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Abstract — As solar energy gains prominence, optimizing panel configurations for efficiency
and cost-effectiveness is crucial. This study examines the impact of installation height and tilt
angle on thermal performance, power output, and structural constraints. Using
computational models, the study optimized height and tilt to enhance cooling and minimize
costs. Increased heights improved air circulation, reducing cell temperatures and boosting
efficiency through passive cooling. Higher tilt angles enhanced heat dissipation via air
turbulence but also raised wind loading, necessitating stronger, costlier support structures.
The optimal configuration of 0.165 meters height and 25.022° tilt balanced efficiency and
structural demands. This setup achieved a Levelized Cost of Energy (LCoE) of $ 0.07/kWh,
an ROI of 16.3 %, and a payback period of 6.25 years. Compared to a non-optimized setup
(7.5 meters height, 75° tilt), this reduced LCoE by 42 %, improved ROI by 60 %, and
shortened the payback period by 37.5 %. The findings highlight the importance of tailored
height and tilt to maximize efficiency while controlling costs. Future research should explore
different installation surfaces and climate conditions to further refine the balance between
performance and cost.

Keywords — Economic viability; elevated installations; installation optimization;
structural integrity; techno-economic analysis; thermal performance.

Nomenclature

Hy Solar panel height m

k—e k— epsilon Turbulence Model -

P Turbulent kinetic energy production W/m3

R? Coefficient of determination -

(SST) k—o Shear Stress Transport k—-omega Turbulence Model — —

Tref Reference temperature °C

Nref Reference efficiency %

D Time-averaged Pressure Pa

u Time-averaged Velocity m/s

[ Time-averaged Density kg/m3/s
Temperature coefficient of power oCc!
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f and B* Model constants -
n(T) Efficiency at operating temperature 7' %
K Turbulent Kinetic Energy m?/s?
u Dynamic Viscosity N-s/m?
O Turbulent Prandtl number for « -
Go Turbulent Prandtl number for ® -
T Reynolds Stresses Pa
® Specific Dissipation Rate s

1. INTRODUCTION

The transition to renewable energy is vital for meeting global energy demands and
combating climate change. Solar energy, due to its abundance and sustainability, has become
a cost-competitive alternative, with Levelized Cost of Energy (LCoE) ranging from
$ 0.04/kWh to $ 0.14/kWh, often cheaper than coal power [1], [2]. Its versatility has led to
widespread applications, including integration into sustainable building designs and energy-
efficient infrastructure [3]-[5]. Solar panel performance depends on irradiance, temperature,
soiling, and installation geometry. Dust and shading can reduce power by up to 58 % [6] while
high temperatures lower efficiency, necessitating cooling mechanisms for optimal
performance [7].

Rising temperatures increase electron-hole recombination, reducing open-circuit voltage
and fill factor, ultimately lowering efficiency [8]. Studies show that higher PV module
temperatures decrease output power and voltage [9]. This is due to the temperature
coefficient, which for silicon cells is —0.4 % to —0.5 % per °C above 25 °C, leading to power
loss [10]. Elevated temperatures also alter band gaps and shorten panel lifespan [11].
Mounting panels higher improves cooling through enhanced convection, with double-height
panels achieving 1.88 times better heat dissipation [12], [13]. Smith et al. [13] found that
increased height lowers surface temperatures by 4.4 °C, boosting energy output by 0.5 %—
2.25 %. Greater height also increases wind speed, improving cooling but potentially
introducing mechanical stress [14].

Installation geometry critically affects solar PV performance, with tilt and azimuth angles
influencing solar radiation absorption, heat dissipation, and efficiency. Optimal tilt
maximizes energy capture while aiding heat dissipation, whereas deviations increase heat
build-up and reduce efficiency [15]. Studies show that moderate deviations in West and
Central Africa cause <5 % irradiation loss [16], while in India, seasonal tilt adjustments
increase radiation absorption by 2.41 % and capacity utilization by 0.26 % [17].

Solar cell performance is heavily influenced by material choice, particularly regarding
temperature variations. Silicon-based cells lose efficiency as temperatures rise due to
increased electron-hole recombination, with mono-crystalline silicon performing better in
cooler conditions [18], [19]. Polycrystalline silicon (pc-Si) exhibits lower power loss at high
temperatures, while thin-film technologies like Cadmium Telluride (CdTe) and Copper
Indium Gallium Diselenide (CIGS) Solar Cells maintain better efficiency due to lower
temperature sensitivity [8], [18]. Amorphous modules operate at higher temperatures,
affecting efficiency, while crystalline silicon degrades more slowly, ensuring better long-term
performance [20].
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To mitigate temperature-induced losses, solar PV systems utilize passive and active cooling
methods, including water, air, phase-change materials, and advanced techniques like
geothermal and jet impingement cooling [21], [22]. Cooling can lower panel temperatures by
up to 49.2 °C and boost efficiency by 47.67 % [21]. Innovations like Photovoltaic Thermal
(PV/T) hybrids, microtechnology-based cooling, and passive radiative or evaporative cooling
show promise, requiring careful design for optimal performance [22], [23].

Wind loading impacts the design of solar arrays, affecting structural integrity and
performance. Wind direction, array configuration, and panel tilt influence lift and drag forces.
In floating PV systems, the first and last rows experience the highest forces, while middle
rows benefit from a sheltering effect, reducing wind impact by 45-86 % [24]. Tracking
systems, especially single-axis and dual-axis, optimize solar exposure, increasing power
generation by 24.4 % and 32.2 %, respectively, compared to fixed systems [25]. However,
their high installation and maintenance costs can reduce economic viability. Advancements
in adaptive tracking algorithms can improve efficiency while lowering operational costs [26].
Choosing the right support structure is essential for balancing performance and cost.
Techno-economic optimization of solar panels is key to maximizing efficiency and
minimizing costs. Kolhe [27] presented a method to optimize stand-alone PV systems,
focusing on the relationship between PV array and battery capacity. Kumar et al. [28] found
that annual optimum tilt with fixed installations was most suitable for rural healthcare
buildings. These studies used tools like levelized cost of energy, HOMER software, and
Monte Carlo methods to identify optimal configurations.

Installing solar panels at higher elevations improves wind flow, cooling the panels and
enhancing their efficiency [29]. Elevated temperatures can reduce panel performance, but
increasing tilt angles allows for greater solar irradiance and higher energy output. However,
this must be balanced against thermal losses due to higher temperatures. Glick et al. [30]
found that turbulence increases convective heat transfer by 7 %, and panel angles up to 30°
enhance convection. Reynolds shear stress and buoyancy further improve mixing and heat
dissipation.

While previous studies have addressed individual aspects of solar PV performance, such as
thermal losses, structural design, or cost analysis, few have offered a unified optimization
framework that simultaneously considers thermal performance, structural integrity, and
economic viability. This study uniquely integrates Computational Fluid Dynamics (CFD),
Finite Element Analysis (FEA), and economic modelling to determine optimal panel
installation configurations. Unlike prior work that often isolates thermal or structural factors,
the present approach quantifies the trade-offs between enhanced cooling, wind-induced
structural loading, and associated costs. The novelty lies not only in this comprehensive,
simulation-based methodology but also in the inclusion of a field experiment that validates
the structural simulations under real atmospheric conditions. By comparing experimental
stress measurements with numerical predictions, the study confirms the suitability of the
models used and enhances their real-world relevance. Furthermore, the study’s focus on
tailoring installations to site-specific climate and wind profiles provides actionable insights
for practical deployment in similar regions, bridging a gap between theoretical analysis and
empirical application. The rest of this manuscript is structured as follows: Section 2 will
outline the methodological approach, Section 3 will present the results and discussions,
followed by conclusions and recommendations in Section 4.
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2. METHODOLOGY

This study adopts a multidisciplinary approach to analyse the techno-economic performance of
solar panel installations, focusing on thermal, economic, and structural aspects. It integrates
Computational Fluid Dynamics (CFD) simulations to assess wind loads and Finite Element
Analysis (FEA) using ANSYS Mechanical to evaluate structural integrity. CFD models airflow
and FEA models the stresses on support structures to ensure durability under environmental
conditions.

The study site, Roodepoort, South Africa (26.1590° S, 27.8619° E), was selected for its diverse
climate and strong solar energy potential, receiving 4.9-7.6 kWh/m?/day of solar insolation. With
average wind speeds of 3.5 m/s aiding panel cooling, ambient temperatures ranging from 10 °C to
28 °C, and 60 % relative humidity, the location provides ideal conditions for analysing installation
height, tilt angles, and performance.

The study systematically varied panel installation heights from 0.5 m to 5.5 m to assess cooling
effects and thermal dynamics. Tilt angles ranged from 15° to 75° to optimize solar irradiance
capture. By testing multiple height and tilt configurations, the study quantified their impact on the
thermal and structural performance of the solar array. Surface temperatures were monitored to
evaluate how these parameters mitigate heat build-up and enhance efficiency. The analysis also
examined airflow effectiveness in cooling panels and its correlation with energy output. Jinko
550 W monocrystalline panels were used, with specifications detailed in Table 1.

TABLE 1. SPECIFICATIONS OF JINKO 550W MONOCRYSTALLINE PHOTOVOLTAIC PANEL

Specification Value

Model Jinko 550 W
Type Monocrystalline
Dimensions 2278 x 1134 x 35 mm
Prax 550 W

Nmax 20.64 %

Vinp 480V

Iop 11.46 A

Vo 58.0V

I 12.12 A

B —0.35 %/°C

Operating Temperature Range ~ —40 °C to +85 °C

2.1. Wind Flow Analysis

The CFD approach in this study used the Reynolds-Averaged Navier-Stokes (RANS)
Egs. (1-2), combined with the Shear Stress Transport (SST) k— turbulence model Egs.
(3—4). The (SST) k—o turbulence model was chosen for its ability to predict flow separation
and pressure distribution, especially in adverse pressure gradients. It combines the k—®
model’s strengths in near-wall regions with the k—e model’s strengths in free-stream regions
[31], making it suitable for simulating complex flows around solar panels under varying wind
conditions. The RANS equations describe the time-averaged flow field, essential for
modelling turbulent flows in real-world scenarios, where p is time-averaged density, U is
time-averaged velocity, and p is time-averaged pressure, with p as dynamic viscosity and t©
representing Reynolds stresses.
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where P, is the production of turbulent kinetic energy, p and B* are model constants, o, is the
turbulent Prandtl number for x while o, is the turbulent Prandtl number for .

In this study, the computational domain was developed to model flow dynamics around the
solar panel array, enabling effective analysis of wind loading and thermal performance. The
3D domain shown in Fig. 1 (where H, is the solar panel height) was developed to replicate
the atmospheric boundary layer. A structured mesh was used in the far-field region for
accuracy and efficiency, as it enhances performance in simpler geometries [32], [33]. A
hybrid meshing approach combining unstructured meshes around the solar panels with
structured meshes in the far-field was used, reducing complexity and optimizing computation
through multi-blocking and load balancing [34], [35].
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Fig. 1. (a) Computational domain configuration representing wind flow around the solar panel array, and (b) the structural
mesh used in the study highlighting a fine mesh close to the solar panel.
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Fig. 2. Grid Independence Analysis showing the variation in Key Performance Indicators across different mesh sizes.

A grid independence analysis (shown in Fig. 2) was performed with coarse (750 000
elements), medium (1.5 million), and fine (2.25 million) meshes. The medium mesh balanced
accuracy and efficiency, with minimal differences (<5 %) from the fine mesh, confirming
solution convergence.

Boundary conditions simulated wind flow and thermal interactions around the solar panel
array. Inlet wind velocity profiles were based on Roodepoort's atmospheric boundary layer
data, with a pressure outlet and symmetry on the side walls. A User Defined Function (UDF)
accounted for wind speed and temperature variations. The study considered drag and Saffman
lift forces, and thermophoretic effects. Convergence was ensured by reducing residuals below
1x107° for key variables. The solar panel was modelled as a wall with a no-slip condition.
Airflow at the inlet was controlled via a UDF, based on NASA data [36].

2.2. Validation of CFD Simulations

To validate the CFD simulations, the velocity profiles and turbulent kinetic energy (TKE)
profiles were compared with experimental data from wind tunnel experiments by Tomilaga
et al. [37] (see Fig. 3), which serve as reliable benchmarks for modelling wind flow around
solar panel arrays. The results showed a deviation of 2.37 %, indicating strong agreement
between the simulations and experimental data.
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Fig. 3. Comparison of inlet profiles between CFD Simulations and Wind Tunnel Experiments by Tomilaga et al. [36]:
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(a) mean fluid air velocity [ u }, and (b) turbulent kinetic energy [ k ] .

2.3. Structural and Thermal Analysis

In addition to the CFD analysis, a structural mesh for Finite Element Analysis of the support
structures was developed as seen in Fig. 4. A tetrahedral mesh was used for flexibility in
modelling complex geometries and accurately capturing stress distributions. The element size
was 5 mm around critical stress points, with approximately 800 000 elements. Structural steel
was selected with a yield strength of 250 MPa and ultimate tensile strength of 450 MPa.

The support structure was modelled as a cantilever beam anchored to the ground, with
forces from the CFD simulations applied at the top. These forces were integrated into the
ANSYS mechanical model to simulate wind loading at different heights and tilt angles of the
solar panels. Boundary conditions included a fixed support at the base and wind loads at the
top. The structural analysis focused on stress distribution and deformation under wind
loading, identifying critical failure points and assessing stability to determine the minimum
allowable dimensions of a cylindrical structural steel tube for each scenario.

A field experiment was conducted using a 20 W monocrystalline solar panel mounted on a
steel pillar-type support structure at the University of South Africa’s Florida campus to
enhance the real-world applicability of the simulation findings. This experimental setup
replicated the structural parameters used in the finite element model, including material
properties. The panel was installed at a fixed height of 3 m with a 30° tilt to simulate typical
small-scale deployment. High-precision foil-type strain gauges were affixed at critical stress
zones along the support, particularly near the base and mid-height, to capture stress responses
under ambient wind conditions. Strain data were continuously logged using a data acquisition
system over several days, with concurrent wind speed measurements recorded via an
anemometer. The recorded strain was converted into stress using standard relationships and
compared with ANSYS Mechanical simulation outputs. The experiment validated the
numerical models by confirming stress trends and structural responses, while also revealing
transient fluctuations and localized effects.
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Fig. 4. Structural representation of support structures for Finite Element Analysis.

The thermal performance assessment evaluated the impact of wind cooling on solar panel
efficiency and power generation. It integrated CFD simulation data with temperature-power
conversion models to estimate panel operating temperatures under varying conditions,
considering factors like wind speed, panel height, tilt angle, and ambient temperature. Eq. (5)
was used to define the efficiency and, by extension, the power and energy generated at various
temperatures. The efficiency at operating temperature 7 is represented by n(7), the reference
efficiency by nrer, the temperature coefficient by a, and the reference temperature by Trer.

(T)=n [1-o(T-T)] 3)

2.4. Economic Analysis and Optimization

The economic evaluation assessed whether the power gains from improved thermal
performance at higher solar panel installations justify the additional costs of support
structures, installation, and maintenance. Financial metrics like payback period, Levelized
Cost of Energy (LCoE), and return on investment (ROI) were used, factoring in cooling
effects that enhance efficiency and energy generation at elevated heights.

The optimization process aimed to identify the most cost-effective configuration of support
structures by balancing structural integrity with material cost, ensuring the structure could
withstand wind-induced forces while minimizing material usage and keeping stress below the
yield strength of structural steel. Additionally, the process focused on maximizing the net
benefit of each installation height, balancing total costs (structural, installation, and
maintenance) with gains in energy production, to identify the optimal installation height.

3. RESULTS AND DISCUSSIONS

3.1. Thermal Performance Analysis

The study found that increasing the installation height of solar panels leads to lower
temperatures due to improved air circulation and wind exposure, enhancing thermal
performance and efficiency, with a coefficient of determination (R?) of 0.64. Additionally,
turbulent kinetic energy profiles, see Fig. 5, revealed that higher installation heights result in
more pronounced TKE, boosting convective cooling, reducing panel temperatures, and
improving efficiency.
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Fig. 5. The impact of height on temperature as illustrated in turbulent kinetic energy profiles at 75° tilt at installation
heights of: (a) 5.5 m and (b) 0.5 m.

Elevated solar panel installations reduce thermal losses by maintaining lower temperatures,
improving efficiency through increased TKE and enhanced heat dissipation. Higher tilt angles
(75°) create more turbulence around the panels, improving convective cooling and reducing
temperatures, whereas lower tilt angles (15°) lead to laminar airflow, limiting heat dissipation
and potentially lowering efficiency. Elevated installation heights and lower tilt angles
generally reduce solar cell temperatures as opposed to higher tilt angles and lower heights.
Elevated setups with moderate tilt angles benefit from improved cooling, but higher tilt angles
lead to higher temperatures due to increased solar radiation exposure. This highlights the
importance of balancing tilt angle and height for optimal temperature management.

The cooling benefits from increased installation height and proper tilt angles result in
improved panel efficiency, with a maximum efficiency gain of 1.72 % observed at a height
of 5.5 m. Although only 20.64 % of solar irradiance is converted to electricity, effective
temperature management, particularly through tilt angles, can minimize thermal losses.
However, in low-wind conditions, higher tilt angles may increase heat accumulation, reducing
efficiency.

3.2. Structural Integrity

In this study, the stress distribution and deformation of solar panel support structures under
varying wind loads were analysed using Finite Element Analysis (FEA), highlighting the
influence of installation height and tilt angle on structural response. The support structures,
modelled as hollow cylindrical steel tubes with a yield strength of 250 MPa, exhibited a strong
dependence on height, as shown in Fig. 6. The simulations revealed that higher elevations
subjected the panels to increased wind forces, necessitating stronger and more resilient
support systems. Additionally, higher tilt angles increased the surface area exposed to wind
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loading, further amplifying structural demands. While these angles can enhance energy
capture, they introduce a trade-off with mechanical stability and material cost, emphasizing
the need for optimized design.

2500

2250
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Force, N
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Fig. 6. A scatter plot showing the relationship between height and forces induced by increased wind loading as the
height increased from 0.5 m to 5.5 m.

The experimental results from the field experiment closely mirrored the simulated stress
distributions, particularly showing peak stress near the base of the support, consistent with
cantilever beam behaviour. The average percentage difference between experimental and
simulated stress values was 6.8 %. Furthermore, transient wind-induced fluctuations observed
in the experiment echoed the variations predicted by CFD-based load profiles.

3.3. Economic Evaluation and Optimisation

The analysis of the relationship between height and structural costs, as well as height and
revenue, highlights the complexity of optimizing solar panel installations for both economic
and thermal performance. The study shows that increasing installation height improves power
generation due to cooler temperatures, enhancing panel efficiency. The maximum revenue of
$ 23 934.92 was observed at a height of 5.06 m and a tilt of 69.54°, resulting in a cell
temperature of 61.34 °C and an efficiency of 18 %. In contrast, the maximum structural cost
of $32084.15 occurred at a height of 5.834 m and a tilt of 73.42°, resulting in a cell
temperature of 54.32 °C and an efficiency of 18.5 %. Fig. 7 illustrates the trade-offs: while
higher heights can increase revenue through enhanced energy output, they also lead to higher
initial costs due to stronger materials and more complex installations. These findings
underscore the need for a careful cost-benefit analysis to find an optimal balance between
thermal performance, power generation, and structural costs.
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Fig. 7. The contours illustrate the relationships between: (a) tilt, height, and cost; (b) tilt, height, and revenue; and (c) the
response surface depicting the effects of tilt and height on generated revenues. All values are in USD (x10%).

The study examined the relationship between installation height, tilt angle, and both costs
and revenues, with findings highlighted in Fig. 8. As depicted in Fig. 8(a), increased
installation height generally reduces cell temperature and improves efficiency, this benefit is
offset by higher wind loading at greater heights, which leads to greater heat loss through
forced convection. As a result, the height does not show a clear correlation with revenue, and
installations higher than 2.5 meters lead to increased structural costs, making revenues lower
than costs. Fig. 8(b) illustrates that as tilt angles increase, revenue decreases due to higher
solar cell temperatures and stronger wind forces, both of which necessitate more robust and
costly structures. Up to a 35° tilt, revenue remains higher than costs, but beyond this point,
the costs outweigh the revenue.

The study found that moderate installation height and tilt provide the best balance between
energy yield and cost. The optimal configuration, with a height of 0.165 meters and a tilt of
25.022°, maximized revenue at $ 11 731.56 with a cost of $ 2107.52 over 25 years. This
configuration achieved an LCoE of $ 0.07/kWh, significantly lower than the non-optimized
setup with a height of 7.5 meters and a tilt of 75°, which had an LCoE of $ 0.12/kWh. The
optimized configuration also resulted in a higher ROI of 16.3 % and a shorter payback period
of 6.25 years, compared to the non-optimized configuration with an ROI of 10.18 % and a
payback period of 10.3 years. These findings demonstrate the economic advantages of careful
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optimization of height and tilt for solar installations, offering a 60 % improvement in ROI
and a 37.51 % reduction in payback period.

20 T - T 20 20 T T 20
——  Cost ° ——  Cost °
— Revenue —— Revenue
15 15 15
5 g
= SR 3
X Z X =
‘1w nw e & 0 s
27 w» o
S x & £
2 “ 2
5 5 5
[~
0 o 4
Height, m
(a) (b)

Fig. 8. Optimisation of the installation height and tilt in relation to the costs and revenues.

4. CONCLUSIONS, RECOMMENDATIONS AND AREAS FOR FURTHER STUDY

This study explored the effects of installation height and tilt angle on the thermal
performance, structural integrity, and economic viability of solar panel installations. The
findings showed that increasing the installation height improved thermal performance by
reducing panel temperatures due to enhanced air circulation, which, in turn, boosted panel
efficiency. However, this benefit was counterbalanced by the increased structural costs
associated with elevated installations, which were exposed to stronger wind forces. The study
found that while maximum efficiency gains occurred at a height of 5.5 meters, the trade-off
between structural costs and efficiency gains should be considered when designing solar
installations.

Economically, the study identified an optimal configuration with a height of 0.165 meters
and a tilt angle of 25.022°. This configuration resulted in a competitive Levelized Cost of
Energy (LCoE) of § 0.07/kWh, with a significant ROI of 16.3 % and a reduced payback
period of 6.25 years. In comparison, a non-optimized configuration with a height of 7.5 meters
and a tilt of 75° had a higher LCoE of $ 0.12/kWh, a lower ROI, and a longer payback period.
The findings highlighted the importance of balancing height and tilt to achieve both efficient
energy production and cost-effectiveness.

The study also made several recommendations, including the adoption of the optimized
configuration for maximum energy production while controlling costs, conducting thorough
cost-benefit analyses before initiating solar projects, and investing in high-strength materials
and innovative construction techniques to minimize structural costs. Additionally, future
research should focus on the impact of surface roughness on airflow and thermal dynamics,
the performance of solar installations in diverse climates, and the integration of active cooling
systems to further improve thermal management.
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