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HIGHLIGHTS ABSTRACT

¢ 3D printing optimizes wind turbine blades for
greater cost-effectiveness and durability.

o The review emphasizes design optimization
to enhance aerodynamics and structural
efficiency.

o Challenges such as material limitations and
the need for structural integrity are identified.

o Al and hybrid manufacturing are proposed to

Wind energy has become an easy-to-harness source by converting captured wind
currents into electrical energy. Powerful and customizable wind turbines are used
to convert wind energy efficiently. However, wind turbine development in terms
of structure is still an active area of research aiming at efficiently building capable
and long-lasting turbines. Additive manufacturing technology, particularly 3D
printing, has revolutionized multiple industries, including its potential to create
wind turbine blades with high cost-effectiveness and optimizable shapes and rigid
structures. In this review, various 3D printing-based techniques, including Fused

address these limitations and reduce costs. Deposition Modelling (FDM), Continuous Fiber Reinforcement (CFR),
Stereolithography (SLA), and 3D Printing-enhanced Large-Scale Additive

ARTICLE INFO Manufacturing (LSAM), are examined in detail for complex and large-scale wind
turbine blade production. Materials used in 3D printing wind turbine blades, such

Handling editor: Migdam Chaichan as thermoplastic compositeg, epoxy fesins, and ﬁber-rgir}forced polymers, are
assessed with a focus on their mechanical strength, durability, and environmental

Keywords: considerations. Furthermore, the importance of design optimization and

customization for wind turbine blades, including aerodynamic and structural
design optimization, is emphasized. Customization for site-specific conditions,
Structural optimization infill structural optimization, and infill printing speed and cost are also discussed.
The review highlights the importance of structural optimization in developing
efficient and cost-effective 3D-printed wind turbine blades, customization for site-

3D printer

Infill structure

Additive manufacturing (AM) specific conditions, and infill structure. The review also mentions these
technologies' challenges, such as material limitations, surface finish quality, size
LSAM limitations, and structural integrity. Therefore, addressing these challenges to

utilize these technologies' potential fully is crucial.

1. Introduction

Renewable energy is derived from naturally occurring and replenishable sources that are not exhausted when used. These
energy sources are sustainable over the long term and have a significantly lower environmental impact compared to fossil fuels
and other non-renewable energy sources. Renewable energy technologies harness the power of nature to generate electricity,
heat, or other forms of energy. These technologies are environmentally friendly because they produce little to no greenhouse gas
emissions or air pollution during energy generation. Additionally, they are not subject to the same resource depletion issues as
fossil fuels, making them a sustainable and reliable power source for the future. The transition to renewable energy is crucial in
mitigating climate change and reducing dependence on finite fossil fuel reserves. For example, solar panels and photovoltaic
cells convert sunlight into electricity or heat for residential, commercial, and industrial applications without increasing global
warming. Similarly, energy from the movement of tides and ocean waves is captured to generate electricity apart from the energy
generated by the movement of water, typically by damming a river and/or directing the flow through turbines to produce
electricity.wind energy is another primary source of unlimited energy generation potential [1-3]. Wind turbines are a technology
used to capture and convert the wind kinetic energy into electricity. They consist of large rotor blades attached to a hub connected
to a generator. Wind turbines are mounted on tall towers to capture consistent winds at higher altitudes. The flowing wind
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currents over the curved rotor blades create a lift similar to an airplane's wings, causing blades to rotate at high speeds. In return,
this rotation leads to rotating the generator's shaft to produce electricity through electromagnetic induction. The produced
alternating current (AC) is converted to usable voltage and frequency and distributed to the electric network through power lines.
Wind energy is a renewable and sustainable energy source relying on the planet's natural wind patterns. Wind energy does not
produce greenhouse gas emissions or air pollutants while operating, making it an environmentally friendly alternative to carbon-
emitting fossil fuels [4]. Wind power utilization continues to grow as a significant source of electricity generation in many regions
worldwide [5]. Global cumulative wind power capacityy increased from 17 gigawatts (GW) in 2000 to over 837 GW by 2021,
according to the Global Wind Energy Council (GWEC). Currently providing about 10% of the world's electricity, wind energy
is essential to the shift to decarbonized power systems [6-7]. Wind turbines are an essential source of clean energy, harnessing
wind energy into electricity. The blades of wind turbines capture and convert the wind energy into rotational energy to induce
the turbine generator to produce electrical power. Thus, wind turbine blades must meet several criteria for efficiency, including
lightweight, resistance to extreme fatigue loads, constrained tip deflections, avoidance of resonances, and cost-effectiveness [8-
9]. Producing efficient blades with such criteria is challenging and may come at the expense of giving up some structural
specifications. Therefore, selecting the optimal material and geometric properties with further optimization is key to enhancing
the blades’ efficiency and reducing the overall cost of wind turbines. Wind turbine blades are fabricated using additive
manufacturing techniques, which offer rapid prototyping, efficient tooling and fabrication, and accurate testing while allowing
top-notch design and flexible process configurations. AM also provides reduced material waste and tooling expenses, thus
increasing cost-effectiveness. Polymer-based AM, in combination with composite materials, is the most used in manufacturing
wind turbine blades [10]. 3D printing has emerged as a revolutionary AM technique. Unlike traditional manufacturing techniques
that involve cutting, drilling, or machining, 3D printing builds high-fidelity objects layer by layer, guided by codes of digital
designs. 3D printing provides many benefits, including better design possibilities, remarkable ease of producing intricate and
detailed geometries, and reduced need for surface-finishing [11-12]. 3D printing involves placing and consolidating materials
layer-by-layer, depositionsing a Computer-Aided Design (CAD) file sliced into thin cross-sectional layers [6-9], illustrated in
Figure 1. Layers are sequentially printed and solidified using specialized machines or 3D printers that employ different
techniques, such as powder bed fusion, material extrusion, or directed energy deposition [10-12].

The choice of approach depends on the used material, the desired resolution, and the application requirements. Interestingly,
3D printing allows the production of one-off parts with minimal setup cost [13]. Thus empowering designers and engineers to
create leading-edge geometries, lightweight structures, and personalized products customized to individual needs. Since 3D
printing is an additive process with highly localized material deposition, it results in substantial material savings and
environmental advantages. 3D printing is used for localized manufacturing (on-site) to cut transportation costs and reduce carbon
emissions of extended supply chains. Designing and optimizing wind turbine blades involves considering many elements to
enhance the sustainability and overall efficiency of the blades. The application of modern mathematical modeling and simulation
equipment in various engineering disciplines, along with additive manufacturing, has facilitated the enhancement of wind turbine
blade design. This improvement has resulted in better acrodynamic performance, enhanced fatigue resistance, and the ability to
customize the size and durability of the blades. The optimization objectives encompass reducing weight and cost, enhancing
aerodynamic efficiency, increasing power output, minimizing noise generation, improving structural performance, and achieving
feasible designs under specific restrictions. The design optimization system employs many optimization techniques, including
multi-objective optimization, particle swarm optimization, genetic algorithms, and finite element analysis, to enhance the
performance of wind turbine blades. The optimization techniques consider several design variables, such as chord, twist angle,
blade material thickness, cross-sectional area, radius of gyration, length of each section, and fiber angle of blade layer, to achieve
the optimization objectives [14]. The design and optimization of wind turbine blades also incorporate the utilization of various
materials, such as thermoplastic composites, epoxy resins, and fiber-reinforced polymers, to enhance the structural efficiency of
the blades. Utilizing 3D printing techniques such as Fused Deposition Modeling (FDM), Continuous Reinforced Fibers (CRF),
and Stereolithography (SLA) is the most efficient method for producing wind turbine blades. This approach offers high design
flexibility, improved performance, and reduced costs. It has the potential to contribute to the sustainable development of wind
energy sources, minimize waste, and reduce carbon emissions, as well as offer design flexibility and customization options for
optimizing wind turbine blade performance . The novelty of this work lies in the comprehensive review of various manufacturing
technologies and optimization methods for wind turbine blades, focusing on 3D printing techniques, continuous fiber
reinforcement, and structural design optimization. The work contributes to the existing literature by providing a clear and concise
overview of the state of the art in wind turbine blade manufacturing and optimization, focusing on innovative technologies and
methods that can lead to improved performance and sustainability. The review aims to highlight the potential of these
technologies in improving performance and sustainability The review aims to highlight the potential of these technologies in
improving the performance and sustainability of wind turbine blades by comparing and evaluating different optimization methods
and techniques used to enhance wind turbine blades.
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Figure 1: Illustration of wind turbine blade 3D printing steps

2. Additive manufacturing techniques for wind turbine blade

Additive Manufacturing (AM) techniques, particularly 3D printing, offer the most efficient approach to producing wind
turbine blades with high design flexibility, improved efficiency, and reduced costs. This section explores different 3D printing-
based techniques used to manufacture wind turbine blades.

2.1 Fused deposition modeling (FDM)

FDM is a 3D printing-based technique that extrudes melted materials selectively, following an encoded printing path to build
multi-layer structures [15-16]. Long thermoplastic polymer filaments are used as a printing ink to develop 3D objects. The
filament is preheated at the printing head and extruded through a nozzle with a specific diameter. The printing head moves in
three degrees of freedom (DOF) along the x-y-z axis of the plane of printing Figure 2.

Liquifier headx
Extrusion nozzles@‘t>
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Figure 2: Schematic of the FDM process [17]

The materials are deposited within a defined printer stage, specified by known machine and material parameters within G-
code instructions [16,18]. FDM was suggested for printing wind turbine blades using highly extrudable polymers, such as
acrylonitrile butadiene styrene (ABS) or polycarbonate (PC) [19,20]. FDM has become popular in manufacturing wind turbine
blades due to its low cost, reduced wastage, and efficient and easy mode operationality. FDM was used to produce cross-axis
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wind turbine blades and their supporting parts using ABS [21]. FDM was also used to produce a blade of ABS with efficient
airfoil [22]. Most recently, FDM was also used to 3D print blades of PLA for low-wind-speed applications of wind turbines,
which showed high efficiency when tested in a wind tunnel. The FDM system required 6-12 hours to produce the one-meter-
long PLA blade, showing FDM’s high cost-effectiveness [23]. However, using FDM for wind turbine blade manufacturing faces
different challenges. FDM is limited to printing thermoplastic polymers, which may not have strength and durability similar to
traditional materials (i.e., fiberglass and carbon fiber composites) used to produce wind turbine blades [24-25]. Besides, FDM-
produced products have limited surface quality, which may induce high surface roughness that does not support the required
aerodynamic performance of wind turbine blades . The limitation of the printing platform and nozzle diameter may significantly
limit the size of the produced wind turbine blades, which can reach 50 meters in length. Moreover, FDM-produced blades may
have low structural integrity (weak points or voids), affecting their overall structure and performance [26]. Therefore, despite
the advantageous use of FDM technology to produce low-cost and less wastage wind turbine blades, limitations of materials,
surface finish quality, size, and structural integrity must be addressed to utilize the technology further.

2.2 Continuous fiber reinforcement

CFR is a Fused Filament Fabrication (FFF) printing technique that involves the embedment of reinforcement fibers in matrix
materials to form composite-based products with enhanced strength and performance. The technique allows the precise and
flexible orientation of individual layers of the diversly reinforced composite laminate, targeting superior mechanical properties
[27]. Thus, CFR is used in many fields to manufacture high-strength, lightweight, and durable end-products and has been
explored along with automated fiber placement (AFP) to fabricate wind turbine blades with high strength and stiffness and
elongated fatigue resistance. For example, the embedment of continuous carbon or glass fibers into the 3D-printed composite-
based blades considerably improved their performance and durability [11-34]. Besides improving the mechanical properties,
CRF-produced products have better shape fidelity and thermal properties, which makes CRF useful for diverse applications.
Interestingly, the core concept of CRF can be adopted to improve the capacity of the existing printers, including FDM-based
printers. Recently, CFR was integrated into different desktop 3D printers, where highly flexible desktop printers showed
increased potential for creating lightweight complex parts [28]. However, disposed of CRF-produced products are challenging
to recycle. Thus, exploring methods to better reuse CRF-based materials, including disposed wind turbine blades, is deemed
necessary.

2.3 Stereolithography (SLA)

SLA is a resin-based 3D printing additive manufacturing technology that utilizes photopolymerization, where resin
polymerization (chemical crosslinking) is initiated by wavelength of light, typically ultraviolet (UV) light. Herein,
photopolymerization allows a localized and instant resin transformation from liquid to solid Figure 3. Post-photopolymerization
of a layer, the built printing platform moves downwards progressively to photopolymerize the second layer with slightly different
light beam patterns, eventually constructing well-detailed high-resolution 3D objects [23,29]. For example, SLA was recently
used to print three wind turbine blades with a diameter of 1.5 m (158 g each) in one go within 12 hours, indicating the applicability
of SLA to print scalable and cost-effective blades rapidly. Therefore, the SLA technique has great potential to build complex
blade architectures with efficient geometries and smooth surfaces for efficient wind energy conversion into electrical energy.
However, the current mechanical and structural properties of SLA-printed blades may be limited to the nature of the resin
materials used, which is a promising research area to explore.

Laser

Scanning Mirrors

Laser Beam

Figure 3: Schematic of stereolithography (SLA) [26]

2.4 3D Printing-enhanced large-scale additive manufacturing (LSAM)

LSAM is a lining of different AM techniques brought together to produce complex and large structures and components
(known to be challenging to produce using traditional approaches) to advance the capacity of aerospace, automotive, and
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construction industries. 3D printing is implemented within LASM processes, such as large-scale automated blade manufacturing
lines, in combination with in situ thermowelding, robotic-assisted machining, and spray coating. In wind turbine blade LSAM,
3D printing takes part in extruding thermoplastic materials onto a blade-like build platform Figure 4 (A- the process of printed
side section of blade, B- assembled blade mold, C-high/low pressure mold after assembling) and Figure 5, which is also 3D
printed using big area additive manufacturing (BAAM)-based printer [30]. Besides building massive blade molds, 3D printing
can create blade core structures and coreless blade tails in 3D Printing-enhanced LSAM lines [28]. Combined, 3D printing-
enhanced LSAM offers rapid production, lower material costs, and improved properties besides being customizable and
upgradable [31]. This study covers advanced 3-D printing methods employed for the production of wind turbine blades, including
Fused Deposition Modeling (FDM), Continuous Fiber Reinforcement (CFR), Stereolithography (SLA), and Large-Scale
Additive Manufacturing (LSAM) processes specifically tailored for 3-D printing. Fused Deposition Modeling (FDM) is a
technique that uses 3D printing to extrude melted materials selectively. On the other hand, Carbon Fiber Reinforcement (CFR)
involves embedding reinforcement fibers in matrix materials to create composite products that have enhanced strength and
performance. SLA is a 3D printing technology that uses resin and photopolymerization. LSAM is a combination of many additive
manufacturing processes used to create intricate and huge systems and components.

Figure 4: (A) Printed side section using BAAM printer (B) Assembled units of high-pressure blade mold
(C) High- and low-pressure blade molds after assembling and machining for wind turbine blade
manufacturing [30]
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Figure 5: Illustration of an LSAM-based factory for automated wind turbine blade manufacturing [31]
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3. Materials for additive manufacturing of wind turbine blade

Materials selection and design for blade printing are vital to ensure the optimal mechanical strength, durability, and fatigue
resistance required for high efficiency and reliability. Materials selection also aligns with cost-effectiveness, performance
requirements, and environmental considerations [10-12]. This section reviews materials commonly used in wind turbine blade
manufacturing and their specification to meet the needs of wind energy applications.

3.1 Thermoplastic composites

Composite materials combine two or more materials with different properties and configurations, aiming to develop
materials with unique physical properties and overall performance. Reinforced composite materials are commonly used to
manufacture wind turbine blades due to their high strength-to-weight ratio. Composite filaments with high fiber content used for
3D printing can be challenging to print. Issues like nozzle clogging may arise due to the high reinforcement content, making it
essential to optimize printing parameters, which can reduce printing speed and accuracy and alter the overall printability.
Moreover, products made with thermoplastic composites are challenging to recycle; thus, they require proper materials selection
to increase reuse and recyclability. In an exciting study, Murray [33] described manufacturing a 9-meter thermoplastic composite
wind turbine blade using a vacuum-assisted resin transfer molding process Figure 6. The blade was made using Johns Manville
fiberglass and an Arkema thermoplastic resin called “Elium”. The author highlights the development of thermoplastic resin
formulations, including an additive designed to control the peak exothermic temperatures. Infusion and cure times of less than 3
hours are also demonstrated, highlighting the efficiency and energy savings of manufacturing thermoplastic composite blades.
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Figure 6: Nine-meter thermoplastic composite blade [33]

3.2 Epoxy resin

Traditionally, wind turbine blades are manufactured using a labor-intensive process of molding and curing fiber-reinforced
composites, such as fiberglass or carbon fiber, in a large-scale production setup. However, additive manufacturing techniques
utilizing epoxy resins offer the potential for more efficient and cost-effective blade production [34]. Epoxy resins are
thermosetting polymers with excellent mechanical properties, high strength, and chemical resistance [35]. These resins can be
combined with reinforcing fibers, such as carbon or glass, to form composite materials with enhanced structural performance .
Additive manufacturing with epoxy resins allows placing these reinforced materials precisely, resulting in optimized load
distribution and improved overall blade performance.Wind turbine blades are exposed to significant stresses from their
movement, wind, and environmental factors such as temperature cycling, humidity, and bird strikes while in operation. Failures
of these composite blades have been attributed to fiber/matrix delamination and cracking. Jacob et al. [36] has made significant
technical advances to understand the critical resin formulation attributes required for use in wind turbine blades and provide
solutions to address these failures, as illustrated in Figure 7. They have achieved this by understanding the critical resin
formulation attributes required for use in wind turbine blades and leveraging key novel technologies developed within their
Epoxy Systems.
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Figure 7: Summary of infusion resin needs in wind turbine blade composites [36]

3.3 Fiber-reinforced polymers (FRPs)

The use of carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers (GFRP) has proven to remarkably
improve wind turbine blade manufacturing, leading to a high strength-to-weight ratio and excellent fatigue resistance [28, 31,33-
39]. Continuous fiber reinforcement or chopped fibers are used to enhance the ink material properties to enable the production
of complex geometries.

4. The Importantce of advanced material

The following points highlight the importance of advanced materials, surface finishing, and cost-effectiveness in the design
of wind turbine blades.

4.1 Advanced materials

The utilization of modern materials, such as thermoplastic composites, epoxy resins, and fiber-reinforced polymers, can
augment the mechanical characteristics, longevity, and resistance to fatigue of wind turbine blades, resulting in enhanced
efficiency and dependability. These materials can be integrated with additive manufacturing techniques like 3D printing to
fabricate intricate and lightweight blade structures [40-41].

4.2 Surface finishing

Adopting advanced materials and surface finishing techniques can effectively minimize the requirement for supplementary
finishing procedures, resulting in cost reductions and enhanced performance. 3D printing processes, such as FDM and CFR, can
produce surfaces with excellent surface quality and decreased roughness. This is essential for optimizing the aerodynamic
performance of wind turbine blades [42].

4.3 Cost-effectiveness

Applying modern materials and surface finishing processes can save costs during manufacturing by minimizing the
requirement for extra materials, processing stages, and assembly procedures. In addition, using additive manufacturing methods
may reduce material wastage and lower production expenses, enhancing the affordability and accessibility of wind turbine blades
[43]. Further research and development are required to ascertain the characteristics of wind turbine blades only by utilizing
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advanced materials, surface finishing techniques, and cost-effectiveness. This may involve exploring novel materials, surface
finishing processes, and optimization methodologies that may improve wind turbine blades' overall performance and cost-
effectiveness. Additionally, establishing defined suggestions and certification procedures special to additive production-
produced wind turbine blades might assist in ensuring beneficial dependability and safety, simplifying widespread use, and
boosting the growth of the wind strength industry.

5. Design optimization and customization in wind turbine blades

Proper design optimization must be carried out to develop efficient and high-performance wind turbine blades. The advances
in mathematical modeling and simulation tools used across different engineering fields and additive manufacturing allowed
better wind turbine blade design optimization with enhanced aerodynamic performance, improved fatigue resistance, and
customized size and durability. This section provides insights into the design optimization and customization used for 3D printing
wind turbine blades. Studies covered have employed different optimization methods, such as multi-objective optimization,
particle swarm optimization, genetic algorithms, and finite element analysis, to improve wind turbine blade performance. The
optimization goals include reducing weight and cost, enhancing aerodynamic efficiency, increasing energy production,
minimizing noise production, improving structural performance, and achieving feasible designs within specific constraints [14-
20,44-60], as summarized in Table 1.

Table 1: The optimization method and technique used to enhance the wind turbine

The results Design variable Objective function Optimization method Ref.
The blade noise was reduced by 3.1 dB,  Airfoil, chord, length, twist  Structural strength,  Particle swarm optimization [14]
and the power coefficient was increased  angle stiffness, noise reduction
by 6.9%

The SG6043 airfoil has the highest  Selected ten low Reynolds  Increase power coefficient  Differential evolution [15]
power coefficient, while the BW-3 airfoil ~ number airfoil and decrease startup time algorithm
has the shortest startup time.
Enhance the dynamic characteristics of ~ Cross-sectional dimension  Minimization of the total  Sequential quadratic [16]
the optimized spar structure and material properties  structural mass of the blade = programming (SQP)
along the spanwise direction  and reduction of the overall
of the blade spar. vibration level
The minimization of mass required more ~ The number and location of =~ Minimize the weight and = Combing FEM and multi- [17]
(CFRP), while the minimization of the layers in the spar cap cost of the blade objective evolutionary
cost required an excellent arrangement of ~ The width of the spar cap algorithm
(GFRP) combined with (CFRP) The position of the shear
webs
The result is a lighter blade, lessening the ~ No ply in the spar cap Reduce weight genetic algorithm [18]
wind turbine's applied load. This will ~ No ply in the skin
have a significant impact and cause the ~ No ply in the root
weight of the turbine system design  No of ply in the shear web
optimization process to be reduced Shear web location
Shear web foam thickness
The optimization results indicate = Chord, twist angle, blade Increasing the annual  Multi-objective algorithm [19]
significant improvements in the  material thickness energy production (AEP) (NSGA)II
aerodynamic and structural and reducing blade mass
performances of the blades when a
commercial 1.SMW wind turbine blade
is used as a case study.
A Dblade structure with enhanced  The blade linearization  Multiple tip speed ratio Simulated annealing algorithm [20]
aerodynamic efficiency at all wind  parameters (chord length, (TSRS) to satisfy the (SA)
speeds below the rated wind speed was  chord profile slope, and  optimal aerodynamic
generated after the blade geometry was  twist profile) efficiency at various wind
adjusted using the linearization speed
parameter ranges discovered through the
analysis.
The results shown enhance the resistance ~ Number of layers of glass ~ Reduction blade mass Finite element analysis [44]
of static and dynamic load with risen the ~ fabric and mat
number of layers and reduction in the
blade tip
The findings demonstrate that, when  The cross-sectional area, = Maximum frequency Non-linear mathematical [45]
compared to a reference or baseline radius of gyration, and programming
design, the methodology used in this  length of each segment
study is effective and yields better
designs.
Modal analysis was used to verify the  Blade element chord, twist ~ Dynamic performance  MATLAB tool [46]
blade's dynamic performance, serving as  angle analysis
a guide for structure design and other
evaluations.
The outcomes demonstrate that the  Aerodynamic and Increasing annual energy (PSO) algorithm [47]

modified blade performs more
aerodynamically and structurally than
the previous one.

structural parameters

production (AEP)
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Table 1: Continued

The results Design variable Objective function Optimization method Ref.
The outcomes demonstrate that the first Thickness of material Reduce the mass ANSYS software [48]
blade model was an infeasible design
due to a high amount of maximum
stress, surpassing the top limit of the
stress constraint. However, gradually,
the process converged to a feasible
solution at the cost of increased total
blade mass.
The findings enabled us to identify the (Thickness Reduce the mass and The weighted sum method and [49]
ideal  geometric  and  material of shell, thickness of shear minimize the vertical modified genetic algorithm
characteristics for a wind turbine blade webs, and thickness of ribs deflection of wind turbine
blade
Maximizing annual energy production Chord, twist angle, Spar To optimize a wind MATLAB tool [50]
frequently results in significantly cap thickness turbine rotor: maximizing
inefficient designs (in terms of energy AEP, minimizing
cost), even after the internal structure the ratio of turbine mass
has been adjusted to AEP and minimizing
cost of energy
The findings show that employing the multiple optimize the greedy algorithm [51]
suggested greedy algorithm rather than hub height wind turbines wind turbine layout
the genetic algorithm results in cheaper
processing costs and more optimized
outcomes
It produces an aerodynamic design that Distributions of the chord, maximize the energy (NSGA-II [52]
is more friendly to the blade's structure twist, and  thickness production  of  wind (QMEA
by distributing loads and stresses evenly throughout the blade span turbines and minimize the (MOEA/D), (MODE)
over the blade span and preventing mass of the blade
stress concentration areas.
The findings demonstrate that the blade shape parameters minimize the cost of aerodynamic/aero-elastic code [53]
optimization model can lower the energy
energy cost of the original rotors,
particularly for the 2 MW and 5 MW
rotors under investigation
The findings demonstrate that raising geometric  characteristics minimize the cost of multi-level  system  design [54]
the rated power always increases the of the blade energy (MLS) algorithm
cost of energy
The calculated results demonstrate the The thickness and the Minimum blade mass to Improved  particle  swarm [55]
model's effectiveness and potential as location of the layer on reduce the cost of wind optimization  (PSO)  with
an ideal design tool for engineering spar caps turbine production (FAST) code
design.
The influence of the power coefficient For different blade angles, Maximum power Blade element momentum [56]
for various blade angles, tip speed tip speed ratio, the ratio of coefficient (BEM)
ratios, ratios of drag and lift the coefficient of drag and
coefficients, and blade solidity are coefficient of lift, and
described, and the optimal set value is blade solidity
achieved.
The findings demonstrate that the the thickness of laminates, The minimum mass for PSO algorithm and FE program [57]
optimized blades' mass is lowered when the thickness of the the wind turbine blade
compared to the initial blade, with the unidirectional laminate, the
position of the blade spar cap being one thickness of the bi-axial
of the parameters that shows the most laminate, and the thickness
significant mass savings of the tri-axial laminate
To maximize the amount of wind the pitch angle and optimization of power Evolutionary computation [58]
energy captured and improve the quality generator torque factor and power output algorithm
of the electricity, it is demonstrated that of wind turbines
the pitch angle and generator torque
may be regulated
The research clearly illustrated the Spar caps and trailing edge Minimization cost of MATLAB tools [59]
difficulties in meeting the demands for thickness energy
strength, durability, and stiffness while
maintaining high wind-energy capture
efficiency and low production costs.
Decrease in blade mass The sequences of Reduce blade mass ANSYS software [60]

materials, ply, and spar
thickness

The table appears to be a compilation of research findings about enhancing wind turbine blade performance. The research
encompasses different blade design aspects, including aerodynamic performance, structural integrity, materials choice, and
manufacturing factors. Various optimization methods, including particle swarm optimization, genetic algorithms, differential
evolution, and simulated annealing, were employed to improve performance measures such as power coefficient, startup time,
structural mass, and aerodynamic efficiency. The studies highlight the significance of considering many objectives, such as
optimizing annual electricity production, reducing blade weight, and limiting power cost, during the design optimization. The
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study emphasizes the intricate and interdisciplinary aspects of optimizing wind turbine blades. The interaction between design
elements, objective features, and optimization methodologies is essential for achieving the desired overall performance
outcomes. The study showcases the application of advanced computational methods, such as finite element analysis, genetic
algorithms, and evolutionary computation, to address the challenging issues associated with designing and optimizing wind
turbine blades. The literature study provides valuable insights into the current advancements in wind turbine blade optimization
and the various methodologies researchers employ to improve the efficiency and cost-efficiency of wind power systems. The
results emphasize the significance of employing integrated and multi-objective optimization methodologies in developing
environmentally friendly and economically feasible wind turbine blades.
The impact of the provided review is significant as it contributes to the knowledge base in the following ways:

1)  In-Depth Analysis of Additive Manufacturing Techniques: The review provides a comprehensive analysis of the
application of additive manufacturing techniques, such as Fused Deposition Modeling (FDM), Continuous Fiber
Reinforcement (CFR), and Stereolithography (SLA), in the production of wind turbine blades. It offers detailed insights
into these techniques' advantages, limitations, and potential, thereby enhancing the understanding of their suitability for
wind energy.

2)  Focus on Material and Surface Finishing Challenges: The review addresses the challenges related to advanced
materials, surface finishing, and cost-effectiveness in the context of additive manufacturing for wind turbine blades. By
highlighting the limitations and opportunities associated with these factors, the review offers valuable guidance for
researchers and industry professionals seeking to optimize wind turbine blade production's structural and economic
aspects.

3) Novelty in Addressing Site-Specific Durability and Customization: Unlike other related reviews, this paper
emphasizes the importance of site-specific durability testing and customization in wind turbine blade design. By
integrating discussions on thermal residual stress, leading edge erosion, and infill structure optimization, the review
offers a holistic perspective on the factors influencing the performance and longevity of wind turbine blades in diverse
environmental conditions.

4)  Practical Implications for Manufacturing and Design: The review's emphasis on the practical implications of additive
manufacturing techniques, such as rapid production, lower material costs, and improved properties, makes it a valuable
resource for industry practitioners and decision-makers. The detailed analysis of 3D printing-enhanced Large-Scale
Additive Manufacturing (LSAM) further underscores the potential for scalable and cost-effective blade production,
thereby contributing to advancing wind energy technologies.

5.1 Aerodynamic design optimization

Shape, twist, and airfoil profile for efficient wind energy conversion. Simulations and optimization algorithms of
computational fluid dynamics (CFD) are also used to assess and enhance wind turbine blade designs [59-61]. For example, a
recent study examined the behavior of multi-cross-section horizontal axis wind turbine HAWT blade designs with and without
fences. Blades with three different airfoils (along the blade radius) were developed and compared to a single-cross-sectional
blade Figure 8(a-NACA4412 cross-section b-multi-cross section blades c-multi-cross section with fenes). Numerical analyses
using BEM theory, CFD, and experimental tests indicated that multi-cross-sectional blades demonstrated superior performance,
achieving an 8% increase in power coefficient for a miniature wind turbine and even more significant improvements for more
giant turbines. Additionally, fences designed using boundary layer theory and strategically positioned on the multi-cross-
sectional blades showed impressive results, yielding a 16% increase in total power coefficient and enhanced flutter stability.
Thus, using such techniques is essential to design blades with maximized energy capture, minimized turbulence, and reduced
aerodynamic losses, thus promoting the overall efficiency of wind turbines.

) () ©

Figure 8: (a) NACA4412 cross-section blades (b) multi-cross-section blades (c¢) multi-cross-section
blade with fences [61]
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5.2 Structural design optimization

The design of a wind turbine blade plays a crucial role in achieving successful structural performance, including weight and
cost reduction, resistance to extreme and fatigue loads, constrained deflections, and avoidance of resonances. Optimizing blade
design becomes increasingly essential as wind turbines increase in size, rated power, and load capacity. The primary function of
a wind turbine is to capture wind energy and generate electrical power efficiently. The optimization of each component’s
efficiency during the design process is essential to achieve this goal. However, as wind turbine rotor size grows, structural
performance and durability constraints become more challenging. Therefore, researchers have proposed various goals,
approaches, algorithms, tools, and models to address the optimization challenge in wind turbine design . Structural optimization
is crucial in developing efficient and cost-effective 3D-printed wind turbine blades. By establishing suitable objective functions,
carefully selecting design variables, and imposing necessary constraints, engineers can craft wind turbine blades that
simultaneously enhance energy capture, reduce weight, and adhere to a spectrum of operational and safety prerequisites.
Structural design optimization also aims to improve wind turbine blades’ structural integrity and reliability while minimizing
weight [62,63]. A structural analysis utilizing the Finite Element Method is conducted to validate the design’s strength in extreme
loading scenarios. To demonstrate the effectiveness and reliability of the invention, a practical case study is carried out using a
commercial 2.1-megawatt HAWT blade. Thus, applying structural optimization algorithms helps designers identify the optimal
distribution of materials, thicknesses, and reinforcement patterns to balance strength, stiffness, and weight.

5.3 Customization for site-specific conditions

Site specificity is also an essential design criterion for wind turbine blades to meet the best outcome harnessing energy. Wind
speed, direction, turbulence, frequency, and environmental conditions can significantly influence turbine performance. A wind
turbine site suitability test is performed before the design process to ensure the turbine body and blades have high site-specific
durability against erosion, thermal residual stress, and other conditions for a longer product life cycle [36, 61, 64]. Customization
may also involve modifying blade length, shape, and profile and incorporating adaptive features to optimize performance under
varying wind variations.

5.4 Infill structure

Infill 3D printing is also used to build the interior structure of wind turbine blades with optimized structures of pattern or
lattice. Infill helps customize the mechanical, structural, and functional properties of the 3D-printed object while minimizing
material consumption and printing time.

5.4.1 Infill structural optimization

The infill pattern and density choice can influence wind turbine blades' strength, stiffness, and resistance. Different lattice
patterns, such as honeycomb, gyroid, octet, triangle, and rectilinear, are currently used to achieve favorable mechanical
characteristics. For example, square grid, honeycomb, and iso-grid lattice patterns and their rotated counterparts Figure 9(a,b-
sequare grid ¢,d-Honeycomb grid e,f-Iso grid ) were used to print ABS-reinforced carbon fibers to evaluate the lattice behavior
under uniaxial compression (30% strain). It was found that the square grid pattern presented excellent oscillating stress—strain
(11.5 MPa), the iso-grid pattern presented high peak stress (10 MPa), and the honeycomb pattern showed low initial stiffness
[65]. It is crucial to notice that the orientation (0°/90° directions, —45°/+45¢ directions, and vertical/horizontal) of these grids can
also significantly impact the object’s mechanical properties. In a study by Galvez, Olivar et al. [66], a homogenized infill was
developed as a promising substitute for the traditional spar cross-section turbine blades.

Square grid Honeycomb Iso grid

(A) ()

(B) (D) @)

0000000

Figure 9: 2D lattice patterns are grouped by three grid patterns (A, C, and E) and their rotated counterparts
(B, D, and F) [67]
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While the optimal orientation of the infill relative to the blade’s horizontal direction appears to be 0 degrees, the inconclusive
trend prevents deformation, confirming this angle as the ultimate best infill orientation Figure 10. Similarly, Cabreira and Santana
[67] explored how different infill patterns, using PLA affect the mechanical properties of the 3D objects. Impact resistance and
tensile strength were tested with Rectilinear, Honeycomb, Triangle, and Grid patterns. Results show significant variations, with
a rectilinear pattern deemed most economically advantageous [68]. On the other hand, the infill density plays a significant role
in determining the mechanical properties of 3D printed structures. Infill density optimization is meant to specify the solidity of
the structure, where objects with 50% infill density (partially solid) or lower can still provide the optimal needed mechanical
properties while being cost-effective and easy to print [69-70]. In a recent study, Bolat and Ergene [70] explored the structural
properties of PLA parts produced via FDM. The study mainly examined the impact of infill density on PLA behavior and found
that an infill density of 40% had the lowest hardness and surface roughness, which increased with increasing the infill density
(70% and 100%) [71]. This study and similar studies suggest the importance of customizing the infill density before printing
wind turbine blades.

C

Figure 10: Three different models of blade: a-solid blade
b-shell, spar, and c-shell-infill [66]

5.4.2 Infill printing speed cost

Printing with fewer infills can significantly reduce the print time and needed materials, leading to faster production and
lower costs for large-scale manufacturing. For example, a study by Sharif et al. [71] concentrated on evaluating the mechanical
properties of PLA using FDM with optimized printing parameters like speed, layer thickness, and infill density. The study
demonstrates higher impact strength with 80% infill density, 0.1 mm layer thickness, and a 100 mm/s printing speed Figure 11.
An ANOVA analysis highlights the significance of these parameters, with infill density having the most significant impact on
impact strength, followed by layer thickness and printing speed.
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Figure 11: Effect of infill density and printing speed on impact strength [71]
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6. Future suggestions

To summarize, the future of wind turbine blade manufacturing is promising, with advancements in materials, manufacturing
techniques, and design optimization. Key areas for future research and development include:

1) Integration of Circular Economy Principles: The assessment demonstrates the use of circular economic system
principles in the 3D printing of wind turbine blades to reduce waste and promote sustainable production methods. The
circularity of 3D-printed wind turbine blades can be achieved by including recycled materials, implementing closed-
loop production methods, and adopting end-of-life recycling strategies.

2) Life Cycle Assessment (LCA) Studies: Future research needs to be conducted on conducting comprehensive existence
cycle evaluation studies to assess the environmental impact of additively manufactured wind turbine blades. This would
assist in quantifying the advantages of 3D printing in terms of decreased energy intake, lower carbon emissions, and
extended product lifestyles compared to conventional production methods.

3) Standardization and Certification: There is a desire to improve standardized hints and certification procedures
particular to additive production-produced wind turbine blades. This would make certain high-quality, reliable, and
protected, facilitating wider adoption and selling the increase of the wind electricity industry.

4) Advanced Design Optimization Methods: Further studies are warranted to discover superior design optimization
strategies, which include artificial intelligence, machine studying, and multi-physics simulations, to enhance the overall
performance and durability of additively synthetic wind turbine blades.

5) Material Innovation and Testing: Continued innovation in materials, which includes the improvement of bio-based
totally and recyclable polymers, in addition to superior testing techniques, may be vital to improving the structural and
environmental performance of 3D-revered wind turbine blades.

We can expect future advancements in materials, manufacturing techniques, and design optimization to continue shaping the
wind turbine industry. Some key developments include:

1) Modern Materials: Materials with enhanced mechanical properties, improved fatigue resistance, and reduced
environmental impact are being explored to optimize performance and sustainability.

2) Hybrid Manufacturing: Hybrid manufacturing approaches that combine AM with traditional manufacturing methods
are emerging as promising solutions for producing large-scale wind turbine blades. Hybrid strategies can leverage the
strengths of both techniques to overcome size limitations and achieve cost-effective production.

3) Integrated Design and Optimization: The integration of design optimization tools, simulation software, and artificial
intelligence algorithms can enhance the efficiency and performance of AM-produced wind turbine blades. Automated
design generation, topology optimization, and multi-objective optimization can lead to innovative designs that
maximize performance while minimizing material usage and weight.

4) Standardization and Certification: Developing standardized guidelines and certification processes specific to AM-
produced wind turbine blades is crucial for ensuring quality, reliability, and safety. Establishing industry-wide
standards and certification protocols will enhance confidence in the technology and facilitate wider adoption.

7. Conclusion

The emergence of using 3D printing as a new additive manufacturing technique has revolutionized the industrial capacity
across disciplines and enabled the manufacturing of architecturally sophisticated structures. Although 3D printing for wind
turbine blade manufacturing offers a unique opportunity for design flexibility, cost reduction, and customization, several
challenges must be addressed to harness its applicability fully. Thus, extra effort is needed in material selection and design,
scalability, surface finishing, customizability, and cost. Process optimization, validation, and control are crucial for ensuring the
repeatability and reliability of 3D-printed blades. While 3D printing can offer cost advantages regarding design freedom and
reduced material waste, addressing the initial investment costs and material expenses is essential for economic viability.
Automated design generation, topology optimization, and multi-objective optimization can lead to innovative designs that
maximize performance while minimizing material usage and weight. Developing advanced materials tailored explicitly for 3D
printing and exploring hybrid manufacturing approaches show promise in overcoming current limitations. Integrating design
optimization tools, simulation software, and artificial intelligence algorithms can further enhance the efficiency and performance
of 3D printing-produced wind turbine blades. Hybrid manufacturing integrating 3D printing in large-scale wind turbine blade
production lines can leverage the strengths of current techniques to overcome size limitations and achieve cost-effective
production. The review paper significantly enriches the existing knowledge base by providing a comprehensive and practical
analysis of additive manufacturing techniques, material challenges, and site-specific considerations in wind turbine blade design
and optimization. Its unique focus on addressing the practical implications and limitations of these factors sets it apart from other
related rviews, it a valuable resource for researchers, industry professionals, and policymakers in the field of wind.
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