As Cross-sectional area of a receiver tube [m2]654

B Stress relaxation constant [-]655

Bi Biot number [-], Bi = hi tt/kw656

b Characteristic Burgers vector [mm]657

C Cost [M e]658
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cp Specific heat [J/(kg K)]659

Dc Damage produced by creep [-]660

Df Damage produced by fatigue [-]661

DL Damage limit [-]662

dc Damage produced by creep in one day [-]663

df Damage produced by fatigue in one day [-]664

E Modulus of elasticity [GPa]665

F View factor [-]666

Fs Safety factor [-]667

fr Friction factor for smooth tubes [-]668

Gr Grashof number [-], Gr =
ρf (ρf−ρ)g (2 ri)3

µ2f
669

Ht Tube length [m]670

h Specific enthalpy [J/(kg K)]671

hi sCO2-to-wall convective heat transfer coefficient [W/(m2 K)]672

hnc Natural convective heat transfer coefficient [W/(m2 K)]673

K Strain hardening parameter [MPa]674

Kcon Contraction coefficient [-]675
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Kexp Expansion coefficient [-]676

Ksafe Safety factor for creep damage calculation [-]677

kB Boltzmann constant, 1.38064× 10−23 [J/K]678

k Thermal conductivity [W/(m K)]679

ṁ sCO2 mass flow rate [kg/s]680

Lh Total length of the header [m]681

Na Number of allowable cycles [-]682

Nc Number of clips [-]683

Nn Number of header’s nozzles [-]684

Np Number of panels [-]685

Nt Number of tubes per panel [-]686

Ns Number of circumferential sections [-]687

n Strain hardening exponent [-]688

Re Reynolds number, Re =
ρf u 2 ri
µf

[-]689

Pr Prandtl number, Pr =
µf cp,f
kf

[-]690

P Pressure [MPa]691

p Order of accuracy [-]692
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Q̇ Thermal power [W]693

Q̇th,sf Thermal power transferred from the solar field to the receiver HTF694

[W]695

Q̇th,pb Thermal power added to the power cycle [W]696

qc,l Convective heat losses [W/m2]697

q Radiative heat losses [W/m2]698

r Radius [mm]699

rm Grid refinement factor [-]700

S Maximum allowable stress value [MPa]701

Sy Yield strength [MPa]702

Sy,c Yield strength at cold temperature of the cycle [MPa]703

T Temperature [◦C]704

t Thickness [mm]705

tR Time to rupture [h]706

tstab Stress relaxation stabilization time [h]707

U overall heat transfer coefficient [W/(m2 K)]708

u sCO2 velocity [m/s]709
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Ẇ Mechanical power [W]710

z Axial location [m]711

5.3. Greek symbols712

α Ratio of cold to hot mass flow rate streams at LTR [-]713

αs Surface absortivity [-]714

β Isobaric thermal expansion coefficient [1/K], β = − 1
ρf

∂ρf
∂Tf

715

η Efficiency [-]716

ε Emissivity [-]717

ε Strain [mm/mm]718

ε̇c Creep strain rate [1/h]719

µ Shear stress modulus [MPa]720

µf Dynamic viscosity [Pa·s]721

ν Poisson’s ratio [-]722

ρ Density [kg/m3]723

σ Stress [MPa]724

σeff Creep effective stress [MPa]725
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σLB Lower bound stress relaxation [MPa]726

σs Stefan-Boltzmann constant, 5.67× 10−8 [W/(m2 K4)]727

θ Circumferential location [-]728

5.4. Superscripts729

E Elastic730

P Plastic731

relax Relaxation732

5.5. Subscripts733

0 Reference conditions734

amb Ambient735

c Clips736

co, a Coating application737

co,m Coating material738

eq equivalent739

f sCO2 stream740

gr Ground741
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h Header742

i Inner743

in Inlet744

n Nozzles pulled from headers745

o Outer746

out Outlet747

P Pressure748

sky Sky749

T Thermal750

t Tube751

w Tube wall752

we Tube-to-header welds753
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