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Abstract

Today, all over the world, people are looking for sustainable energy with modern systems for the coming generations.
Wind energy plays a crucial role in supplying electricity to modern systems worldwide. Onshore turbines are necessary to
ensure efficient and economical operation of taller wind towers, which can reach up to 100 m. However, building taller
turbine towers faces many challenges, such as complex cross-sectional design, multiple stresses, and high construction
costs due to different variables. To combat these challenges, this article proposes an optimization design aimed at
enhancing the cost-effectiveness of the pre-stressed concrete wind turbine industry, making it accessible to the wind turbine
market and design engineers. The main idea of the research is an integration of design criteria and cost conditions by
creating a C# plugin to determine the optimal design with minimum cost as an add-in to a 3D software simulating program.
This integration helps to calculate computational fluid dynamics (CFD) using the finite element method (FEM) and
minimizes costs in building information modeling (BIM), which covers some gaps from the previous works. The study
presents a methodology for designing concrete wind towers and facilitating data exchange between finite element software
(Ansys) and BIM software by IFC files. The optimization problem in this article is a multi-objective problem, with an
optimal design that minimizes costs by reducing the vibrational wear satisfied by suitable structural stiffness. Results
showed an optimal design for the concrete wind tower, resulting in a 24% reduction in material costs for the same height
compared to conventional alternatives.
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1. Introduction

The global shift towards sustainable energy sources has significantly increased research focused on renewable energy
alternatives. Among these, wind power has emerged as a key contender due to its clean, renewable, and efficient
electricity generation capabilities. Numerous studies emphasize wind energy's economic and environmental advantages,
especially with the steady decline in the Levelized Cost of Electricity (LCOE). For instance, in 2010, over 95% of
onshore wind projects had a global weighted average LCOE higher than the lowest fossil fuel-fired alternatives.
However, by 2022, advancements in technology and optimization reduced the LCOE of onshore wind projects by 52%,
making wind energy a cost-effective solution compared to fossil fuels [1]. Despite these advancements, there remain
substantial gaps in optimizing the structural and economic aspects of wind turbine towers, particularly from a
construction and design perspective.

* Corresponding author: aeissa@lakeheadu.ca

d http://dx.doi.org/10.28991/CE]-2025-011-02-08
© 2025 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and
EY conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

523


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0009-0009-4018-2738
https://orcid.org/0009-0005-6619-5749
https://orcid.org/0000-0003-2233-926X
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 11, No. 02, February, 2025

Wind turbine towers are pivotal to ensuring the reliability, efficiency, and cost-effectiveness of wind energy systems.
They bear critical structural loads and support key components such as the rotor, power transmission systems, and
control mechanisms. Tower design significantly impacts the overall performance, with approximately 17% of the total
capital costs of a wind turbine attributed to the tower structure [2, 3]. Given the economic importance of tower
optimization, current research has increasingly focused on improving design parameters such as cross-sectional
dimensions and height-to-width ratios, which directly influence both structural stability and cost efficiency. However,
most existing studies have not adequately addressed the integration of advanced computational tools in tower design,
leaving a gap in exploiting multi-disciplinary optimization techniques. Lotfy [4] proposed a novel system featuring a
triangular cross-section composed of three columns positioned at each corner of the triangle, a design commonly
employed in precast concrete wall panels. The tower’s tapered profile minimizes the area exposed to wind forces, thereby
reducing the total weight and applied moment. Hub heights of 75 and 100 meters for a 3.6 MW wind turbine were
designed using this system, and its performance was compared with that of a conventional conical steel tower of similar
hub height. The results demonstrated that the proposed design offers several advantages, including lower initial costs,
minimal maintenance requirements, and the ability to be erected quickly and efficiently. Eissa et al. [2] conducted a
comprehensive study on a prestressed concrete structural system for wind turbine towers, focusing on an innovative
design aimed at addressing the challenges of traditional systems. Their proposed tower features an octagonal cross-
section with internal ribs at the base, gradually reducing in dimensions along the height to optimize weight and cost. A
100-meter-high tower designed for a 3.6 MW turbine was analyzed using finite element software (Ansys), with a
particular focus on aerodynamic principles to improve structural efficiency. The findings revealed that the prestressed
concrete design achieved a significant reduction in material costs and maintenance requirements compared to
conventional steel towers. Furthermore, the study emphasized the advantages of the proposed system, including reduced
construction time, enhanced dynamic performance, and improved sustainability through optimized material use and
aerodynamic design. Eissa & Hasan [5] presented a comprehensive study on a new octagonal pre-stressed concrete wind
turbine tower design, addressing the critical challenges of stress concentration, construction complexity, and material
usage.

The integration of advanced computational tools has become a cornerstone in modern wind turbine tower design,
addressing the increasing demands for efficiency, sustainability, and cost-effectiveness. Tools such as Finite Element
Analysis (FEA), Computational Fluid Dynamics (CFD), and Building Information Modeling (BIM) have revolutionized
how engineers approach design challenges. While these tools provide valuable insights individually, their combined
application has demonstrated even greater potential in tackling complex, multi-faceted problems in wind turbine tower
systems [6, 7]. FEA enables precise structural analysis to ensure the tower’s reliability under both static and dynamic
loads such as wind gusts and seismic forces, while CFD aids in optimizing aerodynamic performance by designing tower
geometries that minimize wind resistance. BIM complements these tools by facilitating data sharing and automating
responses to design changes, creating a unified framework for seamless collaboration across disciplines. A recent study
on advances in wind turbine tower design emphasized the integration of Building Information Modeling (BIM) with
Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD). This approach addressed challenges in
design accuracy and construction efficiency by streamlining collaboration and enabling precise simulations. The study
demonstrated a 15% reduction in design errors and construction costs, highlighting the potential of combining these
advanced tools to optimize wind turbine tower performance and cost-effectiveness [8]. The importance of integration
lies in leveraging the strengths of these tools collectively, addressing limitations inherent in their standalone use. For
instance, FEA evaluates structural performance but cannot account for detailed aerodynamic forces, which CFD
provides. Similarly, BIM ties these analyses together by enabling real-time decision-making, reducing manual errors,
and streamlining construction workflows. Studies have shown that combining BIM with FEA and CFD enhances the
accuracy of simulations, supports modular construction methods, and ensures compliance with critical design
requirements, such as deflection limits, cross-section optimization, and material efficiency [9-11]. Currently,
advancements in this integrated approach have also emphasized its role in promoting sustainability. For example, the
use of recyclable materials and circular design principles in wind turbine tower construction reduces environmental
impact and aligns with global sustainability goals. By addressing material costs, natural frequencies, structural
deflections, and all other structural behaviors within a unified framework, the integration of FEA, CFD, and BIM offers
significant benefits for designing wind turbine towers that are structurally robust, economically viable, and
environmentally sustainable [12, 13].

The proposed system incorporates internal ribs at the corners of the octagonal cross-section, enhancing the rigidity
and uniformity of the structure while reducing stress concentrations in critical areas. The design, evaluated for a 100-
meter tower supporting a 3.6 MW turbine, demonstrated significant reductions in deformation and stress by
approximately 50% and 30%, respectively, compared to traditional designs. The study employs Computational Fluid
Dynamics (CFD) and Finite Element Analysis (FEA) using ANSYS to simulate wind pressure effects, analyze structural
stresses, and ensure compliance with design codes. The results revealed that the octagonal design with internal ribs
achieved better performance than traditional circular and plain octagonal cross-sections. The proposed system not only
met safety and performance requirements but also offered advantages in cost-effectiveness, ease of transportation, and
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reduced environmental impact. When compared with the previous study by Eissa & Hasan [5], which focused on an
octagonal cross-section with internal ribs, the current study extends the analysis by incorporating CFD to simulate wind
flow patterns and validate aerodynamic efficiency. Both studies align in emphasizing the superiority of octagonal pre-
stressed concrete designs over traditional steel towers, particularly for hub heights exceeding 100 meters. The integration
of advanced design principles and numerical simulations in both works underscores the evolution of wind turbine tower
designs toward more efficient and sustainable solutions. So, this study aims to build upon these advancements by
developing an optimization framework that leverages the interoperability of FEA, CFD, and BIM. The proposed
framework focuses on minimizing construction material costs and improving structural performance while ensuring
compliance with design requirements such as cross-section thickness, deflection limits, and natural frequency
constraints. Moreover, it seeks to address the existing gaps in previous research, including issues such as stress
concentrations in critical structural areas, the impact of aerodynamic forces on tower performance, and the lack of
integration between structural optimization and practical construction methodologies. By automating and streamlining
the design process, this study aims to bridge the gap between theoretical advancements and real-world applications,
thereby enhancing the efficiency, durability, and cost-effectiveness of wind turbine tower systems.

2. Research Methodology

To satisfy the aims of the study, Figure 1 shows a workflow that expresses step-by-step the process of the research
to create a plugin multi-objective for optimization of the design criteria and components with minimum cost at the same
time. The plugin created by C# is available for sharing, using, and transferring data and information within multi-
software (ANSY'S & Revit as a simulation tool) at the same time.
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Figure 1. The Main Workflow for the research

The first step involves using ANSYS software to conduct structural analysis, design, and optimization focused on
construction parameters rather than cost. The optimization process addresses constraints such as natural frequency,
deformation, normal stress, and fatigue under various load cases. This step includes creating an initial design in ANSYS,
undergoing iterative optimization to ensure that each design update meets the specified constraints, and performing
three-dimensional modeling to evaluate the physical effects on the structure.
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The second phase focuses on integrating ANSY'S with Building Information Modeling (BIM) technology using the
IFC files. The current study integrates the information data obtained by sharing the data from computational fluid
dynamics (CFD) and the data of the finite element method (FEM) within IFC files to building information modeling
(BIM) and optimization algorithms using a new proposed plugin with Revit. A custom plugin is developed to facilitate
data exchange between these tools, involving exporting analysis results from CFD and FEM software to the BIM 3D
model and then back to the BIM environment. The sharing data in this study and the workflow of the plugin are shown
in Figure 2. The sharing data and the proposed plugin are designed within two stages. The first stage is divided into four
steps, which are:

o Create a finite element model (FEM) with IFC file.

e Sharing the analysis of CFD as an IFC file.

e Establish a protocol for collecting these IFC files.

o Integrate the IFC files above with the Revit model.

e The second stage is divided into two steps, which are:

e At this step the plugin runs using a code designed by C#

e The optimization check is running at this step, then decide if arrive to at the optimal solution or make another
iteration to arrive at the optimal solution.
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Figure 2. The Workflow of Sharing Data of the Proposed Integration Optimization Plugin
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So, the summary of the process is exporting structural analysis data from Ansys and CFD to BIM software, using
the IFC files. Then, updating the BIM model based on the optimized design from ANSYS, validating the integrated
model, and visualizing the final optimized design within the BIM software. The main benefit of this plug-in is
interoperability with a suitable type and creating a dynamic environment for sharing data with multi-tools with optimum
performance without any interruption using IFC files. This integration ensures an efficient, cost-effective structural
optimization process that accurately reflects the physical and economic considerations in the BIM environment,
enhancing the overall design and analysis workflow for the wind turbine tower. In this phase, the cost optimization
depends on materials, and construction costs are calculated also by the same plugin. The plugin considered the design
methodology of a pre-stressed concrete tower adheres to the standards and limits set by codes such as IEC 61400-12
[13], ASCE 7-10 [14], ACI 318 [15], and IEC 61400-1 (2005) [16], as well as guidelines from NREL. The design
parameters are linked to these specifications and codes. The height of the tower is influenced by several primary factors,
including location, wind speed, and humidity, which can vary. Therefore, it is essential to consider the wind profile and
turbulence when determining the tower's height. Additionally, the design must meet the conditions outlined in IEC
classes 1, 2, and 3 to ensure adequate insulation and protection from environmental elements. These limitations are
considered within the methodology to ensure the structural design and optimization processes align with the required
standards and environmental conditions.

3. Modeling
3.1. Fluid-Structure Interaction

Fluid-structure interaction (FSI) involves the interplay between fluid and solid structures, where the fluid influences
the deformation of the solid geometry, and the deformed geometry, in turn, affects the fluid variables. FSI is a
multiphasic problem that combines fluid and solid mechanics. There are two main types of FSI interactions: one-way
and two-way. In one-way FSI, computational fluid dynamics (CFD) and finite element analysis (FEA) solvers operate
independently, with the CFD results applied as a load to the mechanical analysis. In two-way FSI, both solvers run
simultaneously, transferring results between CFD and FEA until overall equilibrium is achieved [17]. For this research,
we are using a one-way FSI approach for the simulation process.

3.2. Mechanical Model of the Pre-Stressed Concrete Wind Turbine Tower

The pre-stressed concrete wind turbine tower exhibits a tapered profile, with varying cross-sections along its height.
This tapering geometry contributes to the tower's structural efficiency and helps optimize material usage. The internal
structure of the tower comprises pre-stressing tendons arranged vertically along the tower's height (Figure 3). These
tendons tend to introduce compressive stresses in concrete, thereby increasing the tower's resistance to bending moments
and tensile stresses arising from wind loads and the weight of the turbine components.
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Figure 3. Mechanical model of the pre-stressed concrete wind turbine tower [5]

The mechanical model of the pre-stressed concrete tower considers the tapered geometry, the arrangement of pre-
stressing tendons, and the material properties of the concrete and steel. The model considers the interaction between the
concrete and the pre-stressing tendons, as well as the transfer of forces between them. The pre-stressing forces are
applied to the tendons, which in turn compress the concrete, creating a favorable stress state that enhances the tower's
structural performance.

3.3. Structure Modeling

The structural model includes the full geometry of a wind turbine, including the tower, nacelle, and rotor. We created
a 3D model using ANSYS/Design Modeler, following the specifications outlined in our published article on wind
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turbines with more than 3.6 MW of power and standing above 100 meters tall, in the subsequent step, the tower model
was integrated into an appropriate enclosure frame recommended by the manufacturer, as illustrated in Figure 4.
Regarding CFD modeling for wind turbine towers, selecting optimal computational domain dimensions is paramount
for achieving a precise balance while managing computational expenses. As per widely recommended criteria, upstream
distances of 5-10 times the tower diameter, downstream distances of 10-20 times the diameter, lateral distances of 5-10
times the diameter, and enclosure heights of 2-3 times the tower height are typically proposed [11]. For this study, we've
confidently established the domain dimensions at 6 times the tower diameter upstream, 1.5 times downstream, and 4
times laterally. This strategic arrangement enables us to capture flow phenomena while preserving computational
efficiency adeptly.

\/

4D

2z
¢
v X

Figure 4. Enclosure of Wind Turbine Tower Model

The computational domain dimensions in this study deviated from common guidelines, employing a more compact
configuration with lateral distances of 4D and a height of 1.5D. Such spatial constraints could influence the simulation
outcomes in several ways. The restricted lateral space might induce artificial flow confinement, potentially leading to
enhanced flow velocities and elevated pressure coefficients near the tower.

The limited vertical extent could affect the natural development of flow patterns, particularly in the upper regions
where flow separation and reattachment occur. These spatial limitations may impact the accuracy of wake predictions
and vortex formation processes, especially in regions close to the domain boundaries. While these constraints warrant
consideration during result interpretation, the data remains meaningful, particularly for analyzing flow characteristics in
the lower tower sections where boundary influences are minimized. Future studies might benefit from exploring the
sensitivity of results to domain size variations.

3.4. Meshing

CFX-mesh technology specializes in generating meshes that excel at capturing boundary layer dynamics while
meeting stringent quality standards. The system supports multiple element types in its meshing capabilities. For three-
dimensional applications, it can generate tetrahedral, prismatic, and pyramidal elements, while two-dimensional
modeling allows for hexahedral element integration. Given the geometric complexity encountered in this investigation,
we implemented a tetrahedral mesh configuration utilizing ANSYS's advanced size function. This approach proved
particularly valuable in generating precise mesh elements near wall boundaries. To enhance mesh uniformity, we applied
mapped face meshing techniques specifically to the nacelle, rotor, and tower surfaces [11].

The mesh generation methodology for this investigation employs CFX-Mesh technology within ANSY'S to achieve
high-quality discretization that effectively captures boundary layer phenomena. The simulation domain utilizes a hybrid
meshing approach, combining tetrahedral elements for complex geometries with strategic mesh refinement near critical
surfaces. For the tower structure, the tetrahedral mesh was selected due to its adaptability to complex geometries, while
the advanced size function in ANSYS was implemented to ensure high-quality mesh generation, particularly around
solid boundaries. To enhance solution accuracy, mapped face meshing was applied specifically to the tower surfaces,
ensuring uniform element distribution across critical sections. The tower geometry required special consideration,
implementing a dual-element strategy that utilizes hexahedral elements in high-stress regions (particularly at the base)
and tetrahedral elements in areas with complex geometrical features across the transverse sections.

The mesh quality was continuously monitored during generation through key metrics including element skewness,
aspect ratio, and orthogonality. Particular attention was paid to regions near wall boundaries where structural loads are
expected to be significant. The mesh resolution was progressively refined in these areas to ensure adequate capture of
stress distributions. For the transverse sections, special consideration was given to maintaining mesh uniformity, where
finer mesh elements were implemented to accurately resolve the structural response characteristics. The transition
between different mesh densities was carefully controlled to maintain smooth element size gradients, thereby enhancing
solution stability, as shown in Figures 5 to 7, respectively.
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Figure 5. Enclosure meshing of wind Tower

Figure 6. Enclosure meshing of wind Tower (Partitions)

Figure 7. Different types of meshes

3.5. k-® Modeling

The k- model is well-suited for predicting turbulence near walls. This model is based on transport equations for
turbulence kinetic energy, k, and the specific dissipation rate, . One of the key advantages of the k-o model is its ability
to accurately account for low-Reynolds-number effects near walls, allowing for more precise and robust modeling of
these areas. However, a notable drawback of the model is its high sensitivity to free-stream conditions, which can impact
accuracy in specific flow scenarios. This study uses the k-o turbulence model to assess near-wall turbulence effects,
employing two transport equations: one for turbulent kinetic energy (k) and another for the specific dissipation rate (w).
Although this model is a focus of the current study, its effects were previously discussed in our last publication [12].
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This study has selected the Shear Stress Transport (SST) model for both stationary and rotating domains due to its
advantages over the k-¢ model. The SST model combines the strengths of the k-o model near walls with the robustness
of the k-g model in free-stream regions, offering a balanced approach that improves overall accuracy and turbulence
model stability [12].

3.6. Set up of the Wind Turbine Model

After creating appropriate meshes for all components, the next step is to define domains, boundary conditions,
analysis types, and interfaces. This article focuses on modeling the wind turbine tower, placing it within the stationary
domain.

To accurately simulate the flow around the tower in ANSYS, transient analysis is utilized instead of steady-state
analysis. This method accounts for the changing flow variables over time, requiring the definition of total time and time
step in the analysis section. It's crucial to ensure that the time step size is sufficiently small to capture dynamic behavior
and accurately resolve the transient simulations effectively. Consequently, the optimization model in this study includes
the strategies and methodologies used in the analysis and design, optimization problem formulation, and implementation
portions of this research. In addition, it includes a case study, a discussion of numerical results, and conclusions. Ansys
and BIM ware were used to solve case study optimization problems [9, 18].

On the other hand, the advanced computational techniques enable the exploration of various design alternatives,
leading to the development of innovative tower configurations that maximize energy output while ensuring the long-
term structural integrity of the tower. The integration of FEM and CFD analysis ultimately contributes to the
advancement of sustainable wind energy technologies, fostering the development of cost-effective and reliable solutions
for the future of renewable energy generation [3, 10, 19]. Transient loads such as wind gusts and dynamic wind loads
can exert significant forces on wind towers. By optimizing the design, the structural performance of the tower can be
enhanced, ensuring that it can withstand these dynamic loads without excessive deformation or failure. This leads to
increased safety and reliability of the structure. Also, transient loads can induce fatigue stress on wind towers, which
can lead to cumulative damage over time.

Therefore, this study involves integrating computational fluid dynamics (CFD) and finite element method (FEM)
into building information modeling (BIM) with the help of an optimization proposed plugin. A custom workflow is
developed to coordinate the exchange of data between the different tools. This may involve exporting the results obtained
from performing the analysis in the CFD and FEM software to the BIM 3D model and then exporting the results back
to the BIM environment. The optimization problem in this article is multi-objective, with an ideal design being one that
both minimizes costs and maximizes structural stiffness to reduce vibrational wear on turbine components.

3.7. Theoretical Model and Evaluation of Wind Turbine Tower

In our previous studies, such as those referenced in Hasan & Khalil [3] and Eissa & Hasan [5], we investigated the
effects of wind resistance, generator gravity, and tower self-weight on the natural frequency, stress, and strain of pre-
stressed concrete wind turbine towers theoretically and compared to FEM model, both research studies are followed
various design codes, Including IEC 61400-1 [16], the dynamic behavior can be modeled using the Euler-Bernoulli
beam equation. The equation is defined as:

d*w(x,t) 92w(x,t)
i M5 = Fuina (X, 1) + Fgrapiey (%) @

where E is the modulus of elasticity of the pre-stressed concrete, and I represent the moment of inertia of the octagonal
cross-section, which varies with height. The term w(x, t) indicates the transverse deflection at a given position x and
time t, while m is the mass per unit length, influenced by both the generator's weight and the self-weight of the tower.
The equation includes three primary forces: F,,ing (X.t) Fyina (x,t), Which is the dynamic wind load distributed along
the height and varying over time, a point load due to the gravitational force of the generator at the top of the tower, and
Fseir (x) which represents the distributed self-weight of the structure.

E

The natural frequency w,,is derived from this equation using the expression:

ke
wy = [ RL @
kmefs

where k¢ is the effective stiffness that accounts for the pre-stressed design and geometry, and k.5 is the effective
mass, including the combined weight of the generator and tower. Additionally, stress () and strain (€) are evaluated
under combined loading conditions using the relationships:

a(x) — @y + Npre;tress' € (x) — %X) (3)
where M (x) represents the bending moment influenced by external loads, y is the distance from the neutral axis to the
extreme fiber, Np,qseress 1S the pre-stressing force enhancing the tensile capacity, and A is the cross-sectional area of the
concrete. This analytical framework provides a comprehensive understanding of structural behavior, aiding in the
optimization of wind turbine tower designs for enhanced stability and efficiency.
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4. Optimization

Many points must be considered in the multi-objectives optimization that can be summarized in the following.

4.1. Optimal Dimensions of Cross-Section

The initial dimensions were considered according to Guo et al. [11]. Then, Optimization concepts were implemented
to reach the best cross-section dimension at the lowest cost. During the optimization process, design requirements of
relevant specifications and industry standards are used as the constraints. The Optimization variables used in this
estimation are design variables, independent parameters, dependent variables, and constant variables. There are specific
principles that are used for control to find the optimal solution considered in this study, which can be summarized as the
following principles:

e The performance of the structure and stability conditions.

Wind load and Aerodynamics behavior;

Integration data between multi-tools;

Multi-Objective Optimization and Trade-Off Management;

Regulations with standards and design codes;

Cost minimization with different materials.

4.2. Design Variables

The variables tabulated in Table 1 show the main design variables related to the dimensions of the tower cross-
section.

Table 1. The main design variables related to the dimensions of the tower cross-section

Variables
Design Variables Independent variables
Symbol Meaning Symbol Meaning
Ts thickness of cross-sections Vref wind speed reference
Tr the thickness of the rib Fht horizontal force at the tip of the tower
Dependent Variables
Mtt torsional moment at the tip of the tower
Symbol Meaning
ve50 expected wind speed after 50 years Mot overturning moment at the tip of the tower
Do b the outer diameter of the tower at the base oat allowable stresses of the tower
DoT the outer diameter of the tower at the top Sat allowable deflection of tower
z tower height above the ground E concrete modulus elasticity

4.3. Objective Function

The primary objective of this study is to minimize the total cost of the wind turbine tower by optimizing two critical
components: the amount of concrete used and the quantity of pre-stressed tendons. Initially, the cost function focuses
on combining the quantities of these materials with their respective unit costs. However, to enhance the optimization
process and consider multiple important factors, the study incorporates additional objectives beyond just cost. These
include minimizing the top deflection of the tower to ensure structural stability and reducing the environmental impact
associated with material usage, such as the carbon footprint from concrete and steel tendons. To satisfy this First and
Derivative Tests are used in this research for multi-variable calculations for the difference between the first and second
derivate that identify the maximum and the local minimum with Hessian matrices. The optimization problem is
expressed through the following objective function:

Mc=uc X qc + up X qp 4)

where: Mc is Material Cost, uc is the unit cost of concrete, up is unite cost of pre-stressed tendon, gc is quantity of
concrete and gp is quantity of pre-stressed tendons.

To achieve this, the optimization process involves developing a multi-objective function that balances these key
factors. We assign specific weights to each objective to reflect their relative importance: the objectives below are
determined after calculating their weight and relative importance: Cost minimization, structural integrity (in terms of
top deflection), and environmental sustainability. In addition, constraints are applied to ensure that the optimized design
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meets all necessary safety and performance standards. These constraints include limitations on maximum allowable
deflection to prevent structural failure, ensuring sufficient strength to avoid buckling, and maintaining the overall cost
within a specified budget. By incorporating these multiple objectives into the optimization framework, the study aims
to find the most efficient design for the wind turbine tower, considering cost, performance, and sustainability. The
function aims to balance the quantities of these materials with their respective costs, ensuring the structure remains both
economically viable and structurally sound. By minimizing, we directly reduce the overall material expenses of the
tower, focusing on efficient material usage without compromising performance or safety. In practice, optimizing this
function involves adjusting the design parameters to reduce material quantities while maintaining the required
mechanical properties, such as stiffness, strength, and durability. The interdependency between concrete volume and
tendon tensioning is carefully considered to ensure cost-effectiveness at every stage of the design.

4.4. Constraints

The optimization process is subject to a set of constraints that ensure the structural integrity and functional
performance of the wind turbine tower. These constraints are derived from essential design requirements and govern the
behavior of the design variables. They ensure that the optimized solution meets the necessary safety, performance, and
durability standards. The primary constraints include:

e Natural Frequency: The tower's natural frequency must remain within specified limits to avoid resonance with
the turbine's operating frequency range. This ensures the structure's dynamic stability and prevents detrimental
vibrations.

e Local Buckling Limits: The design must prevent local buckling in any part of the tower. This constraint ensures
that the structural elements can withstand the applied loads without experiencing localized failure or deformation.

e Top Deflection Limits: The tower's maximum top deflection is restricted to prevent excessive sway or tilt under
wind loads and operational conditions. This constraint guarantees the operational reliability of the turbine and
maintains the required alignment for power generation.

o Allowable Compression Stresses: The compressive stresses in the concrete must remain within the allowable
limits to avoid material crushing or failure. This constraint ensures that concrete can support the applied loads
without exceeding its capacity.

o Allowable Tension Stresses: The tensile stresses in the pre-stressed tendons are limited to prevent overstretching
or failure. This constraint ensures that the tendons provide the necessary reinforcement while maintaining the
required safety margin.

Each of these constraints plays a critical role in guiding the optimization process, ensuring that the reduction in
material quantities does not compromise the tower’s structural performance. By carefully balancing these constraints
with the objective function, we achieve a cost-effective yet robust tower design.

5. Validation

This section validates the proposed wind turbine tower design by comparing it with the Muskulus & Schafhirt [20]
2004 LWST Phase | Project Conceptual Design Study by LaNier [21]. The 2004 study serves as a benchmark for hybrid
steel/concrete towers, assessing different design strategies for improving performance and reducing costs. By evaluating
the proposed pre-stressed concrete tower against the findings from LaNier’s study [21], this comparison aims to verify
the new design’s structural performance, stability, and cost-effectiveness. The analysis emphasizes the proposed
system’s innovative features and practical benefits, demonstrating its suitability for real-world implementation in wind
turbine tower engineering. Table 2 shows a comparison between results from the benchmark problem and the results
from the proposed integration system with a percentage between the differences of the results.

Table 2. Comparison between results from the LaNier section and the results from the proposed integration system with a
percentage between the differences of the results

Optimal Proposed

Behavior LaNier section % Difference

Section
Natural Frequencies 0.45 0.489 8.67%
Top Deflection Cm 41 45 9.76%
Max. compression MPa 14.8 15 1.35%
Max. Tension MPa 0.24 0.26 8.33%
Top Deflection Cm According to Earthquake 0.72 0.80 11.11%
Total Material Cost (R) 1573880 1962066 24%
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The proposed section was validated against LaNier's section, with key behavioral parameters compared. The natural
frequencies showed a slight increase of 8.67%, indicating improved vibrational stability. The top deflection under
regular conditions increased by 9.76%, remaining within acceptable limits. The maximum compression stress saw a
minimal rise of 1.35%, while the maximum tension increased by 8.33%, demonstrating enhanced load-bearing capacity.
Under seismic conditions, the top deflection increased by 11.11%, suggesting that the proposed section offers improved
resistance to earthquake-induced forces while maintaining structural integrity. The proposed section demonstrated a
significant 24% reduction in total material costs when compared to LaNier's section, highlighting a more efficient
utilization of resources. This reduction in material expenditure emphasizes the economic advantages associated with the
proposed design in comparison to LaNier's and MSC's [3, 21].

6. Case Study

To validate the optimization method's effectiveness, a case study was performed using real-world parameters from
the Eastern Sea Bridge Wind Farm in Shanghai, China, focusing on a 100-meter prestressed concrete tower designed
for a 3.6 MW XD wind turbine. The study involved comprehensive load analyses, including Extreme Operating Gust
(EOG), Extreme Wind Speed (EWM), seismic loading evaluated through multimode linear analysis, and second-order
moments. Site-specific conditions, such as a design basic wind speed of 42.5 m/s and terrain roughness classified as
category D as shown in the next table, were considered. The geometry utilized for this analysis was based on the
proposed system presented in Eissa et al. [2] as shown in Figure 7.

The case study was carried out to apply the proposed add-in with the BIM model for the design of a 3.6 MW wind
turbine tower, utilizing load information and an operational manual provided by the turbine's manufacturer, by the IEC
61400-1 standard [16]. This standard specifies several wind models that must be evaluated in wind turbine design. For
this analysis, two critical models were selected Extreme Operating Gust EOG and Extreme Wind Speed EWS as detailed
in the next Table. As per IEC 61400-1 [16], a load factor of 1.35 was applied to account for wind turbine loads under
extreme conditions. Both extreme wind speeds during non-operational periods and extreme gusts during operational
periods were evaluated to form the basis for the ultimate and service load combinations.

These combinations ensure that the tower is robust enough to endure extreme wind conditions, both while the turbine
is operating and while it is idle. Table 3 presents all the load combinations considered in this study, highlighting the key
conditions the tower must be designed to withstand.

Table 3. Technical parameters for the wind turbine

Rated power 3.5 MW
Rotor Diameter 115m
Cut in wind speed 2.5 m/s
Cut out wind speed 25.0 m/s
Rotor speed 13.2 rpm
Upper component 314912 kg
Tower height 100 m
Wind class IEC 1
Average wind speed 10 m/s

Extreme wind speed (E W M) 59.5 m/s

Gust wind speed (EOG) 35.1 m/s

The specifications of the geometry have been thoroughly described in the previous studies [2, 5], where the
proposed octagonal cross-section with internal ribs was detailed in terms of dimensions, tapering profiles, and stress
concentration mitigation strategies, furthermore, our proposed system a wind turbine tower with an octagonal pre-
stressed concrete cross-section—is used as a case study. The design includes internal ribs at the corners to improve
structural integrity and reduce stress concentrations. The modular structure allows for disassembly into eight larger
sections at the base and four smaller sections at the top, facilitating transportation and assembly. BIM (Revit) and Ansys
were utilized to create a full-scale 3D model of the tower, optimizing its performance under different load conditions,
as shown in the following figures (Figures 8 and 9) [2, 5]. This case study demonstrates how the design achieves an
efficient balance between material usage and structural strength, providing a practical and cost-effective solution for
wind turbine support.

533



Civil Engineering Journal

Vol. 11, No. 02, February, 2025

Figure 8. A wind turbine tower with an octagonal pre-stressed concrete cross-section (case study)
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Figure 9. Cross-section details for octagonal pre-stressed concrete (case study)
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After adding the plugin to Revit, the screen of Revit changes as shown in Figure 9 with the main three buttons.

o Data Entry: This step is the main idea of the add-in, at this stage, the user must fill in the remaining cells for the
exported Excel sheet from the previous step, as was described in section 4 — methodology.

o Import Excel Data: At this step, the user imports the previous Excel sheet to the 3D model that was created in
Revit in step number one. Once the Excel sheet is imported into the model, all the data is linked together with a
compatible model and ready for the next and final step.

7. Discussion and Calculate a Sheet

At this step, the add-in asks the user for the total available budget for maintenance at this round, and then the user
presses the calculation button. Then, the add-in is running and finds the optimum solution within this budget and the
most important objects with their components as shown in Figure 11. Finally, Table 4 shows the final output of the
integrated proposed system for all iterations done to arrive at the optimal solution of analysis with the corresponding
material cost for the optimal one as shown in Figure 12. The results mention multiple points that optimize the different
iterations of the design, such as material optimization performance, dynamic response characteristics, deformation
analysis, and stress distribution evaluation. Each point of these points will be discussed briefly and respectively at the
next words. At first, quantitative analysis of the tower optimization process demonstrated significant material reduction
efficiency across 14 iterative cycles. The concrete volume exhibited a systematic decrease from an initial quantity of
1117.5 m3 to a final optimized volume of 767.5 m3, representing a 31.3% reduction in material usage. The thickness
reduction was implemented in consistent 200 mm increments, allowing for controlled evaluation of structural response
at each optimization stage. This methodical approach to material reduction maintained critical geometric ratios while
achieving substantial improvements in material efficiency. Secondly, the fundamental frequency response exhibited
remarkable stability throughout the optimization sequence, maintaining values between 0.45 to 0.452 Hz, well within
the specified design parameters of 0.22-0.66 Hz as shown in Figure 13-a. Statistical analysis of frequency variation
across iterations showed a maximum deviation of less than 0.5%, indicating negligible impact on dynamic response
characteristics despite significant material reduction. This stability in frequency response suggests effective preservation
of the structure's dynamic properties throughout the optimization process. For the deformation analysis, structural
deformation metrics demonstrate predictable and controlled increases correlating with material reduction. Under
standard loading conditions, maximum deflection increased from 362.6 to 417.6 mm (15.2% increase), while combined
wind and seismic loading resulted in deflection progression from 711.9 to 720.9 mm (1.3% increase), as shown in Figure
13-b. Both parameters-maintained compliance with the 1% height limitation criterion across all iterations. The
differential between standard and combined loading deflection responses suggests effective load distribution
mechanisms were maintained throughout the optimization process. Finally, for the stress distribution evaluation, the
analysis of stress distribution patterns revealed systematic progression in both compression and tension domains.
Compressive stress magnitude increased from -8.07 MPa to -14.8 MPa (83.4% increase), while tensile stress exhibited
progression from 0.144 MPa to 0.246 MPa (70.8% increase). Both parameters demonstrated asymptotic behavior
approaching but not exceeding their respective design limits of 15 MPa and 0.25 MPa as shown in Figure 13-c. The
stress evolution patterns indicate optimal material utilization while maintaining structural integrity within prescribed
safety margins.
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Table 4. The output results of the case study for all iterations done by the proposed integration system
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8. Conclusions

A very strong tool has been created in this paper mainly for the designers of Pre-Stressed Concrete Wind Turbine
Towers to optimize their design to satisfy the actual stresses facing the body of the turbine with minimum cost. This
integration helps to calculate computational fluid dynamics (CFD), finite element method (FEM), and minimize cost in
building information modeling (BIM). The main idea of the research depended on facilitating data exchange between
finite element software (Ansys) and BIM software. A plugin created by C# has been created to solve a multi-objective
optimization problem to satisfy and minimize costs with suitable structural stiffhess to reduce vibrational wear on turbine
components. This plugin is easy to use as an add-in to the BIM software, which is very popular now in the design and
construction sector. Also, a validation of the proposed plugin has been illustrated with a common benchmark problem
to examine the plugin's performance and determine its accuracy. The results showed that the proposed integration plugin
is effective and applicable to use in the industry. A case study has been created and optimized in this paper, which
introduced multiple iterations of solutions and determined the optimum design that satisfies the different stresses with a
minimum budget. Finally, there are some main points summarized below as the conclusions of the research:

Optimization of wind turbine towers is necessary today to be an alternative source to the traditional sources.
Data sharing is the best tool to find the optimal solution to many different problems.
The accuracy of the proposed framework is acceptable to introduce it to the industry.

The proposed plugin helps the decision-makers find the optimal design with the minimum cost within a suitable
time related to the traditional method of design.

The IFC file is the perfect tool for sharing data within the integration of multi-software and disciplines.

Optimal design for the concrete wind tower, resulting in a 25% reduction in material costs for sections of the same
height compared to conventional alternatives.

Quantitative analysis of the framework's performance indicates substantial improvements in design optimization
efficiency, with marked reductions in computational processing time compared to traditional methodologies.

The demonstrated capability to simultaneously optimize structural performance and material utilization while
maintaining compliance with engineering standards represents a significant advancement in wind turbine tower
design.

These results establish a robust foundation for future research in sustainable energy infrastructure optimization,
while the validated computational framework provides practitioners with an empirically verified tool for
implementing cost-effective designs in industrial applications.

The successful integration of multiple analytical methodologies within a unified optimization framework represents
a significant contribution to the field of sustainable energy infrastructure design.

Finally, more benefits can be achieved by the proposed integration system as good collaboration and coordination
by depending on IFC files to facilitate the sharing of data between all software, which reflects on different goals of all
stakeholders. Improved the efficiency and accuracy in the design phase mainly by using this integration at structural
analysis and the environmental impacts at the same time which leads to minimizing the ‘probability of errors and rework.
Also, optimizing the performance of different turbines is considered. Finally, this integration targets the design phase
mainly to avoid the multi-change orders with their cost overrun and to avoid other crises from these changes.
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Appendix |
Steps of using the proposed Add-In

1. As a user | want to get the optimized iteration through Revit with the help of Ansys software
A. First you need to open Revit.

Choose your file or structure.

Click on the “Add-In” tab.

. Click on the “Run Ansys” button.

. You will need to choose the cost of concrete that you want to calculate with

You will need to choose the pre-stressed tendon that you want to calculate with

. Click on “One-step calculation”

I © " MOUO W

. The page will open for the optimized iteration

You can click on the “Run Ansys” button to run Ansys on your machine
2.As a user | want to walk through the iterations to get the optimized iteration through Revit with the help of Ansys
software
A. First you need to open Revit.
Choose your file or structure.
Click on the “Add-In” tab.
. Click on the “Run Ansys” button.
. You will need to choose the cost of concrete that you want to calculate with
You will need to choose the pre-stressed tendon that you want to calculate with

. Click on “Iterations calculation”

I O T Mmoo @

. Page will open for the current iteration with data

Click the “Next Iteration” button to get the next iteration

[

On the optimized iteration you can click the “Run Ansys” button to run Ansys on your machine.

The design code of Plugin

NAMESPACE Revit
DEFINE class ReadDataCommand implementing IExternalCommand
METHOD Execute (parameters: command data, message, elements)
// Initialize Revit application objects
GET UIApplication from command data
GET UIDocument from command data
GET Document from ActiveUIDocument

TRY
// Show custom window for file interaction
CREATE WindowView instance with UIDocument
DISPLAY the window (ShowDialog)

CATCH Exception ex
SHOW error dialog with the message

RETURN Result.Succeeded
### ** "App  Class**
‘“plaintext
NAMESPACE Revit
DEFINE class App implementing IExternalApplication

METHOD OnStartup (parameter: application)
TRY
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// Create ribbon panel and buttons for Revit add-in interface
CREATE RibbonPanel named "Ansys Plugin" on a new Revit tab
DEFINE button data "Upload Button" with properties: name, path, command

type
ADD button to ribbon panel with a specified image

CATCH Exception ex
SHOW error dialog with message

RETURN Result.Succeeded

METHOD OnShutdown (parameter: application)
RETURN Result.Succeeded

PRIVATE METHOD GetImage (parameter: name)
LOAD assembly resources
GET image from Resources using the specified name
CONFIGURE and RETURN BitmapSource image

### ** CustomMessageBox ' Class**
NAMESPACE Revit

DEFINE class CustomMessageBox inheriting Form
PRIVATE attributes: message label, okButton

CONSTRUCTOR CustomMessageBox (parameters: message, title, buttonName)
SET form properties (title, size based on screen, manual position)
INITIALIZE messagelabel with message text and style, ADD to form

IF buttonName is "Next"
INITIALIZE okButton with "Next", set style, and ADD to form
SET OkButton Click as click event handler
ELSE
INITIALIZE okButton with "Run Ansys", set style, and ADD to form
SET AnsysButton Click as click event handler

PRIVATE METHOD OkButton Click (parameters: sender, event)
SET dialog result to OK
CLOSE the form

PRIVATE METHOD AnsysButton Click (parameters: sender, event)
DEFINE ANSYS executable and project file paths
SET arguments for ANSYS executable to open project file

TRY

START ANSYS process with arguments
CATCH Exception ex

SHOW message box with error details

PUBLIC STATIC METHOD Show (parameters: message, title, buttonName)
INSTANTIATE CustomMessageBox with parameters
RETURN dialog result

### ** WindowView  Class**
NAMESPACE Revit

DEFINE class WindowView inheriting Window
PUBLIC attributes: uidoc, doc, visted
PRIVATE attributes: parameter dependancy, element dependancy string,
parameter cost, parameter id mapping

CONSTRUCTOR WindowView (parameter: UIDocument)
INITIALIZE uidoc with UIDocument
INITIALIZE doc with Document
CALL InitializeComponent to set up UI
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METHOD GetAllSteps (parameters: sender, event)
TRY
RUN script to generate output data
PARSE output data into iterations array
INITIALIZE headers array, totalMcDecrease, finalIlteration

FOR each iteration in iterations
IF iteration is first, SET headers
ELSE
PARSE iteration data and format output string
COMPUTE mcDecrease and update totalMcDecrease
DISPLAY iteration data with CustomMessageBox
UPDATE finallteration with latest iteration output

APPEND final statement to finallteration
DISPLAY final iteration summary with CustomMessageBox

CATCH Exception exc
SHOW error dialog with message

METHOD GetWithoutSteps (parameters: sender, event)
TRY
RUN script to generate output data
PARSE output data into iterations array
INITIALIZE headers array, totalMcDecrease, finallIteration

FOR each iteration in iterations
IF iteration is first, SET headers

IF iteration is the 14th iteration, process and format final iteration
data

COMPUTE mcDecrease and update totalMcDecrease
STORE output in finalIteration

APPEND final statement to finalIteration
DISPLAY final iteration summary with CustomMessageBox

CATCH Exception exc
SHOW error dialog with message

METHOD NumberValidationTextBox (parameters: sender, event)
VALIDATE that input text is a number

PRIVATE METHOD runScript
PARSE input values from UI text boxes
DEFINE script path and interpreter path
CONFIGURE process to run Python script with arguments

TRY
START process and capture output
RETURN output

For the python script:

FUNCTION calculation (parameters: country value, quantity conc, last Mc, MupCost)
TRY
CONVERT country value to float and assign to Muc
CONVERT quantity conc to float and assign to Qc
CONVERT MupCost to float and assign to Mup
SET constant Qp = 41.0

CALCULATE current Mc as (Muc * Qc) + (Mup * Qp)
CALCULATE ratio as 1 - (current Mc / last Mc)

ROUND ratio to 4 decimal places and multiply by 100

RETURN current Mc and ratio
CATCH ValueError exception
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PRINT error message with invalid input values
RETURN None, None

FUNCTION main (parameters: concreteCost, MupCost)
DEFINE results_file path with Excel file location

TRY

LOAD Excel data from results file path into sys results df DataFrame
CATCH FileNotFoundError exception

PRINT error message with missing file path

RETURN

SET init Cost =1
INITIALIZE outputString as an empty string

For each row (sys_row loop) and index in sys results df
IF index is 1
EXTRACT values from row at columns 5 to 9 and assign to ffLimit, tdLimit,
tdlLimit, tscLimit, test limit
APPEND values to outputString formatted as a single string

IF index is 3
CALL calculation with concreteCost, sys row loop at column 2, initial cost (1),
and MupCost
ASSIGN result to init Cost, discarding the second output

IF index is 3 or higher
EXTRACT values from row at columns 5 to 9 into variables ff, td, dl, tsc, tst
CALL calculation with concreteCost, sys row loop at column 4, init Cost, and
MupCost
ASSIGN first result to init Cost, second to ratio

APPEND formatted string of init Cost, ratio, ff, td, tdl, tsc, tst to
outputString

PRINT outputString, removing the last "@" character

IF _name  equals " main "
ASSIGN command line arguments to concreteCost and MupCost
CALL main with concreteCost and MupCost
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