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ABSTRACT

Solar Chimney Power Plants (SCPPs) are a promising technology in the advancement of renewable energy
systems. Among the various important design parameters, the geometry of the absorber surface plays a
pivotal role in determining system performance. This study was conducted to evaluate the impact of the
absorber surface geometry and height on the thermal and aerodynamic behavior of SCPPs. Five absorber
configurations were investigated: standard, 3-square, 4-square, 5-square, and 6-square arrangements.
Additionally, the effect of varying absorber surface heights was examined to identify optimal design
parameters. The simulation results demonstrate that the 5-square configuration delivered the highest
performance relative to the standard flat-absorber system, particularly at an absorber height of Ho = 7.5 cm,
where the maximum airflow velocity reached 24.45 m/s and the power output peaked at 258.38 W. The 3-
square configuration also showed notable performance at Ho = 5 c¢cm, generating up to 156.82 W and
achieving the lowest internal atmospheric pressure, indicative of improved convective flow. Overall, the
findings emphasize the substantial influence of absorber surface design on SCPP efficiency, confirming that
multi-square absorber configurations can significantly enhance power generation through improved

thermal and fluid dynamic behavior.
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I.  INTRODUCTION

A Solar Chimney Power Plant (SCPP) is a promising
renewable energy technology that harnesses solar radiation to
drive airflow through a tall chimney, thereby generating
electricity via a turbine system [1]. The basic operating principle
involves heating air beneath a transparent collector, reducing its
density, and causing it to rise through a vertical chimney. This
upward airflow drives centrally located turbines, converting
thermal energy into mechanical energy and subsequently into
electrical energy. The SCPP system is particularly appealing due
to its utilization of abundant solar resources, structurally simple
design, and extremely low carbon emissions, offering a
sustainable alternative to conventional fossil fuel-based energy
systems [2-3]. The first SCPP prototype was constructed in
Manzanares, Spain, and successfully generated 50 kW of
electrical power [4]. Since then, numerous studies have been
conducted to assess and optimize SCPP performance. Authors
in [5] investigated the optimal dimensions of the SCPP, finding
that chimney height, tower diameter, and collector inlet
elevation significantly influence system performance. Authors

in [6, 7] reported that increasing the collector and chimney
radius/height directly enhances airflow velocity and,
consequently, energy output. Authors in [8-10] further
confirmed that the power output of an SCPP increases with the
diameter of the collector and the height of the chimney.
Additionally, the effects of collector and chimney geometric
parameters have been extensively examined through numerical
simulations in [11, 12].

The relatively low thermal efficiency and power output of an
SCPP highlight the need for further design optimization. One of
the key components influencing system performance is the
absorber surface located beneath the collector. The geometry of
this surface significantly affects solar energy absorption, heat
transfer processes, and airflow behavior within the system. The
shape of the absorber surface can play a critical role in
determining the overall efficiency of the solar chimney. Authors
in [13] conducted a numerical investigation on the impact of
various absorber surface geometries on the power output of the
solar chimney. The studied configurations included right-angled
triangles, equilateral triangles, squares, and semi-circular
shapes. Among these, the square-shaped absorber surface
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demonstrated a power output enhancement of up to 67.4%
compared to a flat surface. These findings provide valuable
insights for the development of more efficient solar chimney
systems. In [14], the authors modified the absorber surface into
a triangular wave-like profile, varying the number of triangular
elements (n =1, 3, 5, and 7) and the absorber height between
0.25 and 1.25. Their results showed that a wavy absorber surface
could increase the power output by as much as 58.61% relative
to a flat design.

Another critical factor in SCPP design is the chimney
divergence angle. Different chimney configurations, such as
convergent, divergent, sudden contraction, sudden expansion,
and inclined ground absorbers have been found to influence the
performance of the system. A divergent chimney design
demonstrated a significant improvement in power output when
compared to a standard cylindrical chimney [15]. Specifically, a
divergent chimney with an inclination angle of 0.6° was shown
to enhance power generation by up to 60% [16]. Appropriate
divergence improves airflow velocity and pressure drop across
the turbine, thereby increasing power generation.

Although the above-mentioned studies have provided
substantial insights, most of them evaluated absorber surface
geometry and chimney divergence angle independently. The
interactive influence of these two critical parameters on system
performance has not been extensively investigated, representing
a significant gap in the current body of knowledge. Furthermore,
the existing studies have not addressed the performance
implications of multiple square-based absorber configurations in
combination with a fixed divergent chimney, particularly under
uniform simulation conditions. This study seeks to bridge this
gap by numerically investigating the impact of various absorber
surface geometries in conjunction with a fixed chimney
divergence angle on the thermal and aerodynamic performance
of an SCPP. The absorber is modeled using multiple square-
based configurations comprising 3-square, 4-square, 5-square,
and 6-square arrangements at different surface heights.
Meanwhile, the chimney features a constant divergence angle of
0.6°. Simulations were conducted under standardized pressure
inlet conditions, with system performance assessed by
comparing thermal efficiency and power output against a
reference model derived from the small-scale prototype
developed in [5].

The novelty of this study lies in its integrative approach,
which systematically combines two influential yet often
separately analyzed design parameters. By doing so, it not only
complements prior findings but also contributes new insights to
the existing literature, particularly regarding design strategies
that enhance airflow behavior, heat transfer, and energy
conversion within SCPPs. The outcomes of this research are
expected to improve the technical performance, economic
viability, and environmental sustainability of SCPPs, thereby
supporting broader global efforts toward renewable energy
integration.

II. DATA AND METHODOLOGY

In this system, the SCPP harnesses solar radiation to generate
electricity. Ambient air enters through the collector inlet (A) and
is heated by solar energy, as the collector is constructed from

transparent polyethylene film that permits solar radiation to pass
through. The increase in air temperature within the collector
reduces its density, causing the heated air to rise through the
chimney (B) and eventually be discharged back into the
atmosphere. Before entering the chimney, the air passes through
a turbine positioned between the collector and the chimney. This
turbine, connected to an electrical generator, converts the
mechanical energy of the moving air into electrical energy. The
operational principle of the solar chimney power generation
system is illustrated in Figure 1.

Outlet

Solar Radiation ﬂ

Chimney —»> | B

Collector

5

The working mechanism of the SCPP.

Absorber
Fig. 1.

The SCPP comprises several key components, including the
absorber surface, the collector, and the chimney. The rise in air
temperature is primarily facilitated by the collector, which
absorbs incoming solar radiation and transfers the thermal
energy to the working fluid. When solar radiation reaches the
ground surface, it is reflected upward toward the inner surfaces
of the collector, enhancing heat transfer. Polyethylene film is
commonly employed as the collector material due to its
relatively high efficiency, achieving thermal efficiencies of up
to 70% [17], making it preferable over alternative materials.

A. Physical Model

The physical domain of the Solar Chimney Power Plant
(SCPP) is depicted in Figure 2. The geometric configuration was
developed based on the Manzanares prototype [4], employing a
fixed divergent chimney angle of 0.6°. The primary geometric
parameters utilized in the model are summarized in Table I.
Figure 3(a) illustrates the baseline configuration, featuring a
conventional horizontal flat ground absorber plate. To enhance
the system's thermal performance, the absorber surface was
modified into a square wavy bottom wall with varying
geometries: 3-square, 4-square, 5-square, and 6-square
arrangements. A detailed schematic of each simulation
configuration is presented in Figure 3(b). These geometric
modifications were introduced to evaluate the effects of absorber
surface shape on thermal performance and airflow
characteristics within the solar chimney system. By altering only
the absorber surface geometry while keeping the chimney angle
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and boundary conditions constant, the study seeks to isolate and TABLE IL. MATERIAL PROPERTIES
assess the impzjlct . of .surface divergence on Velpcity field;, Material P Cp N Thickness
temperature  distribution, and pressure gradients. This ateria kgmd)| UkgK) | Wm'KYH | (mm)
methodological approach enables a systematic analysis of how Fluid (Air) 122 1006.43 0.0242 -
geometric alterations influence the overall efficiency of solar Collector 920 720 033 3
chimney power generation. Furthermore, the influence of the (Polyethylene- film)
absorber surface height was investigated by testing three Abso:sg;églaCk' 1260 1360 0.1 4
different square wave amphtudes, Ho = 2.5cm, 5 cm, and.7.5 Chimney (PVC-pipe) | 1630 1300 013 P
cm. The material properties employed in the model are detailed
in Table II. TABLE IIL. BOUNDARY CONDITIONS
Zone Type Property Value
y 5 Pressure (Pa) 101325
4 ‘ Inlet Pressure Inlet Temperature Ty (K) 3055
Sudut Divergen <_»: Outlet Pressure Outlet Pressure (Pa) 101325
0.6° : o Wall Heat transfer coefficient h 5
i Absorber p(?\(/}l;:e ) (W/m’K)
i Temperature T (K) 305.5
! Semi-T ¢ Heat transfer coefficient h 5
| | cotecor | St |7 i
Y~ : Temperature T (K) 305.5
i - Chimney ?ﬂz‘;‘;g‘gl Heat Flux Q (W/m?) 0
1
i
1
i B. Numerical Procedure
N : Figure 4 illustrates the meshing grid model utilized for the
. \ i Collector SCPP simulation. A structured quadrilateral mesh was employed
E / to discretize the computational domain. Multiple mesh densities
" K > were tested to ensure solution accuracy, with the final mesh
¢ T consisting of 740,437 cells, which demonstrated mesh
v [ | I [ Hoy g
e = > independence as further refinement produced negligible changes
Absorber in the results. This mesh configuration was therefore adopted for
Fig.2.  The pysical model of the SCPP. all s1mul§1t10n cases. The boundar'y copdltlons applied to the
computational domain are summarized in Table III. A pressure
o inlet condition is assigned at the domain's inlet, while a pressure
| — /e outlet condition is imposed at the outlet. The chimney wall is
T:T @ 3 Square modeled as adiabatic and opaque. In contrast, the collector and
i I absorber surfaces are defined as semi-transparent and opaque,
| S R respectively, with mixed thermal boundary conditions applied to
T:T (i) 4 Square both surfaces. The steady-state airflow and natural convection
i phenomena within the SCPP were simulated using ANSYS
| 1| Fluent, which solves the governing equations based on the finite
| - .
] (i) 5 Square volume method. Turbulence effects were modeled using the
TnT i standard k—¢ turbulence model. The pressure—velocity coupling
i = T = T T was resolved using the SIMPLE (Semi-Implicit Method for
— ' Pressure Linked Equations) algorithm. Convective terms were
i () 6Square discretized using a second-order upwind scheme to ensure
(a) (b) higher numerical accuracy [18]. A convergence criterion of 107¢
Fig. 3. Schematic diagram of an SCPP model: (a) SCPP with standard flat was set for all residuals to minimize numerical error. It is

ground absorber, (b) modified square absorber.

TABLE L. GEOMETRIC PARAMETER OF A SMALL-SCALE
SCPP
Geometric Parameter Dimension (cm)
Collector radius (R.) 150
Collector height (H.) 10
Chimney height from collector surface (Hcn) 300
Collector radius (Ry) 10
Variation of square absorber height (Hy) 2.5, 5, and 7.5

important to note that thermal radiation was not considered in
this simulation, which may affect the accuracy of heat transfer
prediction, especially in regions where radiative effects are
significant. The meshing strategy plays a crucial role in
achieving reliable and accurate simulation results.

C. Estimation of Performance Parameters

The performance of the SCPP can be assessed through the
power output of the system, which corresponds to the kinematic
power generated by the chimney and is mathematically
represented as follows [19-20].
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The potential power output is defined as [19-20]:
Pop =micy AT, (€))]

where m is the mass flow rate, c, is the specific heat
capacity, AT is the temperature difference between the collector
inlet and the collector outlet, and M is the chimney efficiency,
as follows:

m = p Ve Aey 2)
_ g8 Hen
g = £ )

where g, p, Ach, and V¢, are the gravitational acceleration,
density, the chimney entrance area, and the airflow velocity at
the chimney bottom.

s S

Fig. 4. Meshing grid for the SCPP.

III. RESULTS AND DISCUSSION

A. Effect of the Absorbent Surface Shape on SCPP
Performance

Five different absorber surface geometries were explored,
i.e. a standard flat surface and modified square absorbers with
undulation numbers n = 3, 4, 5, 6, to assess their impact on the
performance of SCPP. To maintain consistency in the geometric
comparison, the absorber height (Ho) was uniformly set to 5 cm
for all configurations.

1) Velocity Field

Figure 5 illustrates the velocity field magnitude within the
SCPP for each analyzed configuration. The airflow begins with
relatively low velocity at the collector entrance and gradually
accelerates along the collector. Simulation results confirm that
the air velocity consistently increases from the collector inlet
toward the base of the chimney. Notably, in all scenarios, a
pronounced rise in velocity was observed at the bottom of the
chimney, indicating this location is optimal for turbine
installation. The comparative analysis reveals that modifying the

absorber surface significantly influences airflow velocity,
although the velocity magnitude and distribution differ among
the various cases. In particular, variations are evident not only in
the intensity of peak velocities but also in the shape and extent
of the high-velocity zones. Among all configurations, the
absorber design with three undulations yielded the highest
airflow velocity. Figure 9 confirms these findings. This can be
attributed to its geometry, which narrows the airflow path and
thereby intensifies acceleration. These results underscore the
critical impact of absorber surface geometry on shaping airflow
dynamics and enhancing the overall energy conversion
efficiency of the system.

2) Thermal Field

Figure 6 presents the temperature distribution for different
absorber surface configurations. The simulation results indicate
a consistent thermal behavior across all designs: air temperature
near the collector inlet remains close to ambient levels and
gradually rises toward the center of the collector, primarily due
to the greenhouse effect. This temperature increase is largely
driven by the absorber material, which possesses high solar
absorptivity and low reflectivity and transmissivity, enabling it
to retain the majority of incident solar radiation. As a result, the
ground surface exhibits the highest temperature among all
components of the system. In contrast, the collector wall
constructed from transparent polyethylene film shows lower
average temperatures due to its low thermal conductivity and the
influence of convective cooling occurring on both its inner and
outer surfaces. Although the overall temperature distribution
trend remains similar among all configurations, variations in
maximum temperatures are evident. The highest temperature
was observed in the standard flat surface configuration,
suggesting that thermal accumulation is more significant when
the airflow velocity is lower. These observations are consistent
with the findings reported in [15]. Additionally, the vertical
temperature profiles along the chimney axis, depicted in Figure
10, further validate this pattern across all tested designs.

3) Pressure Field

The pressure distribution within the SCPP system offers
valuable insights into the pressure differential between the
collector inlet and the chimney outlet, a key factor influencing
the chimney's draft effect. Figure 7 displays the atmospheric
pressure contours for the various absorber surface configurations
examined. The static pressure patterns across the different cases
exhibit similar overall trends. As air enters the collector at
atmospheric pressure, the pressure gradually decreases along the
collector length, reaching its lowest point at the base of the
chimney. From there, it steadily rises until returning to
atmospheric pressure at the chimney outlet.

This pressure drop is primarily driven by thermal buoyancy,
which generates a strong draft that propels airflow through the
system. Among all configurations, the 3-square absorber design
exhibited the lowest pressure value, indicating superior suction
performance. These findings underscore the significant
influence of absorber geometry on internal pressure behavior
and the overall efficiency of the system.
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Fig. 5. Distribution of the velocity magnitude for different absorber surfaces of SCPP design with Ho =5 cm.
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Fig. 6. Distribution of the temperature for different absorber surfaces of the SCPP design with Hy =5 cm.
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Fig. 7. Distribution of the pressure for different absorber surfaces of the SCPP design with Hy=5 cm.
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Turbulent Kinetic Energy
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Fig. 8. Distribution of the turbulence kinetic energy for different absorber surfaces of the SCPP design with Hy = 5.
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Potential power output under the condition Hy =5 cm.

4) Turbulent Kinetic Energy Field

Figure 8 illustrates the distribution of the Turbulent Kinetic
Energy (TKE) for all the absorber surface configurations. The
simulation results demonstrate that turbulence intensity within
the collector remains notably low across all designs, indicative
of predominantly laminar flow conditions. This behavior is
primarily attributed to the compact scale of the SCPP system. A
marked increase in TKE is consistently observed at the chimney
inlet, resulting from abrupt geometric transitions and the
acceleration of heated air as it ascends. The absorber surface
geometry significantly influences the peak TKE values. Among
the evaluated configurations, the 3-square design exhibits the
highest TKE, while the traditional flat surface shows the lowest.
These findings underscore the role of absorber geometry in
modulating not only temperature and velocity distributions but
also turbulence intensity, particularly within the transition region
between the collector and chimney. Such insights are crucial for
optimizing SCPP performance through geometric modifications.

The interaction between turbulence and buoyancy plays a
central role in determining the overall performance of solar
chimney systems. In buoyancy-driven flows, the upward motion
of the air is primarily caused by density differences due to
heating. However, as the temperature gradient increases,
especially near the heated absorber surface, so does the tendency
for flow instabilities, which leads to the onset of turbulence.
Turbulence affects the system in two contrasting ways.
Moderate turbulence enhances convective heat transfer from the
absorber surface to the airflow, increasing the thermal energy
input to the system. This intensifies buoyant forces and can
accelerate the flow within the collector and chimney. On the
other hand, excessive turbulence introduces chaotic eddies and
mixing, which dissipate kinetic energy and reduce the efficiency
of converting thermal energy into mechanical power.

5) Generated Power

Figure 11 illustrates the power output corresponding to
different absorber surface geometries. The results indicate that
altering the shape of the absorber surface leads to a significant
enhancement in power generation. This improvement is
primarily attributed to the increased global efficiency, consistent
with the findings reported in [21]. The configurations proposed
in this study demonstrate superior performance compared to the
conventional SCPP design. A detailed comparison of the power
output for various absorber surface geometries is presented in
Table I'V. Notably, the 3-square absorber configuration resulted
in a 449% improvement in chimney performance, while the 5-
square absorber configuration achieved a remarkable increase of
317%.

TABLE IV. INCREASE IN THE POWER OUTPUT COMPARED
TO STANDARD CHIMNEY FOR DIFFERENT CASES (Hy=5
cm)
Design P,, (Watt) Improvement
Standard 28.84 -
3-Square 158.43 449%
4-Square 32.69 13%
5-Square 120.19 317%
6-Square 40.52 40%
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B. Effect of Absorption Variation Hy on the Performance

This section examines the influence of absorber height on
airflow characteristics within the SCPP. Three absorber heights
were analyzed across all configurations: Ho = 2.5 cm, 5 cm, and
7.5 cm. Figure 12 presents the variations in maximum velocity
and temperature corresponding to each height for the proposed
models. The results demonstrate that absorber height
significantly affects both the airflow velocity and temperature
distribution within the system. An increase in Ho leads to a rise
in maximum velocity, primarily due to a reduction in flow
resistance at the chimney inlet and enhanced buoyancy forces.
For instance, a maximum velocity of 24.45 m/s was recorded at
Ho = 7.5 cm with the 5-square absorber surface, representing an
increase of 109% compared to the standard SCPP, which
achieved only 11.68 m/s. Similarly, at Ho = 5 cm with the 3-
square absorber, the maximum velocity also reached 20.71 m/s
again, a 77% improvement over the standard design. These
results reinforce the effectiveness of both 3-square and 5-square
absorber configurations.

28 —r—r—T1 T 1 T
== &= =Standard
| +4—.S‘.qua|e: ]
23 =—¥—5-Square
g .....
— 18F
(@) <7 |
13]
8 L 1 | | l .
025 035 045 055 065 075
Ho (cm)
306.8 [——T— ——T
H = ®==Standard .
306.6 =& 4-Square
[| =" 5-square
3064 g
<3062 .
(b) = 306.0 .
30581 N
3056 e q
3054 ] ] I L
025 035 045 055 065 075
Hg(cm)
Fig. 12.  Maximum of (a) velocity (a) and (b) temperature (b) in the chimney

for varying H,

Regarding the temperature field, a comparable trend was
observed, with the temperature rising in conjunction with
absorber height. The highest temperature increase recorded was
0.35% relative to the standard SCPP configuration.

Figure 13 illustrates the power output of the SCPP for
various absorber heights. The results reveal a clear dependence
of the power output on the absorber height, with a consistent
increase in energy generation as Ho increases. The most notable
enhancement is observed for the 5-square absorber surface at Ho
= 7.5 cm, where the power output reaches 258.38 W,
representing a remarkable 769% improvement over the standard
SCPP. This result can be meaningfully compared to the findings
of the authors in [13], who examined several basic absorber
geometries such as right-angled triangles, equilateral triangles,
squares, and semi-circular shapes and concluded that the square
shape offered the highest improvement in power output (up to
67.4%) over a flat design. Our study extends this insight by
demonstrating that arranging multiple square absorbers in series
(e.g. 3-square to 6-square) can provide even greater efficiency
gains, particularly in the 5-square configuration. Additionally,
authors in [14] explored triangular wave-shaped absorber
profiles and showed that varying the number of triangular
elements (n =1, 3, 5, and 7) and their height led to a maximum
power output improvement of up to 58.61%. In comparison, our
best-performing case (5-square at Ho = 7.5 cm) achieved a peak
power output of 258.38 W, exceeding the improvements
reported in [14] under similar thermal driving conditions. This
suggests that modular square arrangements offer a promising
alternative to more complex wave-based geometries, with
advantages in both performance and structural simplicity.
Moreover, unlike both prior studies, which focused solely on
absorber shape, our work incorporates the effect of a fixed
chimney divergence angle (0.6°), offering a more holistic
understanding of how combined design variables affect system
performance. This integrative approach represents a novel
contribution to SCPP research and provides a basis for future
experimental or prototype-based validation.

270 T T . y —
B standard B 5-square
[ | 4-Square i
180 -
g
= | _
0_O —
9 -
0 Ho=2.5 l Ho=5.0 I Ho=7.5
0=2. 0=5. o=7.

Fig. 13. Output power on the chimney for different Hy
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TABLE V. OUTPUT POWER IMPROVEMENT COMPARED
TO THE STANDARD CHIMNEY
Design Improvement
Ho=25cm Ho=5cm Ho=7.5cm
3-Square 241% 449% 551%
4-Square 42% 13% 82%
5-Square 141% 317% 769%
6-Square 41% 40% 129%

This substantial increase can be attributed to the combined
effects of the modified absorber geometry and elevated inlet
height, which together enhance airflow velocity and pressure
differential, thereby boosting the kinetic energy within the
chimney. These findings underscore the critical influence of
system geometry on the overall efficiency and performance of
SCPPs. Further details regarding performance improvements
across all configurations are provided in Table V.

The 3-square absorber configuration demonstrates superior
performance in terms of airflow velocity and pressure due to its
increased exposed surface area and geometric segmentation,
which promote enhanced heat absorption and stronger localized
buoyancy-driven flow. The discrete square patterns generate
intensified thermal gradients across each module, facilitating
rapid air expansion and accelerated upward movement. This
leads to higher velocities at the chimney base and increased
static pressure within the collector. However, as the absorber
height increases, the advantage in power output begins to
decline. The extended vertical surface results in longer airflow
paths, which exacerbate viscous losses due to wall friction and
increase pressure drop across the system. Additionally, the
segmented geometry of the squares can induce complex flow
separations and vortices, particularly at greater heights, which
contribute to higher turbulence intensity. While some turbulence
aids heat transfer, excessive turbulence dissipates kinetic energy,
reducing the amount of energy converted into useful power. As
a result, the aerodynamic inefficiencies and increased resistance
in tall absorber configurations counteract the benefits of higher
flow velocities, leading to a relative decline in net power output.

IV. CONCLUSION

To enable a thorough assessment of a Solar Chimney Power
Plant (SCPP) performance, a comparative analysis was
performed in this paper, across five absorber surface
configurations: standard, 3-square, 4-square, 5-square, and 6-
square. Numerical simulation results indicate that the 5-square
configuration exhibited the most favorable performance,
particularly at an absorber height of Hy = 7.5 cm, yielding the
highest recorded airflow velocity of 24.45 m/s and a peak power
output of 25838 W. The 3-square configuration also
demonstrated notable efficiency, especially at Hyo = 5 cm, with a
maximum power output of 156.82 W and the lowest recorded

atmospheric  pressure, suggesting enhanced convective
effectiveness. The divergent 4-square and 6-square
configurations produced moderate and relatively stable

outcomes, yet remained less efficient overall compared to the 3-
square and 5-square alternatives. Conversely, the standard
configuration consistently resulted in the lowest values for all
performance metrics, including airflow velocity, temperature,
pressure, and power generation, thereby identifying it as the least
efficient design. These results underscore the significant impact

of absorber surface geometry on both the thermal and
aerodynamic performance of SCPP systems, with multi-square
arrangements offering substantial gains in system efficiency.

The novelty of this study lies in its integrative evaluation of
multiple square-based absorber geometries in combination with
a fixed chimney divergence angle. This approach has not been
comprehensively explored in previous research. Unlike earlier
works that focused on individual design parameters, this study
presents a holistic framework to assess their combined influence
on airflow dynamics and energy conversion efficiency. The
identification of optimal geometries, such as the 5-square and 3-
square arrangements, offers a practical reference for enhancing
system design, especially for future applications in renewable
energy infrastructure.
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