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ARTICLE INFO ABSTRACT
Keywords: Bladed cylindrical receivers have the potential to reduce external heat-losses in solar tower concentrated solar
Solar towers

power systems, but their added blades also increase surface area and aerodynamic loading. These competing
effects create a coupled thermal-aerodynamic-geometric design problem that has not been fully addressed in
previous optimization studies. This work develops a surrogate-assisted multi-objective optimization framework
to identify receiver geometries that balance heat-loss reduction, aerodynamic performance, and geometric
compactness. Machine-learning surrogate models were trained using a CFD database spanning multiple receiver
temperatures, wind conditions, blade lengths, and blade numbers, achieving high predictive accuracy with
cross-validated coefficients of determination of about 0.98 for both thermal and aerodynamic responses. The
optimization results reveal a consistent trade-off structure across all operating conditions. Very compact designs
exhibit both higher drag coefficients and higher total heat-loss coefficients, while highly extended designs
reduce the total heat-loss coefficient but introduce excessive surface area and geometric complexity. Between
these extremes, a stable intermediate design region provides the best balanced compromise. The surrogate
predictions indicate that the knee-point candidates have approximately 43%-52% lower drag coefficients
and 33%-40% lower total heat-loss coefficients than the compact design extreme. The proposed framework
offers practical design envelopes for early-stage screening of bladed receiver concepts, while indicating
that intermediate geometries should be further assessed using high-fidelity simulations before final design
selection.
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1. Introduction Among solar thermal technologies, concentrated solar power, espe-

cially solar tower systems, can deliver high-temperature heat for indus-

Fossil fuels still supply a large share of global energy demand and
remain a major source of air pollution and greenhouse gas emissions.
Expanding low-carbon energy supply is therefore necessary to reduce
environmental damage and health impacts. Solar energy is a strong
candidate because it is the most abundant energy resource available
to Earth (Alamdari et al.,, 2026b), and its economic competitiveness
continues to improve as deployment increases and costs decline (Nijsse
et al., 2023).

Solar technologies include several conversion pathways, from di-
rect electricity generation to solar thermal systems. This allows the
delivered energy form, either electricity or heat, to be matched more
closely to end-use demand (Branz et al., 2015; Madurai Elavarasan
et al., 2022). At system scale, electrical or thermal storage and hybrid
operation can improve dispatchability, reliability, and capacity utiliza-
tion (Branz et al., 2015; Alamdari et al., 2024). These features are
especially important for industrial applications that require continuous
supply or time-shifted heat delivery.
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trial processes and thermal power generation (Merchan et al., 2022).
Solar tower plants still face economic barriers because their capital and
maintenance costs are high relative to alternatives such as photovoltaic
systems. However, their ability to provide high-temperature heat, dis-
patchable output through thermal storage, and integration with thermal
subsystems continues to motivate work on efficiency improvement and
cost reduction. Previous studies have examined heliostat-field design
and control (Wang et al., 2019; Besarati et al., 2014), system integra-
tion with auxiliary subsystems and storage (Wang et al., 2026; Singh
and Narayanan, 2026), and heat-transfer-fluid selection (Yang et al.,
2025).

The receiver is a critical component of a solar tower system because
it absorbs concentrated solar irradiance and transfers heat to the heat-
transfer fluid. Its performance affects thermal efficiency, heat-loss, me-
chanical loading, and plant cost. Receiver-improvement strategies are
commonly divided into internal and external geometric modifications.
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Nomenclature

Greek Symbols

Heo Dynamic viscosity of air at ambient conditions, Pas
Poo Density of air at ambient conditions, kg/m?>
Parameters

MARD Mean absolute relative deviation, %

MRD Mean relative deviation, %

Re Reynolds number, Re = p Uy Dyyt/ Heo>

Apjaded External surface area of the bladed receiver, m?
Aproj Projected area used for drag evaluation, m?

Aratio Area ratio, Aratio = Abladed/Asimple’

Agimple External surface area of the reference simple (Solar
Two) receiver, m>2

Atotal Total external area used in A, m?

C, Drag coefficient, C; = F, /(% PeoUZ Aprop)s

D, Characteristic diagonal length of the receiver core, m

D¢ Outer receiver diameter (envelope) used in Re, m

F, Aerodynamic drag force, N

Reonv Convective component of the heat-loss coefficient,
W/(m?K)

Prad Radiative component of the heat-loss coefficient,
W/(m?K)

Riotal Total (convective+radiative) heat-loss coefficient,
htotal = Grotal/ [Atoral Ts — Teo)], W/(m?K)

k Number of folds in k-fold cross-validation,

L, Blade length (radial depth), m

L, Blade length ratio, L, = L,/D,,

N Number of validation samples (generic index in error
metrics),

N, Number of blades,

Ngen Number of generations in NSGA-II,

Npop Population size in NSGA-II,

Grotal Total heat-loss (convective+radiative), W

R? Coefficient of determination,

T* Surface temperature ratio, T* = (T — T,) /Ty,

Ty Ambient (free-stream) temperature, K

T, Receiver surface temperature (isothermal boundary

condition), K

U, Free-stream wind velocity, m/s

Subscripts

o Ambient (free-stream) conditions

bladed Bladed receiver

conv Convective

gen Generation index (NSGA-II)

out Outer (envelope)

pop Population (NSGA-II)

proj Projected

rad Radiative

ratio Ratio with respect to simple cylinder

S Surface (used with temperature: T,)

simple Reference simple cylindrical receiver (Solar Two)
total Combined convective and radiative quantity (used

with A and q)

Internal modifications, including buoyant tubes (Rodriguez-Sanchez
etal., 2014; Ebadi et al., 2024; Pérez-Alvarez et al., 2025b,a) and finned
passages (Shatnawi et al., 2021b,a; Wang et al., 2024; Pifia-Ortiz et al.,
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2019), enhance in-tube heat transfer and reduce wall temperature, but
they typically increase pressure drop and geometric complexity. The
literature shows that internal strategies improve thermal performance,
but their benefit depends on the trade-off among heat-transfer enhance-
ment, pressure drop, stress, and cost. These trade-offs are internal to the
tube circuit and do not directly influence the external convective and
radiative losses that are the subject of the present study.

External geometric modifications aim primarily to reduce convec-
tive and radiative heat-losses and, in some configurations, improve
solar interception. Gentile et al. (2025) optimized a star-shaped re-
ceiver and reported reductions in both cost and levelized cost of heat
relative to a conventional cylindrical receiver. Wang et al. (2020)
investigated a bladed cylindrical receiver and reported that a 12-blade
configuration reduced total heat-loss relative to a smooth cylinder.
(Wang et al., 2022) extended that work to high-temperature operation
and reported high receiver efficiency. Wang et al. (2019) showed that
blade orientation affects optical efficiency. For billboard geometries,
Wang et al. (2023) optimized blade parameters and reported reduced
optical and thermal losses. Ghanadi et al. (2020) showed strong sensi-
tivity of convective heat-transfer coefficients to blade length and pitch
angle in bladed billboard receivers. Torres et al. (2020) demonstrated
that convective and radiative losses respond differently to surface
temperature in bladed geometries.

Recent reviews have placed receiver optimization within the broader
context of Al-assisted and generative design. Milidonis et al. (2021)
reviewed applications of machine learning, evolutionary algorithms,
and related Al techniques in solar-tower systems, while Moreno Garcia-
Moreno and Milidonis (2025) classified Al-assisted generative-design
studies for cavity, external, and volumetric receivers according to
approaches including genetic algorithms, particle-swarm optimization,
and artificial neural networks.

Taken together, these studies establish that each of the three rel-
evant performance dimensions (thermal loss, aerodynamic loading,
and geometric complexity) has been examined in isolation or in pair-
wise combination for bladed receivers. Thermal loss has been stud-
ied against blade geometry (Wang et al., 2020, 2022; Torres et al.,
2020); convective coefficients have been related to blade parame-
ters (Ghanadi et al., 2020); and optical-thermal interactions have been
analyzed (Wang et al., 2023). However, no study has simultaneously
optimized these competing design objectives across a range of wind
regimes and temperature conditions for bladed cylindrical receivers.

This gap matters because the relevant thermal, aerodynamic, and
geometric effects are coupled in conflicting ways. Adding blades can
reduce overall heat-loss through geometric shielding effects, but it also
increases the exposed surface area and can change the aerodynamic
response depending on blade geometry and flow regime. As a result,
optimizing a single objective independently tends to drive the design
toward an extreme region of the design space, where improvement
in one aspect of performance can be accompanied by penalties in
others. A systematic multi-objective approach is therefore necessary
to characterize the resulting trade-off surface and identify balanced
receiver geometries.

In this study, multi-objective optimization is performed using the
authors’ previously published numerical database (Alamdari et al.,
2026a). The aim is to identify Pareto-optimal geometries for bladed
cylindrical receivers across six combinations of wind regime and re-
ceiver surface temperature. The objectives are to minimize the total
heat-loss coefficient, the drag coefficient, and the receiver area ratio
relative to a smooth cylindrical receiver. NSGA-II is an established
multi-objective optimization method and has previously been applied
to receiver-design problems, including the study by Ma et al. (2025).

The specific contribution of the present study lies in the simulta-
neous surrogate-assisted optimization of total heat-loss, aerodynamic
drag, and receiver area ratio for bladed cylindrical solar-tower receivers
across multiple wind and surface-temperature conditions, rather than in
the optimization algorithm itself. Because direct CFD evaluation inside
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Fig. 1. Computational setup and geometric definition of the bladed cylindrical receiver adopted from the source CFD database. (a) receiver-scale computational
domain and thermal boundary conditions; (b) cross-sectional geometric definition; (c) schematic illustration of radiative exchange, reflected sunlight, and airflow

recirculation within the bladed receiver.
Source: (a) and (b) are adapted from Alamdari et al. (2026a)

an evolutionary multi-objective optimization loop would require a large
number of high-fidelity simulations, random forest surrogate mod-
els are developed from the CFD database to provide computationally
efficient predictions of the objective functions during NSGA-II optimiza-
tion. The resulting Pareto fronts are analyzed to identify the dominant
trade-offs and to characterize the geometry band that provides the best
multi-objective compromise.

2. Methodology
2.1. Data collection

The present optimization uses the complete 216-case CFD database
previously published by the authors (Alamdari et al., 2026a); no ad-
ditional CFD cases were generated for the present study. The source
study developed and verified the numerical model and examined the
effects of operating conditions and blade geometry on the thermal
and aerodynamic responses of the receiver. The present study uses
those published response data for a separate decision-oriented analysis
comprising random forest surrogate construction and cross-validation,
formulation of the three-objective optimization problem, identification
of non-dominated design sets, assessment of NSGA-II convergence, and
selection of balanced compromise candidates. Fig. 1 summarizes the
computational domain and receiver geometry from which the source
database was generated.

The dataset was generated using computational fluid dynamics
(CFD) simulations of mixed convective and radiative heat transfer
from isothermal bladed cylindrical receivers. The simulations covered
different surface temperatures, wind speeds, and geometric configu-
rations. The numerical model used the shear-stress transport (SST)
k- turbulence model, temperature-dependent polynomial air-property
correlations, and surface-to-surface radiation modeling. The receiver-
scale domain did not extend from the ground; therefore, a local inlet
velocity at the receiver elevation was obtained from a power-law
atmospheric wind profile and prescribed as the representative approach
velocity. Since the receiver height is small compared with the receiver
elevation, the mean wind-speed variation over the receiver height is
limited, which supports the use of a uniform local inlet velocity in the
receiver-scale CFD domain. The source CFD study also included verifi-
cation against drag-coefficient data and mixed-convection heat-transfer
correlations.

The target outputs are the total heat-loss coefficient (Ay,), the
drag coefficient (C,), and the area ratio (A,.,). The area ratio is
defined relative to the surface area of the smooth cylindrical receiver
used in the Solar Two project (Pacheco, 2002). As summarized in
Table 1, the database covers bladed cylindrical receivers at isothermal
surface temperatures of 673.15, 873.15, and 1073.15 K. Six free-stream
wind speeds were considered, corresponding to Reynolds numbers from

6.77 x 10° to 4.06 x 10°. Three blade-length ratios, L, = 0.25, 0.5, 1,
and four blade numbers, N, = 4, 8, 12, 24, were investigated, giving
a 3 x 4 geometric grid. Combined with six Reynolds numbers and
three temperatures, the full database comprises 216 CFD cases. In
all configurations, blades were attached to the vertices of a central
24-sided polygonal core.

Here, T, is the isothermal receiver surface temperature and T, is
the ambient temperature. The Reynolds number is used as a reference
quantity for classifying the imposed wind regime and is defined using
the free-stream density p,, representative receiver-height velocity U,
dynamic viscosity ., and characteristic outer diameter D,. The
blade-length ratio is L, = L,/D,, where L, is the blade length and D,
is the characteristic diagonal length of the receiver core. The total heat-
loss coefficient is evaluated from the total heat-loss obtained in the CFD
solutions as described in Alamdari et al. (2026a). The drag coefficient
is based on the drag force F, and projected area Ap,;. Finally, Ao =
Apjladed/ Asimple> Where Apjaqeq is the external surface area of the bladed
receiver and A is the surface area of the reference Solar Two
receiver.

It is important to acknowledge a fundamental characteristic of
the source database that shapes all subsequent results. The geometric
design space is sampled at only three values of L, and four values of N,
producing 12 geometry combinations. This resolution reflects the high
computational cost of the underlying CFD simulations and is consistent
with the database reported in Alamdari et al. (2026a). Although the
random forest models can be evaluated at intermediate L, values
and unsampled integer N, values within the prescribed bounds, their
piecewise-constant predictions do not resolve the physical response
continuously between the sampled geometric levels. Any intermediate
geometry identified by the optimizer should therefore be interpreted
as a surrogate-indicated candidate rather than a directly verified CFD
design. This limitation is carried through the analysis and is considered
when interpreting the Pareto fronts and knee-point designs.

Blade geometry affects the total heat-loss response, aerodynamic
loading, and surface area simultaneously. Surface area is used here
as a proxy for manufacturing complexity. The design task is therefore
posed as a multi-objective optimization problem in which Ay, Cy,
and A, are minimized with respect to the geometric variables L,
and N,. Two representative Reynolds numbers, Re = 2.03 x 10° and
4.06x 10°, were selected to represent moderate and high wind regimes.
For each wind regime, three temperature ratios were considered, 7* €
{1.30, 1.98, 2.66}.

simple

2.2. Surrogate modeling of objective functions

Random forest regression was used to construct surrogate models
for hyyia, Cy4, and Apgo- The CFD database was treated as supervised
learning data, with 7%, Re, L,, and N, used as input variables and A,
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Input and output parameters used for surrogate modeling.

Parameter Symbol Definition Range or values
Input parameters
. T,-T,
Surface-temperature ratio T* FT 1.30 to 2.66
[9))
Reynolds number Re Peo Voo Zout 6.77 x 105 to 4.06 x 10
Heo
L
Blade-length ratio L, D—” 0.25, 0.5, 1
.
Blade number N, Not applicable 4,8,12, 24
Output parameters
Total heat-loss coefficient Aiotal S ) — 15.63 to 98.75 W/(m? K)
Am(al (Ts - Toc)
F
Drag coefficient C, ]7” 0.96 to 2.86
gﬂw U;Apmj
Area ratio Avatio Zbladed 1.08 to 5.36
Asimple
C,, and A, used as target outputs. Random forests can represent Table 2
nonlinear interactions among input variables and are suitable for lim- Random forest hyperparameters used for all surrogate
ited and moderately sized datasets. Bootstrap aggregation and ensemble models.
averaging over finite-depth decision trees reduce variance and mitigate Hyperparameter Value
overfitting compared with a single decision tree (Kokol et al., 2022; Xu Number of decision trees 1200
et al., 2023) Maximum tree depth 12
. .
Maxi feats lit All feat 1.0
A common hyperparameter set was used for all three surrogate aximum features per spt eatures (1.0)
) . o o Minimum samples to split a node 4
models, as summarized in Table 2. In principle, each objective could Minimum samples per leaf 9
benefit from individually tuned hyperparameters, since hy, and C, Bootstrap sampling Enabled
involve nonlinear aerodynamic and radiative responses while A, is Out-of-bag scoring Enabled

a deterministic geometric function. However, with only 216 training
samples and a 3 x 4 geometric grid, the number of distinct input
combinations is limited, and the risk of overfitting to a specific hyper-
parameter choice is high. A common, conservatively regularized setting
(with a maximum tree depth of 12, a minimum of four samples to split
a node, and a minimum of two samples per leaf) was therefore adopted
to ensure that all three surrogates are trained under the same gen-
eralization constraints. This approach prioritizes reproducibility and
cross-objective consistency over marginal accuracy gains that cannot be
reliably validated given the available data. The cross-validation results
reported in Section 3.1 characterize the predictive performance of this
setting for h., and C,, while the reproduction of the deterministic
Avatio Telationship is considered separately.

For regression, each tree predicts the mean target value of the sam-
ples in the terminal leaf reached by a given input, and the random forest
prediction is the average over all trees. This structure is well suited to
the present problem because it can represent nonlinear responses and
feature interactions without prescribing a functional form (Breiman,
2001).

It should be noted that A,,;, is a deterministic function of the
geometric inputs L, and N,, computed directly from blade and core
dimensions. Unlike hyy, and C,, which require CFD simulation to
evaluate, A ., carries no stochastic component and can in principle
be expressed as a closed-form geometric relation. A random forest
surrogate is therefore not required for this quantity in the modeling
sense. In the present framework, A, is nonetheless included as a
surrogate output for implementation consistency, so that all three
objectives are evaluated through the same interface during NSGA-II
fitness calls. The near-perfect cross-validation accuracy of the A,
model is a consequence of the underlying geometric identity rather than
a modeling achievement, and readers should not conflate it with the
predictive performance reported for A, and C,.

Model performance was assessed using k-fold cross-validation, with
12 folds for hy, and C,;, and 6 folds for A,,,. The difference in
fold count reflects the dataset structure. The 216 samples for Ay,
and C,; permit 12-fold validation with 18 samples per held-out fold,
while the deterministic A,,;, model was validated with 6 folds for
completeness. Predictive accuracy for 4, and C, was quantified using
the coefficient of determination R2, the mean relative deviation, the

mean absolute relative deviation, and the prediction fraction within
relative-error thresholds of +10%, +20%, and +30%. The corresponding
metrics for A, are reported only to document reproduction of the
deterministic geometric relationship.

N ~\2
R2=1-— Zi;l (i =¥ )2 , )
Zici (yi - 3_’)
100 < 9 = ¥;
MRD = — -+ 7 2)
N i=1 Vi
100 |ﬁ,- - y,-‘
MARD = — = 1, 3
N ; Vi
1 (9=
PR(p) = H<|;‘sp>, @
N 2 Vi

i=1
where y; and y; are the true and predicted values for sample i, y is the
validation-set mean, N is the number of validation samples, I(-) is the
indicator function, and p € {0.10, 0.20, 0.30}.

2.3. Multi-objective optimization

The non-dominated sorting genetic algorithm II (NSGA-II) was used
to approximate Pareto-optimal trade-offs among the three objectives,
Riotals Cg> and Ap,i.- The method combines fast non-dominated sorting
with a crowding-distance diversity mechanism and can approximate
a Pareto front without subjective objective weighting (Deb et al.,
2002; Coello Coello, 2006; Konak et al., 2006). It is appropriate here
because the objective responses are nonlinear and may be non-convex
because of coupled convection, radiation, and separated external flow.
The design space is also mixed variable because L, is treated as
continuous and N, is treated as integer. Reviews of Al-assisted solar-
tower and receiver design identify genetic algorithms as an established
approach for multi-objective design exploration (Milidonis et al., 2021;
Moreno Garcia-Moreno and Milidonis, 2025). Ma et al. (2025) pro-
vide a methodological precedent for applying NSGA-II to competing



P. Alamdari et al.

Table 3
NSGA-II convergence-study protocol.
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Item

Setting or definition

Operating conditions

Population sizes tested

Random seeds tested
Generations per convergence run
Total convergence runs
Convergence generation

Re =2.03 x 10° and 4.06 x 10%;
T* =1.30, 1.98, and 2.66;
six (Re,T*) combinations

100, 200, 500, 1000
lto5

250

6x4x5=120

First generation reaching at least 99% of final HV

receiver-performance objectives. The use of NSGA-II with surrogate-
model fitness evaluations also follows established surrogate-assisted
evolutionary optimization practice for computationally expensive en-
gineering problems (Jin, 2011).

For each operating condition (Re,7*), the optimization explored
the design space defined by L, and N,. Six cases were considered
from two Reynolds numbers and three temperature-ratio levels. The
minimization problem was formulated as

)

All fitness evaluations were performed using the surrogate models.
The bounds on L, and N, were taken from the limits of the training
dataset so that the optimization remained within the surrogate domain.
As noted in Section 2.1, the source database samples only three blade-
length ratios and four blade numbers. Candidate designs at unsampled
geometric values should therefore be treated as surrogate-indicated
candidates requiring direct CFD verification rather than as validated
optima.

As illustrated in Fig. 2, the initial population was generated uni-
formly within the prescribed bounds. Each candidate was evaluated
to obtain Ay, Cys and Ap,g,- Non-dominated sorting assigned Pareto
ranks under minimization, and crowding distance was used to maintain
diversity along the trade-off surface. Parent selection followed the
standard binary-tournament rule based on lower Pareto rank and, for
equal rank, larger crowding distance. Elitism was applied through
environmental selection from the combined parent and offspring pool
at each generation.

Offspring were generated using crossover and mutation. Crossover
recombined design variables from two parent solutions, while muta-
tion introduced small random perturbations to maintain diversity and
reduce premature convergence. The integer nature of N, was enforced
by rounding during fitness evaluation and clipping to the admissible
bounds when needed, while L, was treated as continuous.

The optimization loop was repeated for Ny, generations. The final
non-dominated set returned by NSGA-II was taken as the approximate
Pareto front for the corresponding operating condition.

Because each Pareto set contains multiple trade-off solutions, one
representative design was selected using a balanced-compromise crite-
rion. For each operating condition, objective values on the Pareto set
were linearly scaled to [0, 1]. The selected design was the Pareto solu-
tion with the minimum Euclidean distance to the ideal point in normal-
ized objective space. The ideal point is the componentwise minimum
(min Ay, minCy, min Ay, ) over that Pareto set. This normalization
treats all three objectives as equally weighted in the compromise
metric. Future work could examine whether alternative normalization
strategies, such as weighting objectives by their engineering relevance
for a given site, would shift the knee location.

f(Lr’Nb) = [htotal’ Cys Aratio] .

2.3.1. NSGA-II convergence

A convergence study was performed to verify that the surrogate-
based NSGA-II results are not artifacts of optimizer settings. Hyper-
volume (HV) was used as the primary convergence indicator. For the
present minimization problem, HV measures the normalized objective-
space volume dominated by the non-dominated solution set with re-
spect to a prescribed reference point. A larger HV indicates that the

Table 4
Random forest training and cross-validation metrics.

Output Training Cross-validation
R? MRD(%) MARD(%) R? MRD(%) MARD(%)
Reotal 0.994 0.3 2.7 0.980 0.4 5.2
C, 0.993 0.1 1.6 0.981 0.3 2.8
A 1.000 =0 ~0 1.000 ~0 ~0

ratio

Pareto front is closer to the ideal low-objective region or covers a
wider portion of the trade-off surface. The protocol and diagnostics are
summarized in Table 3.

The convergence study was carried out for all six operating condi-
tions. For each condition, NSGA-II was repeated over four population
sizes and five random seeds, giving 120 runs executed for 250 genera-
tions each. HV was computed after normalizing all objectives to remove
scale-dependent bias. Front diversity and surrogate discretization were
assessed using the number of unique non-dominated objective tuples,
the non-dominated duplicate ratio, and a spacing metric. CPU time
was also recorded. The convergence generation was defined as the first
generation at which the HV reached at least 99% of its final value.

3. Results and discussion
3.1. Surrogate model accuracy

Table 4 summarizes the training and out-of-fold cross-validation
metrics for the random forest representations of A, Cy, and A, aio-
The training results are slightly better than the cross-validation results,
as expected. The cross-validated performance remains high for the
physically modeled outputs, indicating that the surrogate models cap-
ture the main input-output trends without severe loss of generalization.

For h, and C,, the cross-validated coefficients of determination
are R%:v 0.980 and 0.981, respectively. The corresponding cross-
validated mean absolute relative deviations are approximately 5.2% for
hyota; and 2.8% for C,. The signed deviations are close to zero, with
MRDcy = 0.4% for hyy, and ~ 0.3% for C,, indicating that the residuals
represent scatter rather than systematic bias. These percentage-based
error metrics are rounded to avoid implying a precision smaller than
the numerical uncertainty of the CFD database and the additional
approximation introduced by the surrogate models. They are there-
fore used as indicators of surrogate adequacy for trend prediction
and Pareto-front screening, rather than as exact measures of physical
difference.

As noted in Section 2.2, A, is a deterministic geometric function
of L, and N,. Its near-exact cross-validation accuracy is a consequence
of that identity rather than a modeling result. These figures are re-
ported for completeness to confirm that the surrogate correctly recovers
the geometric relationship over the sampled database. They carry no
implications for prediction accuracy at unseen intermediate geometries.

The prediction-fraction results in Fig. 3 give an interpretable view
of the error distribution for the physically modeled outputs. For Ay,
90.3% of cross-validated predictions fall within +10% of the reference
values, while all predictions fall within +20%. For C,, 95.4% of predic-
tions are within +10%, and all predictions fall within +20%. The larger
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Fig. 2. NSGA-II optimization flowchart.

relative deviations in A, are physically plausible because random
forest regression locally averages predictions, which can smooth sharp
gradients in regions where the response varies rapidly with geometry
or flow condition. In bladed cylindrical receiver flows, separation,
reattachment, and near-wall transport can change nonlinearly with
Reynolds number, blade length, and blade number. The small signed
deviations confirm that this smoothing does not introduce a global
directional bias. The surrogate models are therefore suitable for Pareto-
front generation and design screening, while final designs should be
verified with high-fidelity simulations before treatment as definitive
recommendations.

3.2. Kendall rank correlation screening

Fig. 4 shows the Kendall rank correlation map between the op-
erating and design inputs (T*,Re, L,, N,) and the surrogate outputs
(Pyotal> Ca» Aratio)- This analysis is presented as a global screening tool
to identify the strongest monotonic associations in the database; it is
not a substitute for the random forest’s own feature interactions, which
capture nonlinear and regime-dependent effects that Kendall  cannot
detect. Weak correlation values should not be interpreted as evidence
of physical irrelevance.

The strongest association is between blade number and area ratio,
with ¢ ~ 0.87, which is expected because adding blades directly in-
creases wetted area. Blade length has a weaker positive association with
area ratio (r ~ 0.25), consistent with longer blades increasing surface
area less strongly than blade count. For the heat-loss objective, Ay
correlates positively with T* (z = 0.51), reflecting stronger radiative
emission at higher surface temperature. The negative correlations of
hiotal With N, and A, (¢ & —0.51 for each) suggest that, glob-
ally across the database, geometries with more blades tend to have
lower area-normalized heat-loss, consistent with blade self-shielding
reducing effective view factors and thus radiative emission per unit
area. However, this is a global monotonic trend and does not preclude
non-monotonic local behavior at specific Re and T* combinations.

The drag coefficient C, has its strongest monotonic association with
Reynolds number (r ~ —0.44), indicating that C, tends to decrease
with increasing Re. For the present sharp-edged bladed geometries,
this association should not be read as a migration of the primary
separation line. Because the blades are thin radial fins with sharp tips,
the dominant separation is geometrically pinned at the blade edges
and is essentially Reynolds-number independent, in the same way that
separation on a thin flat plate held normal to the flow remains fixed
at its edges for any Re (Bearman, 1971). The weak decrease of the
normalized C, with Re instead reflects secondary, Reynolds-number-
sensitive effects, namely the transition and reattachment of the shear
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Fig. 3. Prediction-fraction results for A, C,;, and A ,,.

layers shed from the blade tips and the corresponding recovery of
base pressure in the wake, mechanisms that are well documented for
cylinders carrying small surface perturbations such as roughness and
ribs (Achenbach, 1971; Nakamura and Tomonari, 1982; Skeide et al.,
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2020). The small magnitude of this effect, well below the drag-crisis
variation of a smooth cylinder, is itself consistent with a body whose
drag is dominated by sharp-edge separation.

This trend should not be interpreted as a guaranteed reduction in
total drag force, since drag force also depends on velocity, density,
and reference area. The weaker negative associations of C; with N,
(r » —0.31) and A,,;, (r ~ —0.28) suggest that more heavily bladed
geometries tend to distribute flow disturbance more uniformly, reduc-
ing peak momentum deficit in the wake, though this mechanism is
geometry- and Re-dependent and is not monotonic across all condi-
tions. All remaining pairwise correlations, including L, with C; and
Re with A4, are near zero.

3.3. NSGA-II optimization

3.3.1. Convergence study

The convergence study was performed over 120 runs spanning the
tested population sizes and random seeds. As summarized in Table 5,
the 99% HV criterion was reached at Generation 1 in all runs, while the
final hypervolume, number of unique non-dominated objective tuples,
and spacing metric were identical across the tested settings. These
results indicate that the identified Pareto structure is robust to the
NSGA-II population sizes and random seeds examined. For this mini-
mization problem, non-dominated (ND) objective tuples are objective
vectors for which no other candidate has equal or lower values in all
objectives and a lower value in at least one objective; the unique ND
count is the number of distinct non-dominated tuples after duplicate
objective vectors are removed.

The rapid convergence is consistent with the piecewise-constant
structure of the random forest objective functions over the sparsely
sampled geometric domain. The initial populations provide broad cov-
erage of the surrogate design space, which explains the early attainment
of the final Pareto structure. Importantly, the surrogate-based optimiza-
tion evaluates intermediate L, values and admissible integer N, values
within the prescribed bounds, extending the candidate design space
beyond the 12 geometric configurations directly evaluated by CFD.
The resulting intermediate Pareto and knee-point geometries should
therefore be interpreted as surrogate-based design candidates, with
targeted high-fidelity CFD verification required before final engineering
design selection.

Increasing the population size did not change the final HV, num-
ber of unique non-dominated tuples, or spacing metric. It mainly in-
creased the non-dominated duplicate ratio and CPU time. The mean
duplicate ratio increased from 0.863 for Np,, = 100 to 0.986 for
Npop = 1000, showing that larger populations mostly generated re-
peated objective tuples. The mean CPU time increased from 144.64 s
to 274.47 s. Although N,,, = 100 recovered the same final Pareto
structure, Np,o, = 500 was selected as a conservative production setting.
The final optimization runs used Npq, = 500, Nge, = 10, and seed = 1.

3.3.2. Pareto front

Fig. 5(a)-(f) presents two-dimensional projections of the three-
objective Pareto sets for the six operating conditions. The horizon-
tal axis reports A,;,, the vertical axis reports C,;, and the color of
each point represents ;. Each point corresponds to a unique non-
dominated receiver geometry after duplicate objective tuples have been
removed. The panels are arranged to compare the effect of Reynolds
number at fixed temperature ratio. Panels (a) and (d) correspond to
T* = 1.30, panels (b) and (e) correspond to T* = 1.98, and panels
(c) and (f) correspond to T* = 2.66. Within each fixed-T* pair, the
same Ay, color scale is used to allow direct comparison between
Re = 2.03 x 105 and Re = 4.06 x 105.

The discrete appearance of the Pareto sets arises from the sparse
mixed-variable surrogate landscape rather than from optimizer insta-
bility, because N, is an integer design variable and the random forest
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Table 5

Summary of NSGA-II convergence behavior using the final common random forest surrogate models.

Condition-wise final convergence metrics

Re T* Final HV ND unique Spacing Runs
2.03x 10° 1.30 0.729 15 1.304 20
2.03 x 10° 1.98 0.736 13 1.080 20
2.03 x 10° 2.66 0.725 15 1.127 20
4.06 % 10 1.30 0.759 13 0.905 20
4.06 x 10° 1.98 0.764 12 0.816 20
4.06 x 10° 2.66 0.753 14 1.162 20
Population-size sensitivity across all conditions and seeds

Npop CPU time (s) ND duplicate ratio Conv. gen. Exact HV stabilization

mean + std mean [min, max] 99% HV generation range
100 144.64 + 0.57 0.863[0.850, 0.880] 1 1to3
200 167.67 + 0.42 0.9321[0.925, 0.940] 1 1to3
500 205.62 + 0.90 0.973[0.970, 0.976] 1 1
1000 274.47 + 1.97 0.986[0.985, 0.988] 1 1

models produce piecewise predictions over the limited CFD training
grid.

The plotted Pareto sets identify three distinct design regions. Com-
pact, lightly bladed configurations exhibit relatively high A, and C,.
Their limited blade depth and number provide less mutual radiative
shielding, leaving a larger fraction of the receiver surface directly
exposed to the colder surroundings. At the same time, the relatively
open inter-blade regions permit stronger exchange with the external
flow, while exposed blade edges interrupt boundary-layer development
and promote separated shear layers and local mixing. These effects are
consistent with the larger convective coefficients reported for lightly
bladed configurations in the source CFD database (Alamdari et al.,
2026a). As blade length and blade number increase, radiative self-
shielding becomes stronger and deeper inter-blade regions can restrict
ventilation and sustain recirculating flow, reducing the area-normalized
thermal-loss coefficient.

The same geometric changes also modify the aerodynamic response
by altering pressure-bearing surfaces, shear-layer interactions, and
wake development. Consequently, geometries that provide stronger
thermal shielding do not necessarily minimize C,. The intermediate

Pareto region represents a balance between these competing mecha-
nisms: it achieves lower predicted thermal loss and drag than the com-
pact configurations without incurring the large surface-area penalty
associated with the most extended designs. At the largest A, =~
5.36, radiative shielding is strongest and the lowest predicted A, is
obtained, but these configurations do not coincide with the minimum-
drag solutions. The Pareto structure therefore reflects the competing in-
fluence of blade geometry on radiative exposure, convective exchange,
aerodynamic loading, and receiver surface area.

These component-level trade-offs complement broader receiver and
system-level optimization studies. Gentile et al. (2025) demonstrated
the value of considering broader performance and economic crite-
ria when optimizing alternative external-receiver geometries, while Li
et al. (2025) considered additional system-level trade-offs associated
with tower-integrated cooling. From a methodological perspective, Ma
et al. (2025) similarly used NSGA-II to balance competing receiver-
performance objectives. Direct numerical comparison with these stud-
ies is not attempted because the receiver configurations, operating
conditions, and objective definitions differ.

The Reynolds-number effect is most visible in the drag objective.
For fixed T*, increasing Re from 2.03 x 10° to 4.06 x 10° shifts the
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Fig. 5. Pareto fronts for the six operating conditions considered in this study. (a)-(c) correspond to Re = 2.03 x 10° with T* = 1.30, 1.98, and 2.66, respectively.
(d)—(f) correspond to Re = 4.06 x 10® with T* = 1.30, 1.98, and 2.66, respectively.

low-drag and intermediate-drag portions of the Pareto set downward. 1982; Skeide et al., 2020). Consistent with this, the compact high-drag
The minimum attainable C, decreases by about 7% over the paired region remains close to C; ~ 2.0, a value characteristic of a flat-plate-
operating conditions. This residual sensitivity does not arise from a type bluff body rather than a smooth cylinder, so its aerodynamic
shift in the primary separation line. Because the blades are sharp- penalty is governed by geometry-fixed sharp-edge separation rather
edged radial fins, the dominant separation is geometrically pinned at than by Reynolds-number-dependent separation dynamics. The much
the blade tips and is essentially Reynolds-number independent, as it is smaller Re sensitivity observed here, compared with the drag crisis of
for a flat plate held normal to the flow (Bearman, 1971). The small a smooth cylinder, is the expected signature of a sharp-edge-dominated
reduction in normalized C, instead reflects Reynolds-number-sensitive geometry.

secondary effects, namely the transition and reattachment of the tip These observations are consistent with the broader literature on the
shear layers and the associated base-pressure recovery in the wake, aerodynamics and heat transfer of cylinders carrying small perturba-
which are well documented for cylinders fitted with small surface tions. Surface roughness, ribs, and trip elements fix or advance the
perturbations and ribs (Achenbach, 1971; Nakamura and Tomonari, separation location and shift the cylinder drag crisis to lower Re, so
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that the normalized drag of a perturbed cylinder is far less sensitive
to Re than that of a smooth one (Achenbach, 1971; Nakamura and
Tomonari, 1982; Skeide et al., 2020). The same perturbations that pin
separation also enhance convective transport by tripping the boundary
layer and promoting separation and reattachment. This is why the
source database (Alamdari et al., 2026a) reports the largest convec-
tive coefficients for the most lightly bladed configurations, and why
experiments on bladed structures report strong convective sensitivity to
blade length and pitch (Ghanadi et al., 2020; Torres et al., 2020). In the
present Pareto sets, the compact, lightly bladed region therefore corre-
sponds to maximum convective augmentation but minimum radiative
self-shielding, which explains why it simultaneously carries high drag
and high heat-loss.

The wind approaching a tower receiver is part of the atmospheric
boundary layer and can carry high-intensity free-stream turbulence,
whereas the source CFD database (Alamdari et al., 2026a) was gen-
erated with a uniform velocity inlet at a low prescribed turbulence
level. Elevated free-stream turbulence advances shear-layer transition,
promotes reattachment, and increases entrainment around bluff bod-
ies (Bearman and Morel, 1983; Norberg and Sundén, 1987), and aug-
ments convective heat transfer, particularly in the stagnation and lam-
inar boundary-layer regions of cylinders (Lowery and Vachon, 1975).
Two considerations temper the impact of this idealization. First, be-
cause separation on the sharp-edged blades is geometrically fixed, the
feature that turbulence would otherwise relocate, namely the sepa-
ration line, is already pinned, so the drag and area-ratio trade-off
structure is comparatively robust to the inlet turbulence level. Second,
the central results of this study are relative and structural, namely
the invariance of the knee geometry band and the separability of the
Reynolds-number and temperature effects. Higher free-stream turbu-
lence would raise the absolute convective contribution to A, and
shift the thermal-loss level, but is unlikely to overturn the trade-off
topology or relocate the knee, which is controlled mainly by area ratio
and radiative self-shielding. Extending the database to representative
atmospheric turbulence intensities would allow this sensitivity to be
quantified directly and is identified as a useful direction for future
work.

The heat-loss response depends on both Reynolds number and
temperature ratio. At fixed T*, increasing Re raises the convective
contribution to the total heat-loss through stronger external forced con-
vection. At fixed Re, increasing T* increases the thermal loss level, with
a stronger influence on the radiative contribution because radiative
heat-loss scales with T;‘ — T4. At the highest temperature ratio, the
minimum A, changes from approximately 31.1 to 34.1 when Re is
doubled, indicating that the thermal response is increasingly controlled
by radiation at high receiver temperature. This interpretation is con-
sistent with the CFD trends reported in the source database (Alamdari
et al., 2026a). A full quantitative separation of h,, and A4 across the
Pareto set is beyond the scope of the present optimization study and is
identified as a priority for future work.

A further limitation of the present thermal objective is that A,
is an area-normalized combined heat-loss coefficient. Since g, =
Niotal Atotal Ts — Too) and Ay, varies with receiver geometry, a re-
duction in Ay, does not necessarily correspond to a proportional
reduction in the absolute heat-loss rate. The inclusion of A, as a
separate optimization objective makes this geometric penalty explicit.
In addition, the present isothermal formulation does not resolve lo-
cal surface-temperature distributions or transient thermo-mechanical
response. The dynamic thermal and stress analysis considered by Cui
et al. (2025) provides a relevant direction for extending the assessment
of the identified candidate geometries toward non-uniform thermal
loading and transient operating conditions.

The present optimization is deterministic, with the Pareto fronts
obtained for prescribed combinations of Reynolds number and sur-
face temperature. A further extension would therefore be to examine
whether the identified intermediate design region remains robust when
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Table 6
Knee point geometries selected by the normalized distance criterion and the
corresponding predicted objective values.

Re T L, Nb h[olal Cd Aralio
2.03 % 10° 1.30 0.71 13 27.27 1.09 2.37
2.03 % 10° 1.98 0.69 11 36.91 1.11 2.37
2.03x 10° 2.66 0.73 15 53.01 1.13 2.37
4.06 x 10° 1.30 0.74 12 35.94 0.98 2.37
4.06 x 10° 1.98 0.63 12 44.13 0.99 2.37
4.06 x 10° 2.66 0.73 16 58.15 1.01 2.37

the operating conditions are uncertain. Luo et al. (2022) demonstrated,
at the solar-power-tower system level, that uncertainty propagation
can be coupled with multi-objective optimization by considering both
the expected performance and its dispersion. A similar robustness
framework could be adapted to the present receiver-level problem by
assigning appropriate uncertainty distributions to relevant operating
parameters and assessing whether the preferred geometry band remains
stable under those variations.

The influence of T* appears mainly through /4. At Re = 2.03x10°,
the Pareto-front range of A, increases from approximately 17.7-40.5
at 7* = 130 to 31.1-85.7 at T* = 2.66. At Re = 4.06 x 109,
the corresponding range increases from approximately 25.2-53.4 to
34.1-96.2. By comparison, the area-ratio range is fixed by geometry,
and the lowest-drag solutions remain in the intermediate A, region.
Thus, receiver geometry primarily controls the compactness and drag
trade-off, while the operating temperature ratio primarily shifts the
thermal loss level on the trade-off surface.

Overall, the Pareto fronts show that the most compact receivers
are not preferred because they combine high C, with high A,. The
largest-area solutions provide the lowest A, but require substantially
greater receiver surface area and do not provide the lowest C,.

3.3.3. Knee-point solutions

The non-dominated solutions produced by NSGA-II define a Pareto
set for each operating condition. Each design represents a compro-
mise among Ay, Cy, and A .. Fig. 6(a)-(f) shows these solutions
using globally normalized parallel-coordinate plots. Each polyline cor-
responds to one non-dominated geometry, and the highlighted line
denotes the selected knee-point solution. The axes include the three
objectives and the corresponding design variables (L,, N).

Across all operating conditions, the parallel-coordinate plots show
structured Pareto sets. Compact designs with low A,,;, consistently
have high normalized C, and, in several cases, elevated A, confirm-
ing that minimizing area alone leads to simultaneous aerodynamic and
thermal penalties. The highlighted knee solutions lie in an intermediate
design region with moderate A_,, low C,, and intermediate to low
htotal~

Using the balanced compromise criterion, one representative knee
point was selected for each operating condition, as listed in Table 6.
The selected geometries fall in a narrow intermediate design band,
with L, = 0.63-0.74 and N, = 11-16. All six knee points have the
same area ratio, A,;, = 2.37, showing that the normalized distance
criterion repeatedly selects the same moderate area region rather than
either the compact branch or the highly expanded branch. The corre-
sponding predicted objective values are C; = 0.98-1.13 and Ay, =
27.27-58.15 W/(m? K). These designs should therefore be interpreted
as balanced surrogate candidates rather than single objective optima.

To evaluate how the knee point solutions compare with single
objective extremes, Table 7 compares the knee point with the minimum
Niotal, Mminimum C,, and minimum A_,;, reference designs at T* = 1.98.
This temperature ratio is used as a representative middle temperature
case. The aim of this table is not to repeat every operating condition,
but to show how the knee point should be interpreted relative to the
three limiting Pareto branches. The same structure is observed at 7* =
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Table 7
Comparison of Pareto reference designs and knee point solutions at the representative middle temperature ratio 7* = 1.98.
Re Design type L, N, Hiotal C, Atatio hinee/ Pimin Cyxnee/ Camin Atatioknee / Aratio,min
Re=2.03x10° T* =198
Knee point 0.69 11 36.91 1.11 2.37 - - -
Min hyyy 0.97 21 22.65 1.34 5.36 1.63 0.83 0.44
Min C, 0.37 15 41.39 1.07 1.90 0.89 1.04 1.25
Min Ao 0.31 5 58.20 2.01 1.08 0.63 0.55 2.20
Re =4.06x 10°, T* = 1.98
Knee point 0.63 12 44.13 0.99 2.37 - - -
Min /gy 0.95 20 27.94 1.18 5.36 1.58 0.84 0.44
Min C, 0.41 18 44.27 0.99 2.37 1.00 1.00 1.00
Min A, 0.26 5 69.87 2.00 1.08 0.63 0.49 2.20

1.30 and T* = 2.66, as shown by the complete reference tables and
by Fig. 7. Using the intermediate temperature ratio keeps the table
compact while still showing the trade off among heat-loss, drag, and
area ratio.

The three ratio columns in Table 7 are calculated by dividing the
knee point value by the value of the same objective in the listed
reference design. A ratio above one means that the knee point has a
larger value for that objective, while a ratio below one means that it has
a smaller value. Since all three objectives are minimized, ratios below
one indicate an improvement of the knee point relative to that reference
design. The ratios should therefore not all be read as penalties.

11

The complete reference designs for all six operating conditions are
given in Tables 8-10. These tables separate the three limiting design
choices and make the trade off structure explicit.

The comparison shows that the three extreme branches have very
different engineering consequences. The minimum A, designs require
the largest geometry in the dataset, with A_,;, = 5.36 and N, = 19-24.
The knee points accept a higher Ay, than these thermal optima, with
Nynee/ Pmin = 1.43-1.71, but reduce the area ratio by 55.70% and reduce
C, by 13.00%-17.00%. This means that the lowest heat-loss is obtained
only by accepting a large increase in receiver area.
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Table 8

Reference designs selected by minimum total heat-loss coefficient.
Re T Lr Nb hm(al Cd Aratio
2.03 x 10° 1.30 0.82 24 17.65 1.28 5.36
2.03 x 10° 1.98 0.97 21 22.65 1.34 5.36
2.03 x 10° 2.66 0.76 19 31.14 1.36 5.36
4.06 x 10° 1.30 0.98 21 25.15 1.12 5.36
4.06 x 10° 1.98 0.95 20 27.94 1.18 5.36
4.06 x 10° 2.66 0.80 19 34.10 1.21 5.36

Table 9

Reference designs selected by minimum drag coefficient.
Re T L, N, Piotal Cy Atatio
2.03 x 10° 1.30 0.99 8 30.55 1.05 2.01
2.03 x 10° 1.98 0.37 15 41.39 1.07 1.90
2.03 x 10° 2.66 0.34 15 61.90 1.08 1.90
4.06 x 10° 1.30 0.74 12 35.94 0.98 2.37
4.06 x 10° 1.98 0.41 18 44.27 0.99 2.37
4.06 x 10° 2.66 0.41 17 58.19 1.01 2.37

Table 10

Reference designs selected by minimum area ratio.
Re T L, Ny Pyotal Cy Aratio
2.03 x 10° 1.30 0.25 6 40.47 2.03 1.08
2.03 x 106 1.98 0.31 5 58.20 2.01 1.08
2.03 x 10° 2.66 0.28 6 85.67 1.99 1.08
4.06 x 10° 1.30 0.32 4 53.38 2.02 1.08
4.06 x 10° 1.98 0.26 5 69.87 2.00 1.08
4.06 x 10° 2.66 0.34 6 96.16 1.97 1.08

The minimum C, designs are closest to the knee points. At Re =
2.03 x 10°, the knee points are only 2.90%-4.20% above the mini-
mum drag values, while their Ay, is 10.70%-14.40% lower than the
corresponding minimum drag reference designs. At Re = 4.06 x 10,
the knee and minimum drag solutions are effectively identical in C,.
This confirms that the balanced criterion preserves nearly all of the
attainable drag reduction.

The minimum A, designs form the compact branch. They use
few short blades and have A, = 1.08, but they also produce the
worst aerodynamic and thermal performance, with C; ~ 1.97-2.03
and the highest A, values. The knee points require about 2.20
times the minimum area, but this increase is not wasted area. It gives
43.00%-52.00% lower C, and 33.00%-40.00% lower A, relative
to the compact branch. The knee points are therefore not geometric
midpoints. They are intermediate area designs that stay close to the
drag optimum while avoiding the high heat-loss of compact receivers
and the high area cost of the thermal optimum.

Fig. 7 summarizes the same trade off over all six operating con-
ditions. The drag ratio remains close to unity, with C;jynee/Cymin =
1.00-1.04, so the knee point retains nearly the full drag benefit of the
Pareto set. The heat-loss ratio is higher, with Aypee/Ppin = 1.43-1.71,
because the minimum heat-loss branch requires the largest available
area. The area ratio relative to the compact optimum is approximately
2.20 for all conditions. This stable value shows that the balanced
solution consistently moves away from the compact branch by the same
geometric amount. The result is physically consistent. Very compact
receivers reduce surface area, but they also impose large drag and
heat-loss penalties. Highly expanded receivers reduce heat-loss, but
they do so by using much more area. The knee region is the practical
compromise between these two limits.

4. Conclusions

This study developed a surrogate-assisted multi-objective optimiza-
tion framework for bladed cylindrical solar-tower receiver geometries,
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simultaneously minimizing total heat-loss coefficient &, drag coeffi-
cient C,;, and area ratio A, across six combinations of wind regime
and surface temperature. Three broad conclusions emerge from the
analysis.

First, the trade-off structure of bladed cylindrical receivers is consis-
tent and predictable across the conditions examined. Compact designs
simultaneously exhibit higher drag coefficients and higher total heat-
loss coefficients, while large-area designs minimize the total heat-loss
coefficient at the expense of geometric complexity and moderate drag.
An intermediate region around A,.;, = 2.374, L, = 0.63-0.74, and
N, = 11-16 provides a stable multi-objective compromise across all
six conditions. The fact that the knee-point geometry band is essen-
tially invariant with operating condition suggests that it reflects the
fundamental aerodynamic and radiative geometry of the receiver rather
than a condition-specific optimum. This is practically useful because the
identified intermediate geometry band provides a consistent candidate
design family across the wind and temperature conditions examined.

Second, wind speed (Reynolds number) and surface temperature
act through physically distinct mechanisms. Increasing Re produces
only a modest reduction of the drag coefficient in the intermediate-
and low-drag portions of the Pareto front. Because the blades are
sharp-edged, the primary separation is pinned at the blade tips and
is essentially Reynolds-number independent, so this reduction reflects
Reynolds-number-sensitive shear-layer and wake effects rather than a
migration of the separation line, and the compact high-drag branch
is left essentially unchanged. Increasing 7* primarily raises the heat-
loss level across the entire Pareto front, driven by the stronger T*
scaling of radiative emission relative to convective scaling. These two
effects are approximately separable, meaning that the geometric trade-
off structure can be characterized once and the heat-loss level can
be shifted by temperature without altering the drag and area-ratio
relationships.

Third, the present framework demonstrates both the value and the
limitations of surrogate-assisted optimization using a sparse database.
The random forest surrogates achieve strong cross-validated accuracy
for the physically modeled objectives (Rév = 0980 for Ay, and
0.981 for C,;). Although the underlying database contains only 12 di-
rectly simulated geometric combinations, the surrogate-assisted NSGA-
II framework enables exploration of intermediate L, values and admis-
sible integer N, values within the prescribed design bounds, thereby
extending the candidate space beyond the original CFD grid. The con-
vergence analysis shows that the identified Pareto structure is robust
across the tested population sizes and random seeds. Nevertheless,
geometries identified at unsampled parameter combinations remain
surrogate-based candidates and require high-fidelity CFD verification
before engineering design selection.

The main limitations are the sparse geometric database, the area-
normalized combined heat-loss objective, the low prescribed inlet tur-
bulence, and the omission of optical, internal heat-transfer, and thermo-
mechanical effects. Future work should first expand the CFD database
around the identified intermediate design region and verify the selected
candidates using high-fidelity simulations. Convective and radiative
losses should also be evaluated separately, and the influence of rep-
resentative atmospheric turbulence should be quantified. Future work
may also examine the robustness of the identified design region to
variations in wind speed and ambient temperature and, following in-
corporation of optical absorption and receiver energy balance, to vari-
ations in solar irradiance. Extending the framework to include optical
absorption, internal heat transfer, and receiver energy balance would
enable coupling of the present receiver-level optimization with cooling-
system and power-cycle models for broader system-level assessment.
Finally, transient thermal-stress and control analyses, together with
experimental validation, are required to evaluate the identified design
candidates under realistic non-uniform and time-dependent operating
conditions.
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Fig. 7. Ratios of knee point objective values to the corresponding single objective reference values across all six operating conditions.
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