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ABSTRACT 27 
Solar power tower plants are leading candidates for electric power generation. They concentrate solar 28 

thermal power to heat the working medium used in the power cycle. However, atmospheric effects 29 

cause spatial and temporal fluctuations in solar thermal power during the day. Thus, evaluating the net 30 

power acquired by solar receiver tubes as a function of time and location is of high interest. A thorough 31 

dynamic thermal analysis procedure is developed in this research and examined under realistic 32 

weather conditions to demonstrate its potential for managing complex computations thoroughly and 33 
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cost-effectively. This research integrates high-accuracy solar field simulations by the SolarPILOT tool. 34 

In addition, a quasi-transient 1-D numerical simulation is implemented to predict the net heat flux and 35 

tube wall temperatures. The Kandlikar model is used to precisely characterize biphasic flow boiling 36 

inside receiver tubes. The current analysis is limited by its dependence on a 1-D axisymmetric 37 

approximation and natural convection heat losses.  Three operational scenarios regarding their impact 38 

on the steam bulk temperature, productivity, and enthalpy in the Ivanpah I plant are discussed. One of 39 

the scenarios outperforms in net productivity due to the lower overall makeup required throughout the 40 

day, enabling the receiver to meet 93.61% of the plant steam demand in standalone mode, compared 41 

to 90.44% and 89.06% when the other two scenarios are followed. From a safe-operational point of 42 

view, tube wall temperature in the upper part of the receiver facing north, east, and west exceeds the 43 

maximum allowable limit. To address this issue, a mass flow interchange approach with optimal 44 

circulation factors between the opposing sides is proposed using a temperature control valve. It was 45 

found that the uneven distribution of steam fed to the superheater sides not only ensures the receiver's 46 

safety but also slightly reduces the total makeup required while increasing the excess energy available. 47 

Keywords: solar power tower, direct steam generation, external receiver, weather 48 

conditions variations, SolarPILOT, transient thermal analysis. 49 

1- INTRODUCTION 50 

Among renewable energy sources, solar energy holds a prominent rank due to its 51 

ability to achieve environmental, economic, and safety objectives [1]. Quantitatively, 52 

around four quadrillion kWh of solar irradiance reaches the Earth's surface annually [2], 53 

which is significantly greater than the power demanded by the global population [3]. Even 54 

though such power is abundant and available, the low density and intermittence of solar 55 

energy embody significant shortcomings. The latter occurs due to attenuation and 56 

scattering through the atmosphere and cloudiness, making it less efficient. Therefore, 57 
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solar concentrators have been created to obtain high solar thermal energy [4–6]. 58 

Concentrating solar thermal collectors can deliver a high concentration ratio since the 59 

collector area is much larger than the receiver area and can track the sun from sunrise to 60 

sunset. Plants employing concentrating thermal collectors are known as concentrating 61 

solar power (CSP) plants. They represent an advanced solution to obtain applicable solar 62 

thermal energy systems; hence, such technology has received increasing investment, 63 

specifically in areas characterized by high solar radiation [7]. 64 

Among the available CSP plants nowadays, solar power tower (SPT) plants stand 65 

out for their capability of achieving high temperatures and efficiency [8,9] as well as their 66 

ease of integration with traditional power plants [10]. Moreover, they can be constructed 67 

at any site worldwide as long as the direct irradiance level is sufficient to create the 68 

thermal energy required to operate such plants [11]. SPT plants comprise 69 

hundreds/thousands of reflecting mirrors, called “heliostats,” assembled in circular paths 70 

around a solar tower. The heliostat's function is to receive, concentrate, and reflect the 71 

incident thermal solar beam onto the solar receiver [12], as shown in Fig. 1. They can 72 

supply elevated levels of concentrated solar thermal power up to 1000 kW/m2. 73 

Consequently, the heat transfer fluid (HTF) supplied at a high temperature would 74 

maximize plant efficiency. 75 

Fig. 1 76 

In SPT plants, the solar receiver is mounted on top of a tower built in the center 77 

of the plant [13–15]. It acts as a heat exchanger, intercepting the reflected solar thermal 78 

power from heliostats. Then, an HTF circulating inside the solar receiver tubes absorbs 79 
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this thermal power through the tube walls. Finally, the thermal power absorbed by HTF 80 

is then utilized to run a Rankine cycle turbine and produce electric power. Based on their 81 

configuration, solar receivers are essentially classified into two kinds: cavity and external 82 

receivers. The two kinds have been used in SPT plants worldwide. However, several 83 

characteristics, such as simplicity in configuration, operation, maintenance, and 84 

transportation, make external receivers outperform cavity ones [16], and around 25% less 85 

area is required to absorb the same magnitude of thermal irradiance [16]. Nevertheless, 86 

previous research shows that external solar receivers have not been studied as 87 

extensively as cavity receivers, despite their aforementioned advantages [17]. In direct 88 

steam generation (DSG) technology, water vaporizes as it circulates through the receiver 89 

tubes. Therefore, it has drawn significant attention due to the following advantages: 90 

higher output temperature and thermal efficiency, simpler plant design, and lower initial 91 

cost [18–20]. 92 

The performance of SPT receivers is affected by weather conditions. Since solar 93 

radiation varies throughout the day, the heliostats reflect variable thermal flux 94 

accordingly. Also, the ambient temperature and wind velocity variations, which 95 

characterize thermal losses, are deemed key weather conditions that instantaneously 96 

affect the SPT receiver’s performance. Rodríguez-Sánchez et al. [21] studied molten-salt-97 

based external tubular receivers in SPT plants, considering variation in tube wall 98 

temperature in circumferential and axial directions under steady rather than transient 99 

thermal flux conditions. Liu et al. [22] proposed internally finned tubes for molten salt-100 

based solar receivers to alleviate non-uniform heat distribution. In the investigation by 101 
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Crespi et al. [23], the performance of a molten salt SPT plant was examined under solar 102 

irradiance variability caused by cloud cover. However, only three different times were 103 

considered in the analysis. In the context of wind impact on receiver performance, 104 

convection thermal losses resulting from variations in wind speed and direction were 105 

investigated ([16], [24,25]). A recent scale analysis [26] has revealed that natural 106 

convection dominates and overrides forced convection in SPT receivers. So convective 107 

heat losses can be attributed solely to natural convection, significantly simplifying the 108 

analysis without compromising the accuracy of the targeted prediction. 109 

Several simulation tools have been developed to simulate the concentrated sunrays 110 

incident on solar receivers. For example, the FluxSPT tool by Sánchez-González et al. [27] 111 

is used to depict the heliostat field and flux distribution on receiver tubes. However, such 112 

a tool cannot accommodate more than one direct normal irradiance (DNI) input. Also, its 113 

application is limited to specific receiver types and SPT plants. Another simulation 114 

software tool is the open-source SolarPILOT [28] established by the National Renewable 115 

Energy Laboratory (NREL). It can accommodate multiple DNI values simultaneously, 116 

enabling anticipation of the transient heat flux distribution on SPT receiver tubes during 117 

the daytime. This flexibility has led to the SolarPILOT software receiving increasing 118 

attention throughout the design and operation of the SPT plants. For instance, the 119 

numerical investigation conducted by Qaisrani et al. [25] concludes the performance and 120 

thermal efficiency of a DSG-based tubular external receiver under different wind 121 

velocities and directions. Nevertheless, this research still requires extension to evaluate 122 

the influence of the heat flux temporal variation during the day. SolarPILOT was also used 123 
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by Qaisrani et al. [16] to further examine the effects of wind on the thermal behavior of 124 

a rectangular external receiver. Nonetheless, only the receiver's north-facing side was 125 

investigated, neglecting the influence of the remaining sides (east, west, south) on the 126 

receiver's thermal behavior. Additionally, analyzing only a single DNI value is insufficient 127 

to estimate the receiver’s performance.  128 

As receiver productivity is expected to improve due to an increase in the number of 129 

heliostats, this may have two serious consequences. The first arises from an economic 130 

perspective, driven by the dramatic increase in capital costs. The second, from a safe-131 

operation point of view, is due to the potential for generating extremely concentrated 132 

heat flux and its impact on the durability of the receiver structure. Bearing in mind that 133 

the long lifetime of the receiver would be affected by the long-lasting extreme 134 

temperatures of the tube wall while in operation, time-dependent deformation of the 135 

tube material is also expected to evolve. Therefore, operational safety issues have arisen 136 

while attempting to maximize the amount of concentrated solar heat incident on SPT 137 

receivers. In a related context, Rodríguez-Sánchez et al. [29] proposed a method to bypass 138 

the HTF between opposing receiver tubes exposed to instantaneously different levels of 139 

solar intensity. To do so, the panels located on opposite sides of the receiver are 140 

interconnected in a cross-over manner. The SPT receiver considered for the analysis was 141 

a cylindrical external receiver with molten-salt HTF, in which single- and multiple-flow 142 

patterns were investigated under the assumption of clear-sky conditions. Nevertheless, 143 

the authors did not account for DNI's transitory nature throughout the day, treating it as 144 
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a single value in their analysis. Furthermore, implementing such a remedy is quite hard 145 

and may considerably complicate the receiver design. 146 

Although integrating DSG with external receivers offers performance and 147 

economic benefits, there is limited research on this promising combination. Furthermore, 148 

the impact of solar irradiation variability and realistic atmospheric conditions on steam 149 

production at the SPT plant has not yet been comprehensively investigated. Given the 150 

complexity and large scale of SPT plants, the existing simulation methods for assessing 151 

SPT performance are either complicated and computationally expensive or limited. Thus, 152 

the current research aims to bridge these knowledge gaps by establishing a simplified yet 153 

comprehensive approach that predicts the thermal performance of the DSG external 154 

receiver. This approach predicts the DSG external receiver's thermal performance, 155 

including steam temperature, quantity, enthalpy, and tube wall temperature, based on 156 

the net heat flux obtained under real-world weather conditions. Additionally, this 157 

research examines various operational scenarios to optimize the receiver’s thermal 158 

efficiency. Operational safety is also considered through a proposed steam interchange 159 

approach to ensure the receiver's reliability and longevity. Ultimately, optimal electricity 160 

generation by the turbine-generator system can be achieved by accounting for off-design 161 

factors (weather conditions variations), which, to the best of the authors’ knowledge, 162 

have not been previously addressed. 163 

1.1- Novelty and Contributions 164 

• Multi-Parameter Transient Analysis: Unlike previous research, which relies on 165 

average heat flux or unchanged environmental conditions, this work employs a quasi-166 

transient 1-D model integrated with the SolarPILOT tool to account for realistic DNI 167 
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variations and actual weather conditions (ambient and sky temperatures) throughout 168 

the day.  169 

• Comprehensive Investigation: While the literature focuses on either the north-facing 170 

panels or specific receiver sections, this research thoroughly assesses the 171 

performance of the evaporator and superheater sections, considering all receiver 172 

sides (North, East, South, West). 173 

• Novel Safety Strategy: This study proposes a mass-flow-rate-interchange approach 174 

utilizing temperature-control valves to prevent hot spots. This approach 175 

encompasses mass flow exchange between opposing superheater receiver sides 176 

based on tube wall temperature peaks, offering a simpler alternative to the cross-177 

over designs reported in the literature. 178 

 179 

2- MATHEMATICAL MODELING 180 

2.1- Physical Model 181 

The Ivanpah Solar Electric Generation System (ISEGS) CSP Plant is located in 182 

California, the United States [30]. This plant has been considered a reference for the 183 

current investigation for several reasons. First and foremost, it is based on an external 184 

solar collector formed of multiple rectangular-shaped receivers, which represent the key 185 

interest of the current piece of research. The second is that it is one of the most recently 186 

established plants of its kind worldwide, having been in service since 2014. The hourly-187 

averaged values of DNI adopted in the current analysis have been collected from the 188 

weather data provided by the NREL Measurement and Instrumentation Data Center 189 

(MIDC) [31]. Meteorological information with high precision is provided by the extensive 190 

database of NREL [32], including various locations, whether in the United States or 191 

worldwide. 21st June 2015, summer solstice day, has been selected to conduct the current 192 

analysis with the DNI readings reported by the closest NREL station to the Ivanpah plant, 193 
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i.e., University of Nevada in Las Vegas [31], as listed in Table 1. Geographical information 194 

of the ISEGS plant is 36.107°N-latitude & 115.1425°W-longitude with an elevation of 615 195 

m AMSL and Universal Time Coordinated of (UTC – 7). 196 

Table 1 197 

The Ivanpah plant consists of three subunits, with a total gross capacity of 392 MW 198 

and a net capacity of 377 MW. Those subunits are Ivanpah I, which produces 126 MW, 199 

along with Ivanpah II and III, which each produce 133 MW. The heliostats field consists of 200 

a total of 173,500 mirrors; 53,500 heliostats are installed on Ivanpah I, in addition to 201 

60,000 in each of Ivanpah II and III, with a 15 m² aperture area per heliostat utilized. Each 202 

subunit, on the other hand, has an identical tower height of 140 m. As all three subunits 203 

forming the ISEGS plant share the same design and operational conditions, except that 204 

Ivanpah II and III have slightly larger heliostat fields, only Ivanpah I has been considered 205 

for the current analysis. It features a rectangular-shaped solar external receiver 206 

composed of three sections: evaporator, superheater, and reheater, as illustrated in Fig. 207 

2 [33]. The receiver has an overall height of 23.8 m with a square base measuring 16 m 208 

on each side. Each section of the receiver consists of 32 panels, each measuring 2 m in 209 

width. Details of the HTF tubes forming the panels of the three receiver sections can be 210 

found in Table 2 [33]. It is worth noting that this research focuses on examining the 211 
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thermal performance of the evaporator and superheater sections under real-world 212 

climate conditions. The reheater section, on the other hand, is not analyzed here as it 213 

repeats the operational procedure of the evaporator and superheater sections. 214 

Subsequently, the HTF leaving the evaporator section can be in the form of subcooled 215 

water, unsaturated steam, or superheated steam, depending on the solar irradiation 216 

intensity during the day. 217 

Fig. 2 218 

Table 2 219 

2.2- Assumptions 220 

To reduce the complexity of the under-consideration problem while maintaining a 221 

great extent of realism, the assumptions below are followed: 222 

1- Instantaneous value of the DNI incident over all heliostats' subfields is identical. 223 

2- The HTF is evenly distributed over the receiver's four sides.  224 

3- Owing to the similarity in flow configuration among absorbing tubes in each section of 225 

the receiver, a single HTF tube from each side has only been considered for the 226 

thermodynamic analysis of the receiver sections.  227 

4- The wall thermal resistance of the tube is insignificant and can be ignored. 228 

5- To reduce the size of the current problem, an axisymmetric approximation has been 229 

adopted, which requires a uniform heat flux applied to the entire perimeter of the HTF 230 

tube. However, the rear half of the tube is thermally insulated, while the front half is 231 
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unevenly heated, as shown in Fig. 3. This assumption reduces the computational 232 

complexity of a 3D or 2D non-symmetric problem to that of a transient 1D analysis. 233 

This approach relies on the principle of energy conservation; hence, the total solar 234 

power 𝑄𝑇 intercepted by the front of the tube, accounting for the tube's curvature and 235 

the incident angle of the solar beam, is considered. This total power is then 236 

redistributed as an 'effective' uniform heat flux  (𝑞𝑤|𝐴𝑥𝑖𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐) over the entire tube 237 

perimeter. This ensures that the total thermal energy entering the fluid remains 238 

physically accurate while allowing for a significantly more efficient numerical solution 239 

that still captures the dominant axial and temporal variations. This approach has been 240 

validated in [26] as providing a high degree of realism for predicting bulk fluid 241 

properties and average wall temperatures.  242 

6- Following assumptions (4 & 5), the transport phenomena involved can be considered 243 

one-dimensional, disregarding any variations in the radial direction. Therefore, only 244 

bulk changes along the axial direction of the tube have been considered. 245 

7- The heat gain process involved can be assumed quasi-transient, meaning that only 246 

transient influences due to temporal variation in solar heat gain have been considered. 247 

8- According to a former scale analysis [26], natural convection to the ambient of the 248 

receiver dominates and overwhelms the role played by forced convection. So, heat 249 

losses due to forced convection can be neglected. 250 

9- Depending on the HTF phase, its thermophysical characteristics, excluding the specific 251 

heat, are all considered constant with values referenced to the onset temperature of 252 

each state. 253 
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Fig. 3 254 

 255 

2.3- Governing Equations and Boundary Conditions 256 

Conservation principles of mass and energy form the backbone of the current 257 

thermodynamic analysis, considering the time dependence and axisymmetric 258 

approximation of the problem currently under investigation. So, conservation of thermal 259 

energy can be applied to the boundaries of an HTF tube control, as follows: 260 

𝑑𝐻𝐻𝑇𝐹

𝑑𝑡
= ∑ 𝑄𝑤 →

∆𝐻𝑗

∆𝑡
= 𝑄𝑤,𝑛𝑒𝑡𝑗

          (1) 261 

For heating the HTF sensibly, the energy conservation equation is simply written as: 262 

𝑚̇ 𝑐𝑝 ∆𝑇𝑏𝑗
= 𝑞𝑛𝑒𝑡𝑗 

𝐴𝑠,𝑜𝑢𝑡       (2.a) 263 

While for the latent form of heating, it is: 264 

 𝑚 ̇ 𝐿𝐻𝑓𝑔 ∆𝑥𝑗 = 𝑞𝑛𝑒𝑡𝑗
 𝐴𝑠,𝑜𝑢𝑡       (2.b) 265 

where ∆𝑥𝑗  represents the increase in steam vapor fraction generated within a certain 266 

element of the tube in the y-direction.  267 

As the outer surface of the HTF tube is subjected to a time-dependent concentrated 268 

solar heat flux (𝑞𝑤) reflected by the heliostats field, a fraction of this heat is lost to the 269 

surrounding ambient due to convection and radiation heat transfer. Thus, the net rate of 270 

heat flux (𝑞𝑛𝑒𝑡) gained by the tube wall is evaluated as follows: 271 

𝑞𝑛𝑒𝑡 = 𝑞𝑤 −  𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑          (3) 272 

where 𝑞𝑐𝑜𝑛𝑣 and 𝑞𝑟𝑎𝑑 are the convective and radiative thermal losses to the ambient. 273 

Depending on the HTF state at any discrete section of the tube, up to three different 274 

heating phases can be pronounced throughout the daytime. First, a subcooled region is 275 
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established, where liquid water experiences sensible heating. Then, latent heating 276 

dominates once solar irradiance becomes strong enough to start water evaporation. As 277 

the solar heat gain continues to increase, wet steam is completely converted into 278 

superheated steam, and sensible heating prevails, establishing a purely superheated 279 

region in the remaining part of the tube. Hence, for predicting the sensible heating 280 

processes, the equations below can be employed: 281 

𝑅𝑒𝑖 =
4𝑚̇

𝜋𝑑𝜇𝑖
           (4) 282 

ℎ𝑖 = 0.023
𝑘𝑖

𝑑
𝑅𝑒𝑖

0.8𝑃𝑟𝑖
1

3⁄            (5) 283 

where (𝑖) stands for the water state at the start of the subcooled or superheated region. 284 

Note that eq (5) is valid as the flow is assumed to be fully developed turbulent in a 285 

smooth-surface circular tube, 𝑅𝑒 ≥ 10000, and 𝐿 𝐷⁄  > 10. In the current analysis, the 286 

flow is turbulent in the subcooled and superheated regions, hence 𝑅𝑒 is 26150 and 287 

283880, respectively. 288 

𝑚̇𝑐𝑝(𝑇𝑒𝑥 − 𝑇𝑖𝑛) = 𝑞𝑛𝑒𝑡𝐴𝑠,𝑜𝑢𝑡          (6) 289 

𝑇𝑏 =  
𝑇𝑖𝑛+ 𝑇𝑒𝑥

2
            (7) 290 

ℎ𝑖𝐴𝑠,𝑖𝑛(𝑇𝑤 − 𝑇𝑏) = 𝑞𝑛𝑒𝑡𝐴𝑠,𝑜𝑢𝑡          (8) 291 

Progress in the evaporation process can be, on the other hand, tracked in terms of 292 

the increase realized in the water vapor generated per unit length of the tube as follows: 293 

 𝑚̇ 𝐿𝐻𝑓𝑔∆𝑥 =  𝑞𝑛𝑒𝑡(𝜋𝐷∆𝑦)          (9) 294 

Integrating over a particular section of the tube gives:  295 

𝑥 =  
𝜋 𝐷 𝑞𝑛𝑒𝑡

𝑚̇ 𝐿𝐻𝑓𝑔
 𝑦          (10) 296 
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As the objective of the pre-developed mathematical model was to conduct an 297 

accurate but simplified enough thermodynamic analysis, the model established by 298 

Kandlikar [34] to predict the two-phase flow heat transfer coefficient of saturated steam 299 

flow in copper or stainless steel tubes has been adopted due to its compatibility with a 300 

variety of heat transfer fluids, including water. Note that this model has an uncertainty of 301 

15.9% compared to the water data. Also, model accuracy may shrink at high vapor 302 

qualities. However, it can effectively characterize the dependence of the boiling heat 303 

transfer coefficient (ℎ𝑇𝑃) upon the mass flux (𝐺), net wall heat flux (𝑞𝑛𝑒𝑡), and vapor 304 

fraction (𝑥) as follows [34]:   305 

ℎ𝑇𝑃 = max(ℎ𝑐𝑏𝑑, ℎ𝑛𝑏𝑑)         (11) 306 

Where the convective-boiling dominant (ℎ𝑐𝑏𝑑) and nucleate-boiling dominant (ℎ𝑛𝑏𝑑) heat 307 

transfer coefficients can be evaluated as follows [34]:  308 

ℎ𝑐𝑏𝑑 =  (1 − 𝑥)
4

5 ℎ𝑙[1.136 𝐶𝑂−0.9 + 667.2 𝐵𝑂𝐿𝐺0.7 𝐹]                           (12.a) 309 

ℎ𝑛𝑏𝑑 =  (1 − 𝑥)
4

5 ℎ𝑙[0.6683 𝐶𝑂−0.2 + 1058 𝐵𝑂𝐿𝐺0.7 𝐹]              (12.b) 310 

where 𝐹 is a surface-fluid combination factor equal to 1 for water [34], while the 311 

convection (𝐶𝑂) and boiling (𝐵𝑂𝐿𝐺) numbers are defined as follows: 312 

𝐶𝑂 = (
1−𝑥

𝑥
)

4

5
(

𝜌𝑣

𝜌𝑙
)

1

2
                   (12.c) 313 

𝐵𝑂𝐿𝐺 =
𝑞𝑛𝑒𝑡

𝐿𝐻𝑓𝑔 𝐺
                    (12.d) 314 

Then, 315 

ℎ𝑇𝑃𝐴𝑠,𝑖𝑛(𝑇𝑤 − 𝑇𝑠𝑎𝑡) = 𝑞𝑛𝑒𝑡𝐴𝑠,𝑜𝑢𝑡       (13)   316 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Thermal Science and Engineering Applications. Received January 12, 2026;
Accepted manuscript posted April 27, 2026. doi:10.1115/1.4071795
Copyright © 2026 by ASME; reuse license CC-BY 4.0

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
t
h
e
r
m
a
l
s
c
i
e
n
c
e
a
p
p
l
i
c
a
t
i
o
n
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
1
1
5
/
1
.
4
0
7
1
7
9
5
/
7
6
0
9
6
3
1
/
t
s
e
a
-
2
6
-
1
0
2
4
.
p
d
f
 
b
y
 
A
U
T
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
T
e
c
h
n
o
l
o
g
y
 
u
s
e
r
 
o
n
 
2
1
 
M
a
y
 
2
0
2
6



Journal of Thermal Science and Engineering Applications 

15 

 

The above-detailed mathematical model can be closed using two boundary 317 

conditions. The first is the hydrothermal conditions at the evaporator inlet, where a 318 

(105 𝑘𝑔 𝑠⁄ ) total mass flow rate of (160 𝑏𝑎𝑟) pressurized water flows into it with a bulk 319 

temperature of (460 𝐾). The other one is the thermal condition on the outer surface of 320 

the tube wall, which is subjected to a transient field of concentrated heat flux (𝑞𝑤). 321 

Nevertheless, only a fraction of the received flux participates in the heating process due 322 

to thermal losses to the ambient by convection and radiation, which can be calculated as: 323 

𝑞𝑐𝑜𝑛𝑣 = ℎ𝑜𝑢𝑡(𝑇𝑤 − 𝑇𝑎𝑚𝑏)       (14) 324 

𝑞𝑟𝑎𝑑 = 𝜎𝜀(𝑇𝑤
4 − 𝑇𝑠𝑘𝑦

4)        (15) 325 

It is worth stating that such thermal loss modes not only change in time but also vary 326 

locally due to the increased levels of wall temperature (𝑇𝑤) along the HTF tube. Temporal 327 

development of the relevant weather data, i.e., ambient temperature (𝑇𝑎𝑚𝑏), have been 328 

first collected [31] for the diurnal period selected and then correlated as [26]: 329 

𝑇𝑎𝑚𝑏(𝐾) = 305.65 − 1.448 × 10−5𝑡 + 9.09 × 10−8𝑡2 − 5.564 × 10−12𝑡3 +330 

1.82 × 10−16𝑡4 − 2.86 × 10−21𝑡5 + 1.693 × 10−27𝑡6                  (16) 331 

On the other hand, the transient variation of sky temperature (𝑇𝑠𝑘𝑦) can be 332 

approximated as follows [35]: 333 

𝑇𝑠𝑘𝑦(𝐾) = 0.0522(𝑇𝑎𝑚𝑏(𝐾))
3 2⁄

       (17) 334 

whereas emissivity (𝜀) of the tube outer surface is taken as (𝜀 = 0.86) [36]. 335 

Finally, heat losses due to convective heat exchange between the tube outer surface 336 

and the ambient have been attributed solely to natural convection. This consideration is 337 

based on a former scale analysis [26] conducted to quantify the significance of each 338 
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convective component relative to the other, which indicates that free convection 339 

overwhelms the role played by forced convection, i.e., 𝑂(𝑅𝑖)~105 ≫ 1. Thus, the heat 340 

transfer coefficient over the outer surface of the tube has been estimated following the 341 

model developed by Al-Arabi and Khamis [37] for free convection over slender cylinders 342 

that are oriented vertically: 343 

ℎ𝑜𝑢𝑡 = 0.47
𝑘𝑎𝑖𝑟

𝐿

(𝐺𝑟𝐿𝑃𝑟)1 3⁄

(𝐺𝑟𝐷)1 12⁄                                                                                               (18) 344 

Note that the applicability of Eq. (18) is limited to vertical slender cylinders only (𝜃 = 0). 345 

2.4- Approximation of Heat Flux Distribution for Axisymmetric Analysis  346 

As mentioned earlier, the Ivanpah I rectangular receiver consists of three sections, 347 

each comprising four sides, and each side consists of eight panels. Those panels are 348 

formed by multiple tubes attached to each other and exposed to high-intensity solar 349 

irradiation. Another aspect that should be considered is the transient phenomena 350 

resulting from the temporal fluctuations in solar irradiance during daytime. Therefore, 351 

taking all tubes and transient issues into account is quite difficult and computationally 352 

costly. To cope with such challenges, given the similarity among tubes, one absorbing 353 

tube is simulated on each side of the evaporator and superheater, as stated in the 354 

assumption. That simplification would substantially decrease the solution grid size, 355 

resulting in significant savings in simulation time and computational cost. To this end, the 356 

average thermal flux (𝑞𝑟) is computed by dividing the total solar power on each incident 357 

receiver side by its total area at certain times. Note that only the front half of the receiver 358 

tubes intercepts the concentrated solar flux. Moreover, such incident heat flux has an 359 

irradiance beam component that is not completely effective over the entire tube wall 360 
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[38]. This is due to the tube wall curvature in the circumferential direction, which causes 361 

the dissipation of solar beams tangent to its outer diameter, as shown in Fig. 4 [26]. 362 

Therefore, to adhere to the concept of energy conservation, careful attention must be 363 

paid to this issue to ensure that the solar flux distribution is accurate. Following a modified 364 

Gaussian distribution analysis, the normal solar beam component (𝑞𝑤) on the tube 365 

surface is calculated as shown in Fig. 4, as follows [39]: 366 

𝑞𝑤 = 𝑞𝑛 = 𝑞𝑟 sin𝜃,     (0 ≤ 𝜃 ≤ 𝜋)                    (19) 367 

Then, the total solar power applied to the tube surface (𝑄𝑇) can be calculated as [38]: 368 

 𝑄𝑇 = ∫ 𝑞𝑤𝑑𝐴
𝐴𝑠

= |∫ 𝑞𝑤𝑟0𝑑𝜃
𝜋

0
| = 𝑞𝑟𝑟0|∫ sin𝜃𝑑𝜃

𝜋

0
| = 2𝑞𝑟𝑟0    (20) 369 

One practical approach to reducing the problem size and handling thermodynamic or 370 

CFD analyses of SPT solar receivers involving transport phenomena is to employ an 371 

axisymmetric approximation. That requires applying a uniform heat load to the entire 372 

circumference of the absorbing tube. However, the rear side of the absorbing tube is 373 

insulated, whereas the front side is not uniformly heated due to the aforementioned 374 

reasons. So, to implement such an approximation to a higher limit of reality, the total 375 

solar power applied to the tube wall, i.e. 𝑄𝑇 = 2𝑞𝑟𝑟𝑜 as Eq.(20) states, is divided by the 376 

tube perimeter, as demonstrated in Fig. 3, to make sure that only the effective 377 

component of solar thermal power is utilized uniformly over the tube perimeter, as 378 

follows [26]:  379 

𝑞𝑤|𝐴𝑥𝑖𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 = 
𝑄𝑇

2𝜋 𝑟𝑜
=

𝑞𝑟

𝜋
                    (21) 380 

Fig. 4 381 
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3- SIMULATION PROCEDURE 382 

3.1- SolarPILOT Simulation 383 

The commercial software “SolarPILOT” established by NREL [28], which is based on 384 

the Monte Carlo ray tracing technique [40], is used to precisely detect heat flux maps on 385 

the solar receiver tubes. The procedure of simulation using the SolarPILOT tool has been 386 

detailed in our earlier work [26], considering the assumptions stated there. After 387 

establishing the actual land boundaries of the Ivanpah I plant in CA, USA, as illustrated in 388 

Fig. 5, the plant design characteristics are specified, including the realistic optical height 389 

achieved by implementing the Radial Stagger layout for the heliostats' solar field, which 390 

minimizes shading effects. Such effects occurring between neighboring heliostats inhibit 391 

reflected irradiance from reaching the receiver-absorbing tubes [26]. Then, the heliostats' 392 

optical properties are also configured, including their geometry, focus parameters, optical 393 

error parameters, and mirror performance parameters. After that, the receiver geometry, 394 

receiver position, optical properties, and the design thermal losses are established. 395 

Accordingly, the temporal profile of incident wall heat flux, shown in Fig. 6, is computed 396 

first [26]. Then, it is converted to an axisymmetric heat flux “equivalent to the real-world 397 

heat flux applied” for each side of the receiver using Eq.(21). Note that thermal losses 398 

because of convection and radiation are presented as virtual zero values to implement 399 

the current simulation. Nevertheless, such losses are precisely computed in the 400 

developed in-house MATLAB code [26]. It is worth mentioning that such profiles are 401 

useful not only in quasi-transient one-dimensional thermodynamic analysis but also for 402 

two-dimensional CFD simulations.  403 
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Fig. 5 404 

Fig. 6 405 

3.2- Numerical Solution 406 

A MATLAB code has been developed to numerically solve the current 1-D and 407 

transient problems. Then, a discretization scheme has been applied to the entire physical 408 

domain (evaporator and superheater tubes). Hence, the physical domain is divided into 409 

multiple cylindrically shaped longitudinal segments, as demonstrated in Fig. 7. After that, 410 

temporal fluctuations in meteorological data have been calculated using relevant 411 

correlations. Then, at every time step, an iterative solution is performed to accurately 412 

predict the HTF bulk temperature and the tube wall temperature. Consequently, the net 413 

heat flux gained, depending on the thermodynamic state of the HTF, is automatically 414 

corrected for each single control volume of the domain. Such an iterative solution has 415 

been conducted individually on each side of the evaporator. Once the overall steam 416 

produced in this section of the receiver is harvested, it undergoes one of three 417 

operational scenarios before being fed to the superheater section. Scenario #1 involves 418 

combining the productivity of the evaporator's four sides, feeding the mixture directly, 419 

and distributing it evenly to each superheater section side. Such a Scenario was used to 420 

operate the old-fashioned SPT facilities. Scenario #2, on the other hand, involves 421 

delivering steam vapor only to the superheater section by further heating the evaporator 422 

output using auxiliary boilers during off-peak periods. This Scenario has been adopted as 423 

the standard operational procedure for the Ivanpah I plant since 2014. It is worth noting 424 

that Scenarios #1 and #2 experienced operational issues, including the formation of hot 425 
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spots due to overheating, particularly in the superheater section. This is why Scenario#3 426 

has been proposed and evaluated for its potential to address the overheating problem 427 

while maintaining the targeted productivity. Hence, Scenario #3 is similar to the second 428 

one but utilizes the excess thermal energy of the superheated steam during the peak 429 

period to compensate for some of the energy required to fully evaporate the steam during 430 

the off-peak times. The convergence criterion is the maximum change in the tube wall 431 

temperature across iterations, with a quantitative limit of 10-6. It is a dimensionless 432 

criterion computed as follows: 433 

𝐸𝑟𝑟. = ABS (𝑇𝑊𝑛𝑒𝑤
 −  𝑇𝑊𝑝𝑟𝑒𝑣.

) 𝑇𝑊𝑝𝑟𝑒𝑣.
⁄  434 

 The numerical solution independence from the grid size adopted in the current 435 

analysis has, on the other hand, been verified for six grid sizes with increments of y equal 436 

to 0.1, 0.05, 0.01, 0.005, 0.001, and 0.0005 m, as Table 3 demonstrates. Results revealed 437 

that the changes in the calculated data were negligible between the fifth and sixth mesh 438 

sizes, i.e. 0.006%. Therefore, an element size of 1𝑚𝑚 is selected in the current analysis. 439 

Consequently, as the heat flux gain processes are presumably quasi-transient, only the 440 

transient effect as a result of temporal fluctuations in solar thermal gain is considered. 441 

Namely, the accuracy of the numerical scheme is not affected by the size of the timestep. 442 

Thus, a timestep size of ∆𝑡 = 5𝑚𝑖𝑛 is selected to provide results with high temporal 443 

resolution. 444 

Fig. 7 445 

Table 3 446 

 447 
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4- RESULTS 448 

4.1- Thermal Response to Instantaneous Meteorological Conditions Variation  449 

To explore the thermal response of the Ivanpah I receiver to the time-changing 450 

weather conditions over daytime under the Scenario #1 of operation, the temporal and 451 

local change of net heat flux received by each side of the evaporator, as well as the 452 

superheater section, has first been illustrated in Fig. 8.  It is observed that the net heat 453 

flux obtained by each side of the evaporator section is, in general, higher than the 454 

corresponding one in the superheater section. This is attributed to the continuous 455 

increase in tube wall temperature as the steam passes from the evaporator to the 456 

superheater section, as shown in Fig. 9. This, in turn, increases overall losses due to 457 

convection and radiation from the superheater section, slightly reducing the net heat 458 

gained there compared to the evaporator section. However, such losses in the evaporator 459 

and superheater are highly sensitive to time and location on the tube due to their direct 460 

dependence on the tube’s surface temperature. This linkage is illustrated in Fig. 10 based 461 

on the temporal and local distribution of bulk temperatures along each side of the 462 

evaporator and superheater. As the solar thermal flux varies during the daytime, the tube 463 

wall temperature responds accordingly, resulting in variations in heat losses and the HTF 464 

bulk temperature. Nevertheless, once HTF reaches the saturation limit, the phase-change 465 

phenomenon plays a substantial role in alleviating the tube wall temperature level and 466 

holding a certain margin of temperature excess, i.e. ∆𝑇𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑇𝑤 − 𝑇𝑠𝑎𝑡, leading to a 467 

reduction in heat losses. One can clearly identify the evaporation zone by observing the 468 

vapor fraction produced temporally and locally, as demonstrated in Fig. 11. In the 469 
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subcooled zone, where no steam has yet been generated, HTF receives thermal power in 470 

the sensible mechanism. Once the evaporation process begins, the inner convective heat 471 

transfer coefficient rapidly increases, accompanied by a gradual rise in the HTF vapor 472 

produced. When the evaporation process is complete, i.e., x equals 1, the HTF is further 473 

heated sensibly to become superheated steam, as indicated by the heat transfer patterns 474 

and steam produced in the superheater section. It is worth mentioning that all the 475 

patterns discussed above are for Scenario #1 operation case, where, regardless of the 476 

state of steam generated within the evaporator, it is passed directly to the superheated 477 

section and distributed evenly over its four sides. 478 

Fig. 8 479 

Fig. 9 480 

Fig. 10 481 

Fig. 11 482 

Once the overall steam produced in this section of the receiver is harvested, it 483 

undergoes one of three scenarios before being fed to the superheater section. To gain a 484 

better understanding of the thermal performance of the receiver, the temporal profiles 485 

of steam bulk temperature, productivity rate, and specific enthalpy are plotted at the 486 

outlet of each side of the evaporator and superheater, as shown in Figs. 12, 13, and 14, 487 

respectively. It is worth noting that the above-mentioned figures are relevant to Scenario 488 

#1 of the operation, where the productivity of each side of the evaporator is combined 489 

before feeding the resulting mixture directly into the superheater, ensuring an even 490 

distribution to each side. The impact of dissimilarity in concentrated solar irradiance 491 
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applied on each side of the receiver is obvious from the divergence between the temporal 492 

evolution of steam bulk temperature, particularly along the evaporator and to a lesser 493 

extent in the superheater section, as shown in Fig. 12. To further explain the solar 494 

irradiance dissimilarity, in the morning, the angle between the solar irradiance incident 495 

and the reflected irradiance is quite large for the heliostats in the eastern field, whereas 496 

it is considerably smaller for the heliostats on the western side. Note that the smaller 497 

angle produces greater solar flux on the corresponding side of the receiver. However, this 498 

scenario is overturned in the afternoon as the western heliostats deliver less 499 

concentrated solar power than the eastern ones due to the larger angle of incident 500 

irradiance. Therefore, during the early morning, the west side of the evaporator 501 

experiences a faster rise in steam thermal content because it is exposed to higher solar 502 

intensity than the other sides, as shown in Fig. 6. A similar observation can be made 503 

regarding the development of steam temperature along the east side, which is pulsed up 504 

during the afternoon, whereas on either the north or south side, it reaches its peak at 505 

midday. Furthermore, such developments in heat content along each side of the receiver 506 

are subdivided into three distinct areas, depending on the state of the steam generated, 507 

namely subcooled heating, boiling, and superheating, which evolve at different rates 508 

depending on the temporal solar intensity to which they are exposed. Accordingly, the 509 

temporal rate of the vapor produced by each side of the evaporator and superheater will 510 

differ as well, as Fig. 13 reveals. One would observe that the low steam generation rate 511 

in the early morning is attributed to the poor contribution of the eastern side of the 512 

evaporator and the superheater. Likewise, in the late afternoon, the west side of either 513 
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the evaporator or superheater makes a poor contribution to steam generation due to the 514 

low solar irradiance during these two periods of the day. Accordingly, as the west side of 515 

the evaporator or superheater starts producing steam earlier than the other sides, the 516 

east one continues producing steam later in the day due to the dissimilarity explained in 517 

the solar heat flux. The overall rate of vapor produced by the evaporator, on the other 518 

hand, resembles the temporal DNI profile used to generate the concentrated solar power. 519 

However, this is not the case in the superheater section, where the steam profile 520 

generated there is flattened over most of the daytime hours.  521 

From an operational perspective, the specific enthalpy represents the heat content 522 

required to operate the steam turbine and generate electric power. Therefore, as Fig. 14 523 

depicts, the overall specific enthalpy exiting the evaporator meets the superheater inlet 524 

operational condition, i.e. 𝑥 = 1, with some excess in steam energy for the period 525 

extending from 8:15 to 16:10, even though the state of steam at the outlet of some sides 526 

of the evaporator may not necessarily fulfill that condition. This is attributed to the excess 527 

in energy, over ℎ𝑣 = 2.581 𝑀𝐽/𝑘𝑔, allowing other sides to contribute to the mixing 528 

process at the evaporator outlet, thereby compensating for this thermal energy shortage. 529 

Knowing that the specific enthalpy of steam required to meet the turbine inlet condition 530 

is nearly ℎ𝑇𝐼𝐶 = 3.426 𝑀𝐽/𝑘𝑔. On the other hand, the superheater section can extend 531 

the plant's stand-alone operation to more than 9 hours (7:10 to 16:25). 532 

Fig. 12 533 

Fig. 13 534 

Fig. 14 535 
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 536 

4.2- Sensitivity of Plant Productivity to Weather Conditions and Operation Scenarios  537 

In common with Scenario #1, both Scenario #2 and #3 involve the same patterns in 538 

the evaporator section. The difference, however, is that only steam is to be delivered to 539 

the superheater section by further heating the evaporator output using auxiliary boilers 540 

during off-peak periods. Therefore, only characteristics of the steam produced by the 541 

superheater will be further discussed and compared for the operation scenarios tested. 542 

Scenario #2 is based on delivering steam only into the superheater section, but without 543 

shaving any excess energy the evaporator produces during peak time. To explore the 544 

impact of adopting such an operational scenario, the outlet bulk temperature of the 545 

steam produced by the superheater versus day hours is illustrated in Fig. 15. As the steam 546 

fed into the superheater is entirely in a vapor state, it continues to receive sensible heat, 547 

allowing it to reach higher temperatures. The maximum temperature of the overall steam 548 

generated at midday is around 835 K, enough to meet the SST-900 steam turbine inlet 549 

temperature requirement (818 K); hence, such a turbine is employed in the Ivanpah plant 550 

to generate electricity [41].  However, additional thermal energy must be provided to 551 

cover the shortage in thermal energy during the early morning and late afternoon periods, 552 

as well as to meet the enthalpy requirement necessary to operate the turbine throughout 553 

the day. The outlet-specific enthalpy profile in Fig. 15 demonstrates that Scenario #2 is 554 

capable of covering the steam enthalpy requirement of the turbine, i.e., 3.426 𝑀𝐽/𝑘𝑔, 555 

for 9 hours from 07:20 to 16:20. Scenario #3 is, on the other hand, quite similar to the 556 

latter one but with a subtle difference. It exploits the excess thermal energy in the 557 

superheated steam produced by the evaporator during peak times to compensate for 558 
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some of the energy required to fully evaporate the wet steam generated during off-peak 559 

periods, as shown in Fig. 16.  560 

Fig. 15 561 

Fig. 16 562 

To better highlight the difference in performance between the three operational 563 

scenarios, the overall bulk temperature and specific enthalpy of the steam delivered by 564 

the superheater are illustrated in Fig. 17. Overall, Scenarios #2 and #3 outperform 565 

Scenario #1 in extending the period during which the solar receiver can nearly fulfill the 566 

turbine steam inlet conditions required. However, that comes at an implicit extra cost due 567 

to the need for a backup fossil-fuel boiler to make up the thermal energy required for 568 

feeding only vapor steam into the superheater section. Therefore, it is better to examine 569 

the makeup required closely and the excess power available by the end of both the 570 

evaporator and superheater sections under any of the operation scenarios tested. 571 

Fig. 17 572 

The turbine used is the SST-700/900 by Siemens, which has an inlet steam 573 

temperature range from 380 to 550°C [41]. However, the optimal steam inlet 574 

temperature for operation analysis is 545°C [33], corresponding to the steam specific 575 

enthalpy of 3.426 MJ/kg at an operating pressure of 16 MPa. This threshold specifies the 576 

turbine operating conditions that must be fulfilled for reliable operation over daytime 577 

periods. So, if the steam produced by the evaporator or superheater has a specific 578 

enthalpy above 2.581 or 3.426 MJ/kg, respectively, excess energy will be instantaneously 579 

available there as follows: 580 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Thermal Science and Engineering Applications. Received January 12, 2026;
Accepted manuscript posted April 27, 2026. doi:10.1115/1.4071795
Copyright © 2026 by ASME; reuse license CC-BY 4.0

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
t
h
e
r
m
a
l
s
c
i
e
n
c
e
a
p
p
l
i
c
a
t
i
o
n
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
1
1
5
/
1
.
4
0
7
1
7
9
5
/
7
6
0
9
6
3
1
/
t
s
e
a
-
2
6
-
1
0
2
4
.
p
d
f
 
b
y
 
A
U
T
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
T
e
c
h
n
o
l
o
g
y
 
u
s
e
r
 
o
n
 
2
1
 
M
a
y
 
2
0
2
6



Journal of Thermal Science and Engineering Applications 

27 

 

𝑄𝐸𝑥𝑐𝑒𝑠𝑠|𝐸𝑣𝑎𝑝. = 𝑚̇𝑡(ℎ − ℎ𝑣)                  (22.a) 581 

𝑄𝐸𝑥𝑐𝑒𝑠𝑠|𝑆𝑢𝑝. = 𝑚̇𝑡(ℎ − ℎ𝑇𝐼𝐶)                     (22.b) 582 

While the makeup required, if any, is the amount of instantaneous power below the 583 

above-mentioned conditions, as follows: 584 

𝑄𝑀𝑎𝑘𝑒𝑢𝑝|
𝐸𝑣𝑎𝑝.

= 𝑚̇𝑡(ℎ𝑣 − ℎ)                   (23.a) 585 

𝑄𝑀𝑎𝑘𝑒𝑢𝑝|
𝑆𝑢𝑝.

= 𝑚̇𝑡(ℎ𝑇𝐼𝐶 − ℎ)                        (23.b) 586 

Fig. 18 compares the receiver's overall performance under all three operational 587 

scenarios examined. It is apparent that the total makeup energy required for all scenarios 588 

tested is almost the same. However, the difference lies in the mechanism for exploiting 589 

any excess power available. For the first and second operation scenarios, excess power in 590 

the evaporator is not harvested, unlike Scenario #3, which has lower thermal content 591 

steam fed into the superheater due to the shaving of excess power produced by the 592 

evaporator section. This implies, as Fig. 19 indicates, that the second scenario is expected 593 

to produce higher power excess by the end of the superheater section than the last one. 594 

However, this is not the case, as Scenario #3 appears to be producing a higher excess in 595 

power. This is attributed to higher thermal losses during Scenario #2 due to the higher 596 

wall temperatures expected, resulting from the higher thermal content of steam fed into 597 

the superheater section. This implicit difference may positively impact the receiver's daily 598 

productivity compared to both other scenarios. To verify this, the overall receiver 599 

productivity under any of the examined operation scenarios has been evaluated in terms 600 

of the makeup, excess, and net energy required to ensure reliable turbine operation 601 

throughout the entire day, as shown in Table 4. Accordingly, it is confirmed that Scenario 602 
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#3 outperforms in terms of net productivity due to the lower overall makeup required 603 

throughout the day. Under which, the receiver can meet 93.61% of the plant steam 604 

demand when operating standalone, compared to 90.44% and 89.06% when Scenarios 605 

#1 and #2 are, respectively, adopted for operation. In other words, the comparative 606 

analysis shows that Scenario #3 reduces the total net makeup energy required by 607 

approximately 33% compared to Scenario #1 and 41.5% compared to Scenario #2. 608 

Fig. 18 609 

Fig. 19 610 

Table 4 611 

4.3- Operation Safety and Reliability 612 

At this stage, a question may arise about the feasibility of increasing the number of 613 

heliostats to harvest more solar power, and consequently, increasing the rate of electric 614 

power produced by the plant under consideration. Though such a proposal may sound 615 

appealing initially, it may entail two serious consequences. The first arises from an 616 

economic perspective, driven by increased capital costs. The second, from a safe-617 

operation point of view, is due to the potential for generating extremely concentrated 618 

heat flux and its impact on the durability of the receiver structure. The maximum 619 

allowable temperature for the receiver tubes should be specified first to explore the latter 620 

aspect. Bearing in mind that the long lifetime of the receiver would be affected by the 621 

long-lasting extreme levels of tube wall temperature while in operation, time-dependent 622 

deformation of the tube material is expected to evolve. Multiple failure cases due to high 623 

temperature can be attributed to either creep or a combination of creep and fatigue, 624 
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where the temperature regime, in Kelvin, for which creep is important in metals, is 625 

(0.5𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 < 𝑇 < 𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔) [42]. Note that the evaporator and superheater panels are 626 

formed from tubes made from stainless-steel alloys not publicly published, which have a 627 

roughly 1450℃ melting point. Therefore, the tube wall temperature limit can be 628 

considered (𝑇𝑊𝑇𝐿 = 0.5𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 = 861.575𝐾) [42]. It is worth noting that operational 629 

safety is specifically checked for Scenario #3 of the operation, as it has outperformed the 630 

other two. 631 

Inspecting the change in tube wall temperature over the daytime reveals that the 632 

maximum wall temperatures on each side of the receiver are detected at different times 633 

of the day, depending on the temporal heating intensity to which they are exposed. Such 634 

levels are respectively reached on the west, north, south, and east sides of the receiver 635 

at 9:35, 13:05, 14:20, and 14:45, as shown in Fig. 20, which demonstrates the local 636 

distribution of tube wall temperature on each side of the evaporator and superheater 637 

sections. Accordingly, it is observed that only the ends of the tubes on the evaporator's 638 

north side experience such extreme conditions and may face the hazard of creep. On the 639 

other hand, the situation is more severe on the superheater panels, where up to 30% of 640 

the length of the tubes on either the north or east side might undergo creep issues due 641 

to exceeding the maximum allowable wall temperatures. However, only 6% of the tubes 642 

forming the west side may face such issues, with the south panels experiencing no such 643 

problems.  644 

Fig. 20 645 
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To sum up, hotspots, if allowed, are likely to generate in specific locations of the 646 

receiver panels. This is why certain precautions must be implemented to reduce the 647 

negative impact of such unavoidable issues. One of the strategies followed is to defocus 648 

the heliostat field to reduce the concentration level of the solar field. However, this 649 

means reducing the amount of solar energy harvested, downgrading the receiver's 650 

instantaneous steam productivity. Another proposal is to bypass the molten salt HTF 651 

between the opposing receiver tubes, which are exposed to different levels of solar 652 

intensity. To do so, the panels located on opposite sides of the receiver are 653 

interconnected in a cross-over manner [29]. However, this remedy is hard to implement 654 

and may complicate the receiver design. To overcome this latter complication, a new 655 

mass flow rate interchange approach is proposed to control the steam inlet mass flow 656 

rate to each side of the superheater based on the maximum wall temperature detected. 657 

Three mass flow interchange processes have been employed to address this issue. The 658 

first is from the south to the north panels during the peak solar irradiance on the north 659 

face, the second is from the west to the east panels at the peak solar irradiance on the 660 

east side, while the last one is from the east to the west panels during the peak solar 661 

irradiance on the west side. With the aid of a temperature control valve (𝑇𝐶𝑉), a fraction 662 

of the mass flow rate, which is allocated to a certain side of the superheater (𝐶𝐹) is 663 

redirected to flow through the opposing side's tubes once hot spots emerge over their 664 

surfaces. So, three circulation factors (𝐶𝐹𝐸→𝑊, 𝐶𝐹𝑆→𝑁, and 𝐶𝐹𝑊→𝐸), referring to the 665 

percentage of water that is circulated between the two opposing panels mentioned 666 

above, have been adopted as key factors for optimized performance, as follows: 667 
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𝑇𝑁max
≥ 𝑇𝑊𝑇𝐿 → {

𝑚̇𝑁 = (1 + 𝐶𝐹𝑆→𝑁) 𝑚̇𝑡 4⁄

𝑚̇𝑆 = (1 − 𝐶𝐹𝑆→𝑁) 𝑚̇𝑡 4⁄
}                (24.a) 668 

𝑇𝐸max
≥ 𝑇𝑊𝑇𝐿 → {

𝑚̇𝐸 = (1 + 𝐶𝐹𝑊→𝐸) 𝑚̇𝑡 4⁄

𝑚̇𝑊 = (1 − 𝐶𝐹𝑊→𝐸) 𝑚̇𝑡 4⁄
}                           (24.b) 669 

𝑇𝑊max
≥ 𝑇𝑊𝑇𝐿 → {

𝑚̇𝑊 = (1 + 𝐶𝐹𝐸→𝑊) 𝑚̇𝑡 4⁄

𝑚̇𝐸 = (1 − 𝐶𝐹𝐸→𝑊) 𝑚̇𝑡 4⁄
}               (24.c) 670 

Thus, different wall responses and thermal performance patterns are expected based 671 

on the amount of mass flow circulated. So, an optimization analysis has been conducted 672 

to check the impact of the circulation factor (𝐶𝐹) adopted for mass interchange between 673 

each pair of the opposing sides listed in Eq.(24). For seeking brevity, the next discussion 674 

is dedicated to only presenting the results relevant to the optimum values of the 675 

circulation factor. Several circulation factors are considered to guarantee that the 676 

superheater tube wall temperatures do not exceed 𝑇𝑊𝑇𝐿 , which is 0.5𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔. For the 677 

south-to-north circulation (𝐶𝐹𝑆→𝑁), it is observed that 0.25 prevents the tube wall 678 

temperature from reaching the critical limit, as shown in Fig. 21. From a thermodynamic 679 

point of view, reducing the steam mass flow rate to the south side does not necessarily 680 

imply a decrease in overall thermal gain, as the north panel experiences an increase in 681 

thermal gain. On the other hand, the optimal circulation factor between the east and west 682 

panels (𝐶𝐹𝑊→𝐸 , and 𝐶𝐹𝐸→𝑊) at the maximum solar irradiance is 0.1375 for both panels, 683 

as shown in Fig. 22. To further clarify that, in the first half of the day, the west side 684 

experiences higher solar irradiance. Thus, the direction of steam interchange is from east 685 

to west to cool the tube wall. The steam mass flow in the east panel was carefully 686 

monitored to avoid exceeding the east tube wall temperature limit. In the second half of 687 

the day, however, the east side of the receiver receives high levels of concentrated solar 688 
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radiation. Therefore, the direction of mass interchange is from west to east. By adopting 689 

such a mass interchange, the temperature levels of the tubes exposed to extreme thermal 690 

input can be alleviated, as shown in Fig. 21 and Fig. 22. However, as the wall temperatures 691 

on the extremely heated sides are lowered, the corresponding opposing sides experience 692 

a rise in such levels due to the reduced steam flow inside; hence, less heat can be carried 693 

away from their tube walls. The latter outcome is practically significant as the sides that 694 

participate in a fraction of their flow rate experience a rise in the level of their specific 695 

enthalpy produced, such that the overall steam power generated by the receiver is 696 

unaffected. 697 

Fig. 21  698 

Fig. 22 699 

Such an observation can be better highlighted by comparing the specific steam 700 

enthalpy generated by the superheater with and without utilizing a TCV, as shown in Fig. 701 

23. It is interesting to note that the current proposal for TCV utilization to manage the 702 

temperature levels of receiver tubes does not result in any reduction in the overall 703 

thermal energy harvested by the steam produced. In other words, an uneven distribution 704 

of steam fed into the superheater sides guarantees the receiver's safety and maintains 705 

the plant's reliability by delivering the same output as before. As shown in Table 5, 706 

proposing an uneven distribution not only reduces the total makeup energy required but 707 

also slightly improves the excess available, resulting in a saving of about 0.75% of the 708 

energy needed to fulfill the turbine inlet condition. Hence, it reduces the receiver's net 709 

makeup ratio by about 0.626%. 710 
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Fig. 23 711 

Table 5 712 

 713 

5- CONCLUSIONS 714 

Solar power plants have great potential to generate electricity through solar thermal 715 

power, which naturally fluctuates spatially and temporally. Therefore, this research 716 

presents a comprehensive transient thermal analysis of the performance of a solar power 717 

tower receiver under realistic weather conditions. The Ivanpah I plant is selected as the 718 

reference plant, and the simulation covers the entire day of June 21st, 2015. The 719 

SolarPILOT tool simulates the heliostat field configuration and the transient heat 720 

distribution across the solar receiver panels. The effective component (perpendicular) of 721 

concentrated solar power is estimated following a modified Gaussian distribution over 722 

the tube circumference. A MATLAB code was successfully developed to evaluate key 723 

thermal parameters, including net heat flux, steam heat content, tube wall temperature, 724 

and vapor fraction, for both the evaporator and superheater sections. Three operational 725 

scenarios have been examined and compared based on the state of the steam entering 726 

the superheater section. The optimization reveals that, among the operational scenarios 727 

tested, the receiver under Scenario #3 outperforms in terms of net productivity and 728 

efficiency, meeting 93.61% of the overall plant steam demand. Nevertheless, localized 729 

overheating in the superheater tubes has been identified as a safety concern. To mitigate 730 

this, a mass flow redistribution approach with optimal circulation factors between the 731 

opposing sides is proposed using a temperature control valve.  It was found that an 732 

uneven distribution of steam fed into the superheater sides can achieve a 0.75% 733 
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reduction in the energy required to meet the turbine inlet condition, with a 0.626% 734 

decrease in the net makeup ratio of the receiver. In brief, the proposed approach 735 

demonstrates strong potential to optimize receiver thermal performance and ensure 736 

safer, more efficient operation of solar thermal power plants. 737 

6- Future Scope 738 

▪ Extending the transient simulation to describe the startup and shutdown operation, 739 

considering the thermal stresses throughout the diurnal cycle. 740 

▪ Detecting the hot spots on the receiver tube wall in advance to enable the 741 

designers of such plants to apply specific control/operation strategies to avoid 742 

thermal stresses and mechanical failure. 743 

▪ Exploring plant efficiency employing advanced HTFs, such as supercritical carbon 744 

dioxide (CO2) and particle-based systems.  745 
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NOMENCLATURE 749 

A Area, m2 

BOLG Boiling number 

CF Circulation factor 

CO Convective number 

cp Specific heat, J/kg∙ K 

D Outer diameter, m 

d Inner diameter, m 
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G Mass flux, kg/m2∙s 

Gr Grashof number 

g Gravitational acceleration, m/s2 

h Specific enthalpy, J/kg; convective heat transfer coefficient, W/m2∙K 

k Thermal conductivity, W/m∙ K 

F Fluid-solid combination factor 

L Tube length, m 

Lfg Latent heat of vaporization, J/kg 

𝑚̇ Mass flow rate, kg/s 

Pr Prandtl number 

𝑄̇𝑖𝑛𝑐 Total incident thermal power on the receiver surface, W 

QT Concentrated solar power incident on the receiver, W 

q Heat flux, W/m2 

qAxisymmetric Axisymmetric heat flux, W/m2 

Re Reynolds number  

Ri Richardson number 

T Temperature, K 

t Time, s 

U Velocity, m/s 
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x Vapor fraction 

y Distance in y-direction, m 

Greek Symbols 750 

β Volume expansion coefficient, 1/K 

ρ Density, kg/m3 

μ Dynamic viscosity, Pa. s 

ν Kinematic viscosity, m2/s 

ε Tube outer emissivity 

σ Stefan-Boltzmann constant, W/m2∙K4 

α Receiver surface reflectivity 

Abbreviations 751 

CSP Concentrating solar power 

DNI Direct normal irradiance 

DSG Direct steam generation 

HTF Heat transfer fluid 

ISEGS Ivanpah Solar Electric Generating System 

NREL National Renewable Energy Laboratory 

TWTL Tube wall temperature limit 

TCV Temperature control valve 
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Subscripts 752 

amb Ambient 

b Bulk 

cbd Convection boiling dominant 

conv Convection 

D Along the tube diameter 

ex Exit section  

E East side 

in Inlet section, inner tube surface 

i Subcooled or superheated section 

j Location index 

L Along the tube length 

N North side 

n Normal 

net Net 

nbd Nucleate boiling dominant 

out Outer tube surface 

r Average 

rad Radiation 
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S South side 

s Surface 

sat Saturation 

sky Sky 

t Tangential, total 

TP Two-phase 

v Vapor 

W West side 

w Wall 

  753 
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Figure Captions List 885 

 886 

Fig. 1 A schematic illustration of the heliostats and solar tower in the SPT plant 

Fig. 2 The external rectangular receiver configuration in ISEGS [33] 

Fig. 3 Converting a 3-D problem into a 2-D axisymmetric one 

Fig. 4 Components of concentrated solar power (𝒒𝒓) on a receiver tube wall 

Fig. 5 Aerial image (left) and SolarPILOT heliostats layout simulation (right) of 

the Ivanpah I plant 

Fig.6 Temporal variation of the average heat flux incident on each side of the 

receiver   

Fig. 7 Illustration of the solution element and the boundary conditions 

surrounding 

Fig. 8 Temporal and local variation of net heat flux on the representative tubes 

of the evaporator (top) and superheater (bottom) 

Fig. 9 Temporal and local variation of wall temperature on the representative 

tubes of the evaporator (top) and superheater (bottom) 

Fig. 10 Temporal and local variation of water/steam bulk temperature inside the 

representative tubes of the evaporator (top) and superheater (bottom) 

Fig. 11 Temporal and local variation of steam vapor fraction generated in the 

representative tubes of the evaporator (top) and superheater (bottom) 
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Fig. 12 Scenario #1 profile of outlet bulk temperature on each evaporator side 

(left) and superheater (right) 

Fig. 13 Scenario #1 profile of steam produced by each side of the evaporator (left) 

and superheater (right) 

Fig. 14 Scenario #1 profile of steam specific enthalpy on each side of the 

evaporator (left) and superheater (right) 

Fig. 15 Scenario #2 profile of bulk temperature (left) and specific enthalpy (right) 

out of each superheater side 

Fig. 16 Scenario #3 profile of bulk temperature (left) and specific enthalpy (right) 

out of each superheater side 

Fig. 17 Comparison of bulk temperature (left) and specific enthalpy (right) for the 

three operational scenarios 

Fig. 18 Profile of the makeup required vs excess power available for (from left to 

right) Scenario #1, #2, and #3 

Fig. 19 Total makeup required and excess power available (left) vs superheater 

heat losses (right) 

Fig. 20 Local profiles of tube wall temperature on the evaporator (left) and 

superheater sides (right) 

Fig. 21 Variation of maximum wall temperature, outlet specific enthalpy, and 

steam rate for the north (top) and south (bottom) sides of the superheater 
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Fig. 22 Variation of maximum wall temperature, outlet specific enthalpy, and 

steam rate for the east (top) and west (bottom) sides of the superheater 

Fig. 23 Comparison of the specific enthalpy of steam generated by the 

superheater with or without utilizing a TCV 
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Table Caption List 889 

 890 

Table 1 Hourly-averaged DNI readings at the University of Nevada on June 21 

(2015) [31] 

Table 2 Geometrical characteristics of the receiver sections 

Table 3 Sensitivity of numerical solution to the size of the element adopted 

Table 4 Receiver thermal performance under the operational scenarios tested 

Table 5 Comparison of receiver thermal performance under Scenario#3 without 

and with TCV 
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 917 
Table 1: Hourly-averaged DNI readings at the University of Nevada on June 21 (2015) [31] 

Daytime 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 

𝐼(𝑊 𝑚2⁄ ) 17.1 524.5 749.4 739.7 844.2 887.3 911.9 910.4 956.6 941.3 910.5 834.0 637.3 558.0 193.7 
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 958 
Table 2: Geometrical characteristics of the receiver sections 

Receiver 

section 

Tube Number of 

panels 
Tubes per panel 

Diameter (mm) Length (m) 

Evaporator 25.4 10.4 32 70 

Superheater 19.05 8.5 32 90 

Reheater 38.1 4.9 32 46 
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 996 
Table 3: Sensitivity of numerical solution to the size of the element adopted 997 

∆𝑦 (𝑚) 0.1 0.05 0.01 0.005 0.001 0.0005 

𝑇𝑏,𝑜𝑢𝑡𝑚𝑎𝑥
(𝐾) 643.51799 645.66424 648.35770 648.74097 649.01822 649.05682 

𝐸𝑟𝑟𝑜𝑟 % --- 0.334 0.417 0.059 0.043 0.006 
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 1036 
Table 4: Receiver thermal performance under the operational scenarios tested 

Operation  

Scenario 

Makeup Energy Required (𝑀𝑊ℎ𝑟) Excess Energy Available (𝑀𝑊ℎ𝑟) Net Required 

(𝑀𝑊ℎ𝑟) 

Makeup 

Percentage Evaporator Superheater Total Evaporator Superheater Total 

#1 --- 515.28 515.28 --- 34.85 34.85 480.43 9.54% 

#2 441.35 144.56 585.91 --- 34.90 34.90 551.00 10.94% 

#3 441.35 144.56 585.91 241.11 22.74 236.85 322.05 6.39% 
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Table 5: Comparison of receiver thermal performance under Scenario#3 without and with TCV 

Operation 

Scenario 

Total makeup 

required (𝑀𝑊ℎ𝑟) 

Total excess 

available (𝑀𝑊ℎ𝑟) 

Net power 

required (𝑀𝑊ℎ𝑟) 
Makeup ratio (%) 

Without TCV 585.91 263.85 322.05 6.39 

With TCV 585.78 266.15 319.63 6.35 

Change% −0.0222 +0.872 −0.7514 −0.626 
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 1112 
Fig. 1: A schematic illustration of the heliostats and solar tower in the SPT plant 1113 
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Fig. 2: The external rectangular receiver configuration in ISEGS [33] 1141 
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 1165 

Fig. 3: Converting a 3-D problem into a 2-D axisymmetric one 1166 
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Fig. 4: Components of concentrated solar power (𝒒𝒓) on a receiver tube wall 1179 
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 1204 
 1205 

Fig. 5: Aerial image (left) and SolarPILOT heliostats layout simulation (right) of the 1206 

Ivanpah I plant 1207 
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 1233 
 1234 

Fig. 6: Temporal variation of the average heat flux incident on each side of the 1235 

receiver  1236 
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 1257 
Fig. 7: Illustration of the solution element and the boundary conditions surrounding 1258 
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 1272 

Fig. 8: Temporal and local variation of net heat flux on the representative tubes of the evaporator (top) and superheater (bottom) 1273 Acc
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 1274 

Fig. 9: Temporal and local variation of wall temperature on the representative tubes of the evaporator (top) and superheater 1275 

(bottom) 1276 
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 1277 

Fig. 10: Temporal and local variation of water/steam bulk temperature inside the representative tubes of the evaporator (top) and 1278 

superheater (bottom) 1279 
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 1280 

Fig. 11: Temporal and local variation of steam vapor fraction generated in the representative tubes of the evaporator (top) and 1281 

superheater (bottom)1282 
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 1283 

Fig. 12: Scenario #1 profile of outlet bulk temperature on each evaporator side (left) and 1284 

superheater (right) 1285 
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 1299 

Fig. 13: Scenario #1 profile of steam produced by each side of the evaporator (left) and 1300 

superheater (right) 1301 
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 1315 

Fig. 14: Scenario #1 profile of steam specific enthalpy on each side of the evaporator 1316 

(left) and superheater (right) 1317 
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 1332 

Fig. 15: Scenario #2 profile of bulk temperature (left) and specific enthalpy (right) out of 1333 

each superheater side 1334 
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 1348 

Fig. 16: Scenario #3 profile of bulk temperature (left) and specific enthalpy (right) out of 1349 

each superheater side 1350 
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 1364 

Fig. 17: Comparison of bulk temperature (left) and specific enthalpy (right) for the three 1365 

operational scenarios 1366 
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 1380 

Fig. 18: Profile of the makeup required vs excess power available for (from left to right) 1381 

Scenario #1, #2, and #3 1382 
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 1398 

Fig. 19: Total makeup required and excess power available (left) vs superheater heat 1399 

losses (right) 1400 
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 1415 

Fig. 20: Local profiles of tube wall temperature on the evaporator (left) and superheater 1416 

sides (right) 1417 
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 1431 

Fig. 21: Variation of maximum wall temperature, outlet specific enthalpy, and steam 1432 

rate for the north (top) and south (bottom) sides of the superheater 1433 
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 1434 

Fig. 22: Variation of maximum wall temperature, outlet specific enthalpy, and steam 1435 

rate for the east (top) and west (bottom) sides of the superheater 1436 
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 1437 

Fig. 23: Comparison of the specific enthalpy of steam generated by the superheater with 1438 

or without utilizing a TCV 1439 
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