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Abstract 

Wind turbine manufacturing has seen enhanced technological advancements as a 

result of the growing demand for clean energy. This study looks into how 3D 

printing can enhance design flexibility, minimise materials waste, and be more 

environmentally conscious. Thematic analysis and qualitative secondary research 

were used to investigate key trends, challenges, and future directions. Results focus 

on advantages in cost-effectiveness and recyclability, but there are challenges 

regarding material durability, scalability, and economic feasibility. The study 

uncovers recent technological advancements, sustainability improvements, and 

how 3D-printed wind turbine blades have the potential to revolutionise the industry. 

The paper synthesises the current range of shaping this dynamic field and proposes 

the key recommendations for future research and development.  The 

recommendation is to emphasise the need for high-performance advancement and 

influencing the additive manufacturing process's recycling material design.  This 

advancement helps to increase the efficiency of printing speed and scalability. The 

paper critically describes a significant challenge that currently impedes with 

industrial adoption of wind turbine blade making through 3D printing 

technology.  Addressing all the issues, it has achieved economic viability in 

production and established a standard quality assurance protocol.   
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1. Introduction 
1.1 Introduction  

Wind turbines are a great example of renewable energy sources that convert 

wind energy into electricity using aerodynamic force with rotary blades 

(Energy.gov, 2025 (a)).  The rotor blades work like an aeroplane wing. At the 

time when wind flows across the blade, the air pressure on one side of the 

blade decreases. This difference in air pressure across the two sides creates 

motion in the blade and drag.  The force of the blade is stronger than the drag, 

which causes the rotor to spin.  The generator's rotor is directly connected to 

the shaft, and through a series of gears, the rotation is sped up to the generator. 

This process transforms aerodynamic force into the rotation of generators that 

creates electricity. There are two types of wind turbines: horizontal axis wind 

turbines (HAWT) and vertical axis wind turbines (VAWT) as shown in figure 

2.  The wind turbines may be built on land in a large body near the ocean, 

lakes and water bodies. An illustration of how turbine blades can be made in 

3D printing technique is shown in the figure 1. 

 

Figure 1::  Illustration of advantages for 3D printing technology of wind turbine blades (Source: Jaber, 

and Shandookh, 2024) 

The sustainability of wind turbine blades depends on its design, type and 

shape, which influence its work efficiency. In this study, the types of both 

turbines have been discussed and highlighted the characteristics of those.  The 

horizontal-axis wind turbine has three blades and is designed to face the wind 

in both offshore and onshore wind farms. The motors in these HAWTs rotates 

in horizontal axis and experiences yaw or tail mechanism to automatically 

turn the turbine towards wind direction. Similarly, the vertical-axis wind 

turbine blades rotate around the vertical axis and can accept the wind from 

any direction (Eia.gov, 2025).  And so, it eliminated the need for a yaw 

mechanism and worked efficiently.  
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Figure 2: Horizontal and vertical axis wind turbine (Source: Eia.gov, 2025) 

The shape and size of the wind turbine vary on the work efficiency in different 

atmospheres.  For instance, the large turbines need longer blades to enhance 

energy capture, and the blade design considers aerodynamic forces of drag 

and lift, which increases blade length and wind speed. For harsh 

environments, the Offshore turbines are suitable for their size and robust 

blade designs (Firoozi et al., 2024). The blade design ensures structural 

integrity and withstanding of wind load to prevent fatigue. On the other hand, 

the vertical-axis wind turbine blade is more difficult to design regarding the 

parameters than designing the horizontal-axis wind turbine blade.  The forces 

act at different speeds of rotation depending on interaction with the wind.  The 

complex design of wind turbine blades needs careful consideration to offer 

accurate shape, size and operating environment as per the performance 

requirement.  Moreover, 3D printing technology is one of the best solutions 

to integrate the blade design and provide high work efficiency.  

According to Houchens et al., (2024), the additive manufacturing design has 

integrated an approximately 200-kilowatt scale turbine with a 13-meter blade 

and the potential impact for megawatt-scale machines.  15% of blade tips 

were replaced with the help of advanced technology, a 3D printing design that 

developed aerodynamic performance via upwind winglet and surface 

texturing.  Additionally, the repair cost is maintained with the leading-edge 

erosion and lighting protection.  It is an effective reason that 3D printed 

technology has been appreciated in turbine blade manufacturing. This utility 

scale delivers energy to the people without creating carbon emissions. For 

manufacturing, the wind turbine blades need advanced technology due to the 

complex design.   Aerodynamic complexity creates obstacles in making large 

blades at nominal prices, including optimal efficiency. On the other hand, 

Morini et al., (2021) highlighted in their study that the material of the turbine 

blade played a significant role in advanced designing. Wind turbine blade is 

a primary component that is made from composite materials such as carbon 



 

3 

 

fibre and fibre glass. Apart from this, it can be understood that, in advanced 

manufacturing techniques, it needs to optimise the usage of this material to 

ensure the sustainability and strength of the wind turbines.  It includes 

advancements in the curing process, fibre placement and resin in fusion. 

Automation and robotics are both essential processes for increasing efficiency 

and mitigating manufacturing costs.  

The manufacturing process of turbine blades implements robotic systems to 

produce precise composite fibres for making the complex blade design 

(Finnegan et al., 2021). Additionally, infusion helps to draw resin and 

transform it into a dry fibre layup that results in a high-quality part. Moreover, 

there is the additive technology called 3D printing, which delivers a potential 

structure of the blade to the complex blade geometry and analyses the internal 

structure of blades. Including monitoring and controlling systems, the entire 

setup uses sensors and data analytics tools to observe manufacturing 

processes with high quality and efficiency. In 3D printing technologies, the 

emission has been reviewed, and 54.8% of energy is recovered (Alami et al., 

2023). According to Kurhade et al., (2024), 3D printing technology can 

achieve only three sustainable development goals, such as 8 (Decent work 

and economic growth), 12 (Responsible consumption and production), and 

13 (Climate action), with the percentage of 8%, 8% and 9%, respectively. 

Roschli et al., (2023) represented in their study that 3D printing helps in rapid 

prototyping for manufacturing turbine components and establishes faster 

design testing and iteration.  It helps to accelerate the improvement and work 

efficiency of turbine design and development for wind turbine blades.  

Depending on the blade’s complexity and scale, 3D printing can be time-

consuming and potentially expensive. 

 

Figure 3: Conventional wind turbine blade structure (Source: Cao et al., 2022) 

Conventional wind turbine blade structure (shown in above figure) has 

focused on structural integrity, efficiency and features to optimise protection 

and performance.  The manufacturing method involves a complete process of 

moulding, resin infusion, layering composite material, assembly, curing and 

quality control to deliver a large structure, durable component and light 
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weight. Manufacturing of typical wind turbine blades is designed depending 

on the air foil principle, which is a curved shape that generates a smooth lift 

on one side with lower pressure on the other when it flows across it.  

1.2 Background of the study  

The wind power sector has witnessed a speedy growth in the past few years 

with the global shift towards green and sustainable power sources. Wind 

turbines are the most critical equipment for harnessing wind power, whose 

performance largely depends on the design, material, and manufacturing 

process of the blades. Traditional wind turbine blades are fabricated with 

fibreglass and composite materials through labour-intensive moulding and 

assembly processes. These processes also have disadvantages in the shape of 

excessive wastage of material, long production times, transportation issues, 

and recyclability problems (Zarzoor, et al., 2024). 

The arrival of 3D printing (additive manufacturing) offers a new approach to 

wind turbine blade manufacturing with the advantage of in-situ 

manufacturing, design freedom, material efficiency, and recyclability. For 

achieving these large segments, 3D printing technology using Fused 

Deposition Modelling (FDM), resin-based Additive Manufacturing (AM) and 

Direct Energy Deposition (DED) has brought a revolution in the production 

of turbine blades. With the addition of 3D printing, the wind energy sector 

mitigates wastage of material, buckles up the production process, and builds 

more aerodynamically feasible blades (Monzamodeth, et al., 2021). 

The advantages of additive manufacturing by 3D printing, in the production 

of wind turbine blades, are hampered by various drawbacks such as material 

complexity, structural integrity, cost feasibility and scalability. Deep research 

and technological advancements are required to ensure that 3D printing 

technology meets the structural and aerodynamic requirements of wind 

turbine blades of larger sizes. The present work seeks to investigate the 

progress, recognise problems, and prospects of 3D printing technology in the 

production of wind turbine blades. The research helps to evaluate its cost-

effectiveness, sustainability, and contribution to the transition towards 

renewable energy. 

1.2 Aim 
To explore the advances and challenges in 3D printing of Wind turbine blades  

1.3 Objectives 
● To explore different 3D printing methods  

● To explore different wind turbines and their scales 

● To study the current trends in the use of 3D printing in wind turbine 

blade manufacturing  

● To assess the economic feasibility and scalability of 3D printing of 

wind turbine blades 
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● To assess how conventional wind turbine blade manufacturing 

impacts sustainability and how 3D printing can have a positive impact 

on sustainability and recyclability.  

● To provide a research gap and future direction for the enhancement of 

3D printing to meet blade manufacturing requirements. 

1.4 Problem statement  
Conventional wind turbine blade production is expensive, labour-intensive, 

and results in extensive material wastage, which creates sustainability 

problems. Although there are opportunities for improvement through 3D 

printing, material properties, scale, and structural integrity limitations prevent 

its extensive usage. This paper analyses the problems and developments in 

the use of 3D printing for wind turbine blades to increase efficiency, 

sustainability, and economic viability. 

1.5 Research Questions  
1. What are the various 3D printing techniques applied in the manufacturing 

of wind blades? 

2. What are the various types and sizes of wind turbines, and how do these 

influence the design of blades? 

3. What are the trends in the application of 3D printing for the manufacture 

of wind turbine blades? 

4. How economically viable and scalable is 3D printing for the production of 

wind blades? 

5. What positive impacts can 3D printing have on sustainability?  

6. What are the future directions and gaps?    

1.6 Limitations  
This research followed a secondary method that may face several limitations 

due to the unavailability and specificity of data.  In research, people may 

focus on general 3D printing applications rather than highly specified fields 

for wind turbine blade manufacturing. In advanced technology, secondary 

data becomes outdated quickly. During the research process, the variance of 

research parameters between several studies can establish difficulties in 

comparing the final result with the traditional one. This specific secondary 

finding is time-consuming, and this time constraint is the biggest roadblock 

to reaching appropriate results. It provides a valuable foundation and 

acknowledges the supplement to get a more up-to-date understanding.  

1.7 Individual responsibility  
This research was performed by two people, and all the responsibilities were 

divided between the two of them. For the deep analysis, Visnu has focused 

on finding existing data regarding 3D printing technology for wind turbine 

blade manufacturing, such as FDM, BAAM, SLA and SLS. Additionally, 

research on the current state of additive manufacturing techniques for large-

scale production is needed to deliver detailed literature regarding this topic. 

Consequently, it sheds light on the limitations of this process and provides 

future direction for it. In parallel, Arun took the responsibility to check out 
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the sustainable area, cost benefit and economic feasibility for 3D printed wind 

turbine blade production. He also focused on investigating material 

properties, waste reduction capability and recyclability, and highlighted 

comparative analysis between traditional manufacturing and additive 

manufacturing techniques. Both shared a collaborative relationship to achieve 

the aim and select the research objectives. For the specific review of the 

literature, data gathering, and comparison of the techniques of 3D printing for 

wind turbine blade manufacturing, it required an open conversation regularly 

to establish a transparent thought. There is collaboration to ensure a complete 

study with different people working on technical, economic, and 

sustainability factors. Discussions are maintained at regular intervals to 

incorporate the results into a well-organised report.  

1.8 Study environment  
● The study is grounded in an academic and research-focused 

environment, based on scientific publications, industry reports, and 

empirical studies on 3D printing and green energy.  

● Data is gathered through literature studies, case studies, and expert 

opinions in the domain of wind energy and 3D printing.  

● Real-world implementations are also considered by looking into 

ongoing 3D-printed applications in wind turbines and advancements 

in industrial-sized 3D printing technologies. 

1.9 Introduction summary  
The study examines the development and limitations of using 3D printing 

technology to produce wind turbine blades. Conventional methods are 

wasteful, costly, and time-consuming, while 3D printing is an adjustable 

design method, material-efficient, and environmentally friendly. However, its 

uses are constrained by cost feasibility, structural integrity, material 

availability, and scalability. It compares various 3D printing technologies, 

their economics, and their effects on sustainability and establishes gaps and 

areas of research to undertake. The research is conducted by case studies, 

literature review, and opinions of experts to ascertain whether 3D-printed 

wind turbine blades are economically viable. The next chapter is the 

methodology chapter, where it is going to highlight the chosen methodology 

and the influence of this process. Selected methodology helps to find 

appropriate data regarding the research and build an efficient road map to 

achieve the research aim. 
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2. Chosen Methodology 

2.1 Research Methodology 

Renewable energy sources are increasing in demand, which is transforming 

technologies surrounding wind turbines very quickly. One of the 

developments in this area is the installation of 3D printing technology in the 

wind turbine blades production. This new technology promises several 

benefits, including flexibility in design, less waste in materials, and improved 

structural efficiencies. To establish a clear insight regarding wind turbine 

blade design and manufacturing, different number of literature reviews have 

been studied.  A qualitative secondary research method with thematic analysis 

is adopted to investigate these areas. This investigation goes into peer-

reviewed scientific journal articles, faculty reports, and technical analysis to 

trace the macro trends, challenges, and some possible future pathways for 3D 

printing in wind turbine blades manufacturing. The research helps to clarify 

the transformation of the wind energy industry through additive 

manufacturing whilst addressing sustainability and cost-effectiveness 

concerns. Through the application of a systematic methodological 

framework, this research is going to present meaningful insights into the 

future of wind turbine production through 3D printing technology. 

2.2 Research Approach 
The study uses qualitative secondary research methods and sets out to study 

progress and challenges facing 3D printing technology in the manufacture of 

wind turbine blades. A qualitative approach works for analysing existing 

literature and consequent theories, themes, patterns, and insights from peer-

reviewed journal articles to technical reports, industry reports, and books. 

Thematic analysis is used to identify issues, trends, and phenomena common 

to the application of 3D printing for manufacturing wind turbine blades. 

2.3 Research Design 
This research is rooted in a systematic approach to evaluate the applicability 

of 3D printing technology in wind turbine manufacture, as shown in Figure 

below. It then proceeds to collect and review academic data, industry sources 

through literature analysis, and uses thematic analysis to draw up critical 

emerging themes, among them: material development, cost-effectiveness, 

and sustainability. The 3D printing technology is compared with traditional 

production techniques based on technical performance, economic viability, 

and environmental sustainability. Finally, to the synthesis phase comprises 

the integration of all findings, identification of research gaps, and their 

recommendations. This research followed a triangular qualitative approach to 

meet the research aim. This research has used multiple sources to get 

authentic data regarding advanced technology. Thus, it has a course-driven 

evaluation of the applicability of 3D printing in changing the future of wind 

turbine manufacturing in the renewable energy sector. 
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Figure 4:Research Design, Source: Self-Created 

Phase 1: Literature Review 

The phase under consideration deals with an extensive review of research 

articles, industry reports, and government publications on 3D printing in wind 

turbine manufacturing. The literature search will commence with databases, 

looking for peer-reviewed sources. Relevant and credible sources are selected 

based on relevance, scientific rigour, and reliability. The literature is 

categorised into key topics, among them, material advancements, 

manufacturing techniques, cost analysis, and sustainability (Booth, et al., 

2016). The last step includes synthesising the critical insights for building a 

solid foundation for thematic analysis.  

Phase 2: Thematic Analysis 

This phase is concerned with identifying core themes for the 3D printing of 

wind turbine blade production. It begins with data familiarisation by looking 

at the studies chosen and reviewing the key advancements. Initial codes are 

then assigned to major concepts, such as material durability, energy 

efficiency, structural optimisation, scalability and economic feasibility. All 

the data are clustered into broader themes for sustainability, technological 

innovations and cost benefits. To ensure credibility and reliability, these 

themes will be cross-checked with several studies (Nowell, et al., 2017). The 

thematic findings are structured as the basis for comparative analyses and 

discussions. 

Phase 3: Comparative Analysis 

The phase has represented the advantages of 3D printing technology in 

comparison to conventional manufacturing methods for wind turbine blades. 

The technical method of this comparison pertains to material-property 

differences. In that case, establish differences in strength and efficiency 
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Extract key insights 

 
Phase 1: Literature 
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Identify patterns and trends 
Code and group data into themes 
Validate findings across multiple sources 
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Compare 3D printing vs. traditional methods 
Assess economic, environmental, and technical aspects 
Evaluate scalability for mass production 
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Summarize key findings 
Identify research gaps 
Provide recommendations for future applications 
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between 3D-printed and traditionally manufactured blades, by following cost-

effectiveness, production time, and resource utilisation (Vicente, et al., 2023). 

Using this advanced technology, environmental impacts are also considered 

based on sustainability factors and reduce emissions, increase recyclability, 

and material waste reduction (Kurhade, et al., 2024). Finally, the 

consequences related to scalability and practicality concerning the mass 

production through 3D printing in the alternative energy sector are 

investigated. 

Phase 4: Synthesis and Discussion 

In the last phase, establish a clear insight for the literature review findings, 

thematic analysis, and comparative analysis into significant conclusions and 

recommendations. It is represented by summarising important findings to 

present an overall view of 3D printing applications in wind turbine blade 

production. Then, identifying research gaps is filled by determining 

unexplored regions and future directions. Practical recommendations are 

subsequently offered, such as material selection improvement, cost-reduction 

measures, and hybrid manufacturing methods. Lastly, the industry 

implications are covered, explaining how developments in 3D printing might 

shape the manufacturing process in the future within the renewable energy 

industry (Zarzoor, et al., 2024). 

2.3 Data Collection Methods and Data Analysis 
Data were obtained from secondary sources, including academic articles, 

industry publications, conference proceedings, and technical reports. Key 

databases include ScienceDirect, IEEE Xplore, SpringerLink, Wiley Online 

Library, Google Scholar, Scopus, and Web of Science. Sources are selected 

according to their relevance to 3D printing applications in wind turbine blade 

manufacturing and credible authorship by peer-reviewed journals, reputable 

institutions, and industry reports. 

According to this study, Thematic analysis method will be mainly used as a 

qualitative data analysis method to study the role of 3D printing in the 

manufacturing of wind turbines. With the help of thematic analysis, one can 

identify, analyse, and interpret patterns from the reviewed literature. The 

steps include: 

● Identifying Key Trends: Extraction of major developments in 3D 

printing technology related to wind turbine manufacturing, such as 

material advancements and energy efficiency improvements 

● Categorising Data: Grouping findings into key themes like cost-

effectiveness, sustainability, durability, and manufacturing 

scalability. 

● Comparing Studies: Establishing common aspects and differences 

among different studies to make sure the findings are valid. 
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● Pragmatic Assessments: The analysis of realities about how themes 

turn into applications, challenges, and future opportunities in wind 

energy. 

● Synthesising Insights: Generalised conclusions on the use of 3D 

printing technology in improving wind turbine blade production for 

the realisation of renewable energy goals. 

2.4 Ethical Considerations 
As this research is based on secondary data, there are no issues of participant 

confidentiality and informed consent. Research integrity is maintained by 

employing peer-reviewed and reliable sources, giving accurate citations to 

respect original authors, and refraining from data manipulation. Objectivity 

is maintained by being transparent about interpreting data and following 

academic conventions so that results are a true representation of what is 

available in the literature about 3D printing in the production of wind turbine 

blades. 

2.5 Limitations 
The following limitations of this study should be taken into account. The first 

is concerned with the absence of experimental validation, which limits the 

confirmation of theoretical findings. The study relies on secondary data 

without physically testing the 3D-printed wind turbine blades, which may not 

provide realistic performance characteristics (Zarzoor, et al., 2024). 

Secondly, the study is primarily focused on the existing literature, which 

bounds the limits to peer-reviewed research and industry reports. This raises 

the likelihood of biases, including publication bias due to the use of only 

successful studies, confirmation bias through lack of experimental testing, 

and selection bias through restriction of sources to peer-reviewed journals. 

Moreover, generalisation bias can occur through the imposition of broad 

trends on particular situations, as different studies would be inclined towards 

varying factors concerning 3D printing applications (Vicente, et al., 2023). 

The analysis considered broad industry trends; therefore, outcomes may not 

apply to any specific companies or real-world implementations (Kurhade, et 

al., 2024). This limitation should indicate that future research should include 

empirical validation with case studies to support theoretical insights. 

2.6 Methodology Summary 
This chapter has summarised the research technique by following the 

secondary research method. A triangular qualitative approach was helpful to 

search for data regarding advanced technology and to find the significance of 

metal in wind turbine manufacturing through 3D printing. Based on the 

secondary research, the thematic analysis was conducted, and a comparison 

was established between the traditional method and the advanced 

technological method of turbine blade manufacturing. Therefore, a 

sustainable result has come out towards advanced technology as the 3D 

printing method is better than the traditional method based on the secondary 
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data. Future works should consider innovations in materials, hybrid 

processes, and large-scale feasibility. The study impacts the understanding of 

additive manufacturing that seeks to enrich the wind energy sector more 

sustainably and cost-effectively in turbine blade production. The next chapter 

is the literature review, where the collected articles are going to be analysed 

and establish a clear concept regarding additive manufacturing, related 

material properties, cost effectiveness, economic viability and atmospheric 

conditions.  

3. Literature review  

Additive manufacturing, also referred to as 3D printing, is a revolutionary 

technology that creates three-dimensional objects. It builds layer by layer 

from a digital design and cuts away materials from a larger block.  In this 

process, materials are added where it is needed, and the fundamental 

difference allows for the production of highly complex geometry, intricate 

internal structure and customised parts. Additive manufacturing is a 

technologically advanced method that is an enabler for sustainable industrial 

transformation.  It mitigates waste, promotes energy efficiency, optimises 

resources and fosters innovative design.  Additive manufacturing has played 

a crucial role in reducing the environmental footprint of manufacturing and 

the development future. The wind turbine blades, winglets, and cooling 

channels are made from 3d printing. 

The four-stage process of methodology includes literature review, thematic 

analysis, comparative analysis, and synthesis. This structure allows 

consistency in the study plan and its implementation. 

3.1 3D printing methods and machines used to produce wind 

turbine blades 

Several 3D printing technologies are used in production, and different 

methods have emerged as per requirement.  As per the wind turbine 

technology, wind energy becomes an easy-to-harness source that helps to 

convert wind into electricity.  This powerful customizable method was 

developed in terms of structure, and this review helps to present different 

kinds of 3D technology.   

Big area additive manufacturing: Big area additive manufacturing (BAAM) 

is one of the most important 3D printing methods used in large-format 3D 

printers. It used extruded thermoplastic composite material (Vicente et al., 

2023). The large-format 3D printing technology is cost-effective for mass 

production and maintains a robust structure for the industry. However, there 

is an issue with the thermoplastic material used in BAAM. When it is heated, 

it expands and shrinks as it starts to release heat. This shrinkage creates 

dimensional inaccuracies, internal stress and warping (Goh et al., 2024). To 

prevent this issue, fibres such as carbon fibres or glass fibres are added to 
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thermoplastic, which enhances stiffness and strength, called reinforcement. 

The rheological property of thermoplastic melt, such as viscosity, is used to 

control the extrusion process, and these fibres can play a vital role in 

mitigating the shrinkage issue of thermoplastic materials in wind turbine 

blade manufacturing.  

 

Figure 5: Continuous fibre reinforcement in the material extrusion process (Source: Alami et al., 2023) 

Stereolithography (SLA) 

Stereolithography is a type of manufacturing method of 3D printing 

Technology.  In this process laser is used to cure liquid resin. With the help 

of these stages, the liquid resin transforms into hard plastic and gives strength 

to the structure layer by layer. SLA is also known as a precision 

manufacturing method as it delivers integrated details (Deshmane et al., 

2021).  A small component of turbine blades and prototypes can be 

manufactured through this method.  It is an integrated process that provides a 

precise mirror copy as per the documented design.  

Fused deposition modelling (FDM) 

According to Rahimizadeh et al., (2021), the Fuse Deposition Modelling is a 

cost and time-effective method compared to the traditional prototyping 

process.  It is highly efficient and delivered a precise prototype as per the 

design.  FDM is suitable for providing equal distribution of energy and is 

highly efficient for building complex geometry. This process has been 

performed for rapid iteration of wind turbine blade design.   

Selective laser Sintering (SLS) 

Selective Laser Sintering helps to sinter powder material, metal, and 

thermoplastic polymer, transforming them into a hard structure (Lupone et 

al., 2021).  In this case, this process helps to deliver stronger components of 

a wind turbine blade, which is suitable for extensive application and tolerates 

harsh environmental conditions.  It is another renowned wind turbine blade 

manufacturing process. 

Continuous filament fabrication (CFF)  

It is a method of FDM that influences the development of fibre into 

thermoplastic material for the additive manufacturing process (Saharudin et 
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al., 2021).  It provides strength to the structure by mitigating weight.  It is a 

vital process to build a high-strength component with minimum weight.  

Digital light processing (DLP) 

This process uses a digital light projector to cure liquid resin and flash all the 

layers in the printing process (Quan et al., 2020). Digital light processing is a 

revolutionary method that builds efficient components in 3D printing 

Technology. 

Binder Jetting  

The binder jetting process involves the selective deposition of powdered 

material.  It has developed several layers and makes the component harder.  It 

is a complicated method that is implemented for manufacturing complex 

blade components in wind turbine blade making (Sinha et al., 2022).  

Hybrid manufacturing  

Hybrid manufacturing is the combination of two manufacturing processes, 

such as the additive manufacturing process and the subtractive manufacturing 

process.   It has been implemented in 3D printing Technology for 

manufacturing Complex geometry and delivering finishing with high 

accuracy.  A CNC machine is also used in this process to offer high surface 

quality and tolerance (Sebbe et al., 2022).  

Robotic 3D printing  

Robotic 3D printing is another advanced technology that is used in the 3D 

printing head and creates a larger structure, e.g., the entire length of the wind 

turbine, using an extrusion-based technique.  This method helps to deliver 

greater flexibility in scale and size compared to the traditional and 3D printing 

methods (Xu et al., 2022).  

Jaber and Shandookh, (2024) highlighted in their research paper that Fused 

Continuous Fibre Reinforcement (CFR), Stereolithography (SLA), and Fused 

Deposition Modelling (FDM) are used in 3D printing technology for large-

scale production. On the other hand, Rajak et al., (2019) publish in their 

research that the materials which are used in 3D printing technology, like 

thermoplastic composite, fibre-reinforced polymer and epoxy resin, are used 

in the manufacturing process to increase strength, environmental 

consideration and durability.  In the development context, all the methods are 

used to provide a customised product with the desired structure.  These 

material compositions are implemented to provide continuous fibre 

reinforcement with high structural integrity. The components of the 

continuous fibres are fibreglass and carbon fibre. Advanced 3D printing 

technology is an essential part of the wind turbine manufacturing process. 

Different machines are used in this process, such as, 
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Industrial-grade Fused Depositing modelling printers  

FDM is a popular prototyping method in the wind turbine manufacturing 

process.  It allows rapid design iteration for large production.  It is being 

employed for the traditional manufacturing of wind turbine blades. The fuse 

depositing modelling has been applied in the production of smaller wind 

turbine blades, manufacturing and distributed energy generation.  It is an 

ongoing process that optimises the material and development of small-scale 

turbine blades. This additive manufacturing method becomes revolutionary 

in the development context for making components with better surface 

finishing, complex shapes, favouring aerodynamic shapes, and easy-to-reuse 

material. A small-scale horizontal type wind turbine designed with the help 

of 3D printer utilising a filament of polyethene terephthalate (PETG) (Olivera 

et al., 2024). This technology helps to build wind turbine blades to tolerate 

extreme forces and different environmental conditions, and ensure high 

durability with long-term sustainability. Moreover, FDM reduce prototyping 

cost when the economic viability is reduced for large-scale production, and 

the system provides stringent certification standards.  

 

Figure 6: Fused Deposition Modeling. (Source: Radhika et al., 2024) 

● Direct Metal Laser Sintering 

DMLS technology is another process that uses the laser to melt and fuse metal 

powder layers for manufacturing complex geometrical components.  It is an 

essential part of the broader family of 3D printing technology that delivers 

metal in additive manufacturing and versatility with a wide range of 

applications in different industries.  In a building of aerospace and turbine 

components, this process played an integral role in meeting the desired shape 

and size. The essential part of this machine is the laser source, which uses a 

highly efficient laser to fuse metal particles (Hlhprototypes.com, 

2025).  Successfully implement this process with high energy, the laser can 

achieve a melting point of the material. There is subsequent solidification that 

forms a basic structure.  The accuracy and consistency of the laser have 
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established a paramount role and directly influence the quality of the 

component in production (Imran et al., 2024). Moreover, the turbine blade is 

an integral component that is associated to operate the motor. Metal powder 

is applied over the build area before using the laser to protect the surface.  The 

continuous practice of using lasers on turbine blades directly affects the 

structural integrity of the final product.  

 

Figure 7: Direct Metal Laser Sintering (Source: Hlhprototypes.com, 2025) 

3.2 Use of traditional materials  

3.2.1 Traditional materials used in blades  

Fiberglass-Reinforced Polymers 

The traditional material in wind turbine manufacturing is fibreglass 

reinforcement polymer, which is the main material of wind turbine blades.  It 

includes glass fibre in a resin matrix. The predominant material in turbine 

blades is mostly glass fibre and usually employs polyester or resin. Fibreglass 

has a combination of durability and strength with lightweight properties. It is 

the ideal characteristic for making wind turbine blades. The parts of the blade 

are subjected to great stress and are made of carbon fibre-reinforced polymer. 

In comparison of carbon fibre and glass fibre, carbon fibre is stronger, lighter 

and stiffer. Carbon fibre is 10 times more expensive than glass fibre 

(Tencom.com, 2025).  Due to its stiffness properties, carbon fibre has 

longevity; for that reason, carbon fibre is predominant in the construction of 

turbine blades.  

Epoxy and Polyester Resins 

Epoxy is a thermosetting polymer that performs as a matrix material and binds 

with reinforcement in fibres (Remanan et al., 2022). It has structural integrity 

and environmental resistance. The toughest problem is represented by the 

limited number of matrices that are available in the market within a 

budget.  Thermoplastic composite for wind turbine blades has low viscosity, 

and precursors could be applied through the resin infusion (Abdellaoui et al., 

2019).   

Balsa Wood and Foam Cores  

It is a core material for the blade structure that provides accurate shape and 

support.  It helps to create the lightweight structure of the wind turbine blades. 
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The benefits of the balsawood in the sandwich structure are thermal 

insulation. this insulation helps to manage the peak exotherm temperature to 

minimise overheating tendency and lead to degradation of the resin matrix. 

Additionally, it has some challenges to the balsa wood and foam cores in 

sandwich structures, including the global supply chain issue, fire 

performance, limited applicability of part processing and water durability.  

3.2.2 Limitations with the traditional materials 

Traditional materials such as polyester resin, fibreglass polymer and form 

compositions are not recycled easily (Krauklis et al., 2021).  It creates an 

environmental concern due to the lack of usage of sustainable materials for 

blade manufacturing.  Additionally, those materials are not suitable for 

delivering accurate geometrical construction and complex aerodynamic 

shapes.  These factors hurt the work efficiency of wind turbine blades.   It 

leads to a sustainable difficulty with the traditional and advanced 

manufacturing process, and reduces the working flexibility of the wind 

turbine. The traditional method in 3D printing is time-consuming and 

expensive (Jandyal et al., 2022).  These limitations in design flexibility 

obstructed the geometrical construction of blades, and the process of laying a 

fibre reinforcement is often labour-intensive and prone to variation in quality. 

It can make inconsistencies in the blades' performance. Additionally, the wind 

turbine blades are large, making transportation hard and expensive.  

3.3 Additive manufacturing materials that can be used in blades  
In 3D printing technology, the usage of polymer, hybrid composition, and 

bio-based material utilisation has increased due to the potential benefit in the 

reduction of waste, design flexibility and localised manufacturing.  The 

materials used in wind turbine blade manufacturing are 

Polymers 

Thermoplastic  

Based on environmental sustainability, thermoplastics gain attention for their 

recyclability features, including acrylonitrile butadiene styrene (ABS) used in 

small-scale applications. This polymer delivers strength and durability.  

Advanced research is going on to make a composition with fibreglass-

reinforced thermoplastic. Wind turbine blades are made through a hybrid 

composition, 80% of which are polymer-based composites used in 

manufacturing (Reddy et al., 2021).  In recent decades, epoxy resin has 

replaced polyester resin for many applications.   Furthermore, Vinyl ester 

resin is an example of a thermosetting resin with superior chemical resistance 

(Pączkowski et al., 2022).  It is preferred due to its fatigue resistance and 

toughness and is used in different industries, including construction and 

aerospace.  Due to the lower cost and environmental sustainability, it is 

preferable over alternative plastics. Additionally, epoxy resin is another 
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example of thermosets that is used in wind blade composition and adapted for 

additive manufacturing processes. 

Metals 

Wind turbine manufacturing uses very small amounts of metals to produce 

complex metal parts for blades, sensors and connection points.  For making 

tools, metal is used to create moulds and fixtures for blade manufacturing 

purposes. According to Singh et al., (2020), the use of metal in 3D printing 

technology for wind turbine blade manufacturing is still developing and has 

significant importance due to the sustainability factors.  With the help of 

metals, the additive manufacturing process has the opportunity to develop 

more complex geometrical components.  It helps engineers to optimise the 

blade design and develop aerodynamic performance that increases energy 

capture capacity. Only sustainable metal like steel can provide freedom of 

design for creating internal structure and enhance strength while decreasing 

the weight of the entire body.  

Hybrid composites  

Hybrid composition is a complex material for development and 

manufacturing, including different materials to optimise performance.  In the 

same chapter, in section 3.2, we discussed the benefits of adding fibre such 

as glass or carbon to a polymer matrix, which significantly controls the 

viscosity of thermoplastic.  The additive manufacturing technique has been 

improved by these fibres, and the combination of polymers performs 

effectively. For instance, Palanikumar and Mudhukrishnan (2020) 

highlighted in their study that polypropylene and homopolymers like 

polyethene were reinforced with glass fibre and carbon fibre to compare their 

drawbacks and advantages. As per the interface, this composite does not 

influence stiffness, but it affects other properties, such as tensile strength and 

resistance.  Different local deformations and failures take place consecutively 

during deformation. Accepting the previous research’s data Várdai et al. 

(2020) added some additional information that the use of hybrid composites 

has increased due to the diversification range with reduced unit quantities.  

The innovation of digitalised and flexible production is suitable for additive 

manufacturing.  Due to its mechanical strength, it is preferable to build 

prototypes and replace other materials in production.  

Biobased material  

The integration of bio-based material helps in 3D printing for manufacturing 

wind turbine blades.  The development of bio-based materials has 

biodegradable properties used in this advanced manufacturing (Kumar et al., 

2024).  It is the alternative method that comes from conventional petroleum 

waste material and includes a derived vanillyl alcohol epoxy (VAE) structure 
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that is environmentally friendly.  This material reduces the carbon footprint 

and synthesises the manufacturing process.  

3.4 Aerodynamic and structural performance of 3D printed blades 
3D printing technology for complex geometry helps to optimise aerodynamic 

efficiency. It includes the product shape, internal structure and thickness that 

traditional manufacturing methods are not able to provide.  The surface 

quality of 3D printing technology can affect the overall aerodynamic 

performance. That 3D printing process has helped to remove many 

constraints regarding composition and moulding and allow engineers to 

establish highly integrated airfoil shapes, taper variation,  blade length and 

twist distribution (Park et al., 2022). This feature enables optimisation of 

aerodynamic performance. Additionally, additive manufacturing allows rapid 

testing of new airfoil profiles.  It helps to specify the wind regime and turbine 

scale that can be structured to enhance leaves and maximise drag more 

effectively.  There is a wider range of operating conditions that wind turbine 

blades can achieve through 3D printing technology. Depending on this 

technology, the structural accuracy has been performed,  and it is precisely 

shaped to mitigate induced drag and tip vortices. This process helps to 

improve aerodynamic efficiency and has been successfully demonstrated at a 

3D printed blade tip integrating upwind winglet and improving surface 

texturing.  The 3D printing method has delivered high accuracy in the 

fabrication of the blade surface, which provides structural accuracy by 

mitigating deviation from the intended aerodynamic profile (Ngo et al., 

2018).  A small imperfection on the wind turbine blade surface can increase 

drag, which reduces the turbine's efficiency.  Additive manufacturing initially 

provides a rough surface,  after an advanced post-processing method (coating 

and sanding) wind turbine blade can achieve the required smoothness of 

optimal flow and crucially improve aerodynamic performance depending on 

the structure.   

This technique includes polishing, post-processing and coating to mitigate 

roughness (Sinha et al., 2022). The material used in 3D printing, such as 

composite, metal and polymer, has distinct properties that affect several 

factors such as stiffness, density and resistance to environmental conditions, 

and all factors influence the overall performance.  

The structural performance of wind turbine blades plays a vital role in their 

work efficiency.  The mechanical properties of 3D printing material can differ 

from traditionally manufactured material, and understanding that, the tensile 

strength and the stiffness of the blade are crucial for the structural integrity in 

the high-stress environment (Arivalagan et al., 2023). In this method, the 

layer-by-layer nature of 3D printing can build weakness at the layer interface. 

The structural integrity ensures proper adhesion between the layers and 

manages delamination during manufacturing.  Additionally, in additive 

manufacturing, topology optimisation is essential to mitigate weight while 
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managing performance.  It is also important for rotor dynamics and mass 

distribution.  The wind turbine blades are subjected to critical loads to ensure 

the fatigue characteristics and endurance limit for the lifespan of the blades.  

3.5 Manufacturing challenges involved in 3D printing of wind 
turbine blades 
There are several challenges that 3D printing technology has faced during 

wind turbine blade production.  The material of the wind turbine blades can 

withstand high stress, changes in environmental conditions and fatigue.  The 

development of 3D printing materials with effective mechanical properties on 

a large-scale production achieves consistent material quality. According to 

Beauson et al., (2022), the wind turbine blade has a complex geometrical 

structure that 3D printing technology can struggle to deliver on a large scale.  

The speed of the printing for large components can be slow compared to the 

traditional method, and this is the economic distortion of using 3D printing in 

mass production. Additionally, during the production, the engineer must 

ensure that this design does not compromise structural integrity.  

Understanding the load distribution system that transfers throughout the wind 

turbine blade is critical (Hart et al., 2020).  During working conditions, the 

design tool must be operated accurately to give the precise shape of the blade, 

which will perform reliably.   

Consequently, the product standard and quality should meet industry 

standards and regulatory requirements.  These processes are lengthy, and 

developing a testing protocol is necessary for getting acceptance in the 

industry. Before delivery, consistent quality control has to be performed 

throughout the printing process to ensure the reliability and performance of 

the turbine. As wind turbine blades are exposed to harsh environmental 

conditions, they must be resistant to moisture, temperature fluctuation and 

UV degradation (Olabi et al., 2021).  

3.6 Case studies 

The complex end-of-life of wind turbine blades: A review of the European 

context (Beauson et al., 2022) 

The study focuses on general wind turbine blades and provides an overview 

of challenges related to the end-of-life of wind turbines. The key element of 

the value chain has been highlighted and credited to the volume of the wind 

turbine blade waste. As per the legislation and standard framing in 3D 

printing technology, the process transforms wind turbine blades into new 

valuable material to facilitate the implementation of a suitable solution.  
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Figure 8: Value chain of the end-of-life of wind turbine blades (Beauson et al., 2022) 

In 3D printing technology, the material to be granulated like a mixture, 

depending on the intended application, can be processed down to different 

particle dimensions.  The resulting credit composite material contains small 

pieces and includes the core material with the shredded composite material. 

The study focuses on chemical analysis and technical challenges that help to 

ensure the blades' longevity. The use of sustainable materials in wind turbine 

manufacturing has been explored by 3D printing technology, which positively 

influences the renewable energy sector.  Sustainable materials are the 

alternatives, e.g. recycled plastic, bio-based and biodegradable materials. 

These products can minimise a carbon footprint in disposal and production. 

Based on 3D printing technology, complex geometry can be optimised and 

increase work efficiency.  In the development context, the mechanical 

properties of these sustainable materials provide high performance in wind 

turbines.  

Optimisation and experimental investigation of 3D printed micro wind 

turbine blade made of PLA material (Arivalagan et al., 2023) 

In this study, Arivalagan et al., (2023) highlighted that in advance of the 

miniature modern technology of engineering, high-performance energy 

consumption was acquired.  This paper presented an optimisation of 3D 

printed microorganic axis wind turbine blade manufacturing with recyclable 

PLA material. A structural and property analysis has been done in this study 

with the help of ANSYS software. The deformation of stress with the PLA 

material is identified, and infield percentage and wind speed velocity are 

optimised by using moth-flame optimisation (MFO). The blade design 

process has involved the selection of the SD7080 aerofoil and the 

determination of material properties.  
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Table 1: Blade properties (Arivalagan et al., 2023) 

 

From the above table, the relationship between the properties and the infill 

percentage of ABS and PLA materials is represented. It is inferred that the 

young modulus, density, and Poisson's ratio value increased with the in-field 

percentage; however, for the same infill percentage, the Young’s Modulus, 

density and Poisson ratio of PLA material are higher than ABS material. The 

previous study only focused on environment-friendly materials and used 

thermoset composite material. But the PLA material is more suitable because 

of its recyclability and sustainability. PLA materials are eco-friendly and can 

reduce the environmental footprint of wind turbine components.  These are 

alternative materials for renewable sources and have a sustainable supply 

chain in the manufacturing aspect. In 3D printing, the PLA materials are 

widely used due to their properties like high-quality prints, easy to work and 

high capability for rapid prototyping for the turbine components. In the 

present era, these materials manage cost-effectiveness in manufacturing by 

considering long-term performance, productivity and durability. The amount 

of waste material in the production segment is also minimised with the help 

of additive manufacturing, where turbine components are built layer by layer.   

3.7 Research gap 
The study focuses on the additive manufacturing process in wind turbine 

blade manufacturing.  However, in previous studies, most of the research 

focused only on the sustainability of the material instead of the performance 

of wind turbine blades, which are manufactured through 3D printing 

technology. Several studies are reviewed to get proper information, there are 

a few studies focused on durability and performance. The main focus should 

be thermal resistance because the turbine blade has to be supervised in several 

temperature differences, fatigue and different 3D printed materials. 

Consequently, this information is hardly available. In previous studies, there 

is a lack of research on CAD tools, which are used for design purposes. There 

is limited information to generate design and topology optimisation for 

turbine blade manufacturing by 3D printing technology.  Studies focus on 

structural integrity and dynamic efficiency. Moreover, this study tries to 

mitigate these issues by presenting alternative materials by improving design 

technology. 
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3.8 Literature Summary  
From the above study, it can be concluded that 3D printing technology holds 

significant promise towards wind turbine blade manufacturing. The study has 

offered development opportunities regarding innovative design, alternative 

material selection and environmental sustainability. It represents the future of 

3D printing in wind turbine blade manufacturing by optimising advanced 

technology and material selection.  Future studies may establish, based on this 

research, how to optimise real-time performance monitoring, sensors in 

blades and improve the hybrid manufacturing technique, which includes 

additive and traditional methods. As per the industry needs, more sustainable 

and efficient turbine blades are manufactured by 3D printing technology. 3D 

printing can create complex geometry precisely and optimise material usage 

as per production demand.  It is driving towards development and becoming 

a more efficient and sustainable wind energy solution. This industry has 

explored 3D printing technology to emphasise work efficiency and mitigate 

the cost of manufacturing. So, it can be said that 3D printing technology will 

play an integral role for the future generation. The next chapter is about the 

result analysis of the research findings. This chapter will help to give 

transparency regarding data findings, point out environmental issues and 

provide a clear comparison between advanced manufacturing and traditional 

manufacturing processes.   

4. Results 

4.1 Theme 1: Progress in materials and manufacturing 
technologies to produce wind turbine blades  
3D printing has been explored for the manufacturing of wind turbine blades 

by offering potential advantages of flexibility, faster production and waste 

reduction (Bigrep.com, 2025).  There are different methods implemented in 

3D printing techniques.  The most common technique is called fused 

deposition modelling, which is also known as FDM. As per the collected data, 

this technique involved extruding a thermoplastic filament layer that is 

associated with building the desired shape of the blade (3Ds.com, 2025). This 

process is valuable for creating wind turbine blade components in small-scale 

turbines.  This three-dimensional production method is cost-effective and 

requires only 6 to 12 hours to manufacture a 1-meter blade (Haldar, 2023). In 

adherence, the engineering technology adds more precision regarding design 

specifications for deploying the 3D-printed wind turbine. According to 

Arivalagan et al. (2023), this additive manufacturing process delivered the 

efficiency of small-scale horizontal-axis wind turbines by using an ABS 

filament, which has a low overhead cost and can be finished in a short time.  

As per the collected data in chapter 3, the 3D printing technology, also known 

as Large-scale additive manufacturing (LSAM) or big area additive 

manufacturing (BAAM), is implemented for the big area and enables the 

production of large-scale prototyping components. As per Goh et al. (2024), 
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the large format of 3D printing is cost-effective for mass customisation and 

production.  It includes scalability in components and explores material 

selection, quality of surface and inter-layer bonding of turbine blades.   

Section 3.2 it is highlighted that direct metal laser sintering is another 3D 

printing method used in the turbine blade manufacturing process. It is a highly 

valuable technology in the manufacturing sector that delivers complex metal 

components. The wind turbine blades operate in different environmental 

conditions that allow for the creation and integration of internal cooling 

channels (Sinha et al., 2022).   It is impossible to manufacture advanced, 

highly sustainable products through traditional methods.  So, the DMLS 

optimise the cooling channel and enhances the efficiency of the wind turbine 

blade in different atmospheric conditions. As DMLS allows for the creation 

of lightweight designs with optimised cooling, and potentially offsets the 

weight advantages of the lighter material. 

4.2 Theme 2: Cost and lifecycle of 3d printed wind turbine blades 

In the manufacturing of wind turbine blades, 3D printing technology 

implementation is rapidly growing due to multiple trends emerging in 

production processes like prototyping.  This study has explored the 

experiment of the complex geometry of turbine blades and optimised the 

design depending on the material used (Roşculeţ, and Fetecău, 2018). The 

advanced technology focuses on utilising and developing the quality of the 

blade, including material composition, high-strength polymer, sustainability 

and high recyclability for the blade.  Depending on the materials' 

sustainability, there is a strong push to use biopolymers that reduce the 

environmental impact of wind turbine blade production. The additive 

manufacturing delivered potential for modular blade designs, where blades 

are manufactured and assembled.  It may consume less transportation cost 

and mitigate logistic challenges for large offshore wind turbines. This 

technology has the potential to manufacture blades on site at the wind turbine 

location, and it offers a very strong driver for this technology. From this 

research, it can be decided that 3D printing technology delivered accuracy to 

the blade manufacturing towards intricate design.  For optimising the blade 

structure and the surface structure of turbine blades, 3D printing technology 

has no alternative. Consequently, the exploration of recycling old turbine 

blades by using sustainable material like feedstock for 3D printing is hard 

(Rahimizadeh et al., 2019).  This approach enhances the circular economy 

and prevents waste. The research is being used to enhance the knowledge 

regarding shredded materials from old blades as reinforcement with new 3D 

printing sustainable material.  
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Figure 9: The sustainable pattern for recycling fibres (Source: Rahimizadeh et al., 2019) 

4.3 Theme 3: Addressing the recycling issue by using 
reinforcement 
The recycling issue in 3D printing technology of wind turbine blade 

manufacturing is a significant challenge due to the composite material.  The 

integration of 3D printing technology has provided a sustainable technique to 

deliver the large-scale production of wind turbines precisely (Dzogbewu and 

de Beer, 2023). This paper has highlighted the recycling method of waste by 

using a shredding machine to cut the waste into small pieces that can be 

incorporated into plastic materials. Depending on this mechanical recycling 

process, it provides a significant portion of the composite blade material. 

Additionally, this process involves extracting fibre from end-of-life blades, 

developing it into a thermoplastic matrix and creating new material through 

additive manufacturing. There are a few materials, such as decommissioned 

glass fibre wind turbine blades, that can be used to reinforce a 3D printing 

structure. Apart from this, the innovative approach helps to provide another 

source of valuable material besides the landfills. The research also sheds light 

on using thermoplastic composition manufacturing.  These materials have a 

great potential for recycling rather than traditional thermoset composites.  The 

composition of thermoplastic has innovative properties that can be recycled 

and deliver new 3D printed products.  

Addressing these issues can help reduce the amount of waste, 3D printing 

technology can significantly mitigate the amount of waste by following these 

methods. These innovative approaches can promote a circular economy by 

modifying valuable materials. Utilising recycled reinforcement in wind 

turbine manufacturing of the 3D printing method has contributed to 

sustainable manufacturing in the energy sector. Recycling process also helps 

to mitigate the cost of 3D printing feedstock (Wang et al., 2022). So, it can 

be said that 3D printing technology played an integral role in developing 

innovative solutions and transforming waste into valuable material resources.  

4.4 Theme 4: Comparison of manufacturing processes between 
HAWT and VAWT 
Horizontal-axis wind turbines (HAWT) and Vertical-axis wind turbines 

(VAWT) have several demands for making unique working properties. 

According to the aerodynamic efficiency, HAWTS are designed by focusing 
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on maximising speed.  It needs a precise airfoil shape that is very long for 

optimising the performance of radial speeds.  Additionally, there is a large 

utility scale to run high-speed blades and generate energy from the wind.  It 

has been identified that a centrifugal force on the blade faces the offshore and 

onshore wind forces. The performance of turbine blades depends on load as 

per the rotation of the turbine in different turbulence and speed (Mohan 

Kumar et al., 2019). It is a large and heavy blade that needs a robust internal 

structure to tolerate the bending moment. Delivering this complex, precise 

airfoil shape requires an accurate manufacturing method to achieve the design 

and aerodynamic performance.  Wind turbine blades are made of advanced 

composite materials such as carbon fibre and fibreglass reinforcement 

polymer to acquire a high strength-to-weight ratio (Ben Said et al., 2025). On 

the other hand, the turbine blade optimisation processes capture the vertical-

axis wind turbine design. This optimisation process has played an integral 

role in capturing the design aspect of vertical-axis wind turbine (VAWT) 

blades. This process helps to develop blade performance, structural integrity, 

and efficiency. For converting wind energy into mechanical energy, the lower 

tip of the blade played a vital role and helps to operate the wind turbine by 

handling the fluctuating loads caused by changing wind speed.   Wind 

turbines are not a self-starting device and need an external mechanism like 

small motor, to initiate rotation. The speed of the vertical-axis turbine is less 

than the horizontal-axis turbine for balancing and reducing vibration. In both 

cases of manufacturing wind turbine blades, the 3D printing method is the 

same however, the work efficiency depends on the blades’ design.  

4.4 Discussion 
The study has highlighted that 3D printing application for wind turbine blade 

production presents both exciting possibilities and challenges.  This additive 

manufacturing method allows for the creation of complex geometry, which is 

difficult to achieve through the traditional method (Rouway et al., 2021). It 

can deliver more efficient blade design and potentially increase energy 

production through alternative sources. This manufacturing method has 

facilitated rapid prototyping and design iteration, that developed a blade 

shape in a faster way and optimised the work efficiency (3Dgbire.com, 2025). 

The advanced manufacturing process follows the rule of zero wastage. 

Depending on this, additive manufacturing also mitigates material waste 

compared to the subtractive method, and it is significant for the large-scale 

production of turbine blades. This advanced technology has the potential to 

complete the entire process of site manufacturing and prevent transportation 

costs and logistic challenges. In the development context, customisation of 

wind blades is specific to this atmospheric condition in different wind farm 

locations.  

Wind turbine blades need a specific material which can offer high strength, 

resistance to environmental factors and durability.  When implementing 3D 
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printing technology, it has to be ensured that the material is 3D printable and 

meets the requirements of large-scale production to avoid significant 

challenges.  The blades are enormous and have a long structure, which is 

commercially viable, but speed is a major hurdle. The repairing cost of wind 

turbine is too high to carry forward, so the manufactured product must be 

sustainable and long-lasting to tolerate environmental disasters. The entire 

research identified that wind turbine blades are the most impactful component 

that influences turbines' efficiency.  For the structural accuracy and 

sustainability of wind turbine blades, 3D printing method is suitable. 

Moreover, the wind turbine blades are very smooth for aerodynamic 

performance and achieve a specific structure of the blade through 3D printing. 

Presently, 3D printing is the most popular manufacturing method for the 

production of wind turbine components.  The research is going for large-scale 

printing methods and overcoming all the limitations. 

This chapter analyses all the collected data and helps to deliver a clear insight 

regarding the advantages and limitations of 3D printing technology for wind 

turbine blade production.  It holds multiple potential positive influences on 

sustainability with advanced manufacturing processes. The traditional 

manufacturing method involved a subtractive process where it cut the metal 

part from anywhere and created a large waste.  However, the additive 

manufacturing method builds parts layer by layer by using required material 

that drastically mitigates waste production (Javaid et al., 2021). On the other 

hand, 3D printing technology delivers complex design that has structural 

integrity. The 3D printing technology in aerodynamic optimisation enables 

the creation of complex geometry and offers a leading energy production 

from wind turbines (Sorte et al., 2023).  

According to Djonyabe Habiba et al., (2024), the wind conditions vary to 

create energy and allow customisation for manufacturing blades. For specific 

wind patterns the capacity for energy capturing has enhanced and mitigated 

wastage.  This ongoing research has explored the significance of recycled 

material in 3D printing technology and the reduction of waste by delivering 

accurate designs of wind turbine blades. This advanced method has facilitated 

the recycling and repurposing of old or damaged blades and prevented landfill 

waste. As per the research context, the traditional wind turbine blade 

manufacturing methods need an expensive and large mold. 3D printing 

technology can manufacture the customised product with precision. Apart 

from this, it can be summarised that 3D printing technology is the most viable 

method in advanced manufacturing for producing turbine blades.  

4.5 Result summary  
The study has successfully demonstrated the feasibility of utilising BAAM, 

fused depositing modelling, SLA, binder jetting, CFF and DLP for 

manufacturing wind turbine blade prototypes.  The result has indicated the 

mechanical properties of the used material in this advanced technology. These 
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materials are more effective than traditional materials to increase the strength 

of the blade.  Better optimisation of the printing parameters represents and 

develops the performance of the turbine blade and highlights the potential 

benefit of 3D printing, such as design flexibility and production scalability. 

The study holds a significant promise for accelerating the 3D printing 

technology in wind turbine blade manufacturing for more cost-effectiveness 

and efficiency. The next chapter is a conclusion that will show a final thought 

regarding AM, find links with research objectives and material selection. 

Additionally, it is concluded advantages and challenges of this process. The 

environmental impact is going to influence the use of alternative energy 

sources.  

5. Conclusion  

5.1 Summary  

In conclusion, the exploration of 3D printing technology for wind turbine 

blade manufacturing provides a dynamic and rapidly evolving field that 

brings transformation with significant potential hurdles.  The advancement of 

this technology helps to build a foundation of large-scale additive 

manufacturing and sheds light on material science that offers a compelling 

pathway to overcome limitations of traditional blade production.  The 

prospect of design freedom by the advanced technology gives opportunities 

for more efficient, lighter and potentially recyclable blade design 

construction depending on specific environmental conditions. Moreover, the 

journey is widespread adoption is full of challenges related to the material 

performance at scale, managing long-term durability under the old 

environmental conditions, and establishing cost competitiveness in the 

production process.  

5.2 Linking with objectives 

• Different 3D printing methods used in wind turbine 
manufacturing  

As per the discussion in Chapter 3 the additive manufacturing techniques are 

investigated for wind turbine blade production.  This procedure offers 

exceptions and advantages, and specific challenges for implementing large-

scale production. For instance, Fused deposition modelling (FDM) is a cost-

effective method for smaller blade manufacturing that can provide prototypes 

for creating moulds; however, challenges were regarding durability and 

strength. Additionally, different large formats of 3D printing technology are 

involved for excluding a large amount of material, like large-scale additive 

manufacturing (LSAM), but it has an issue of consistency across the large 

volume and needs special equipment. Due to the material limitations and cost 

effectiveness, Stereolithography (SLA) is an effective process for additive 
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manufacturing that uses a UV laser to cure photopolymer resin and delivers 

high precision molds for traditional blade manufacturing. 

• Current trend in 3D printing in wind turbine blade 
manufacturing  

The current trend of 3D printing for wind turbine blade manufacturing gives 

a push towards large-scale production with innovative design and material.  It 

delivers a highly sustainable and potential product that can survive in any 

kind of environmental situation. Therefore, the ongoing advancement of 

additive manufacturing brings a revolution in wind turbine blade 

manufacturing. In chapter 3, from the 2nd paragraph onwards, the major trend 

has developed for using the LSAM technique for producing large structural 

components.  It includes advancement in large format with FDM and BAAM, 

and similar technology that can handle the scale required for the wind turbine 

blade. The research focuses on optimising this advanced method for 

innovative material, speed and ensuring the structural accuracy for the large, 

printed parts. 

• Economic feasibility and scalability of 3D printing of a wind 

turbine blade with traditional materials   

According to the analysis, evaluating the economic feasibility and scalability 

in 3D printing wind turbine blade manufacturing technique, blades are made 

of fibre materials, which reveals a complex landscape with both significant 

hurdles and promising aspects. It has been understood that 3D printing of 

wind turbine blades with traditional materials offered a highly potential 

opportunity for design innovation. It helps to mitigate tooling cost and 

distributed manufacturing cost, which accelerates the achievement of 

economic scalability and feasibility for large production. Overcoming all the 

production challenges, such as size limitation, production speed, and material 

performance consistency at a large scale, ensures robust quality control, and 

the supply chain will be critical for the adoption of this advanced technology 

in the wind energy sector.  

• Influence of conventional wind turbine blade manufacturing on 

sustainability  

The conventional manufacturing process of wind turbine blades helps to shed 

light on the energy sector and primarily relies on carbon fibre composite with 

thermoset resin and fibre glass.  It has a significant influence on sustainability 

throughout its lifecycle. The conventional manufacturing process has a 

notable negative influence on sustainability due to a reliance on energy-

intensive processes and materials.  It may generate waste, overwhelming 

difficulty in recycling end-of-life blades and transportation challenges. 

Preventing all these challenges through research and replacing the sustainable 
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material, which is discussed in section 3.3, introduces sustainable materials 

and recycle blade designs through the efficient manufacturing technique and 

implements a viable recycling solution.  It helps to enhance overall 

environmental performance and sustainability in the unconventional energy 

sector.   

5.3 Recommendation for future activities  

The research has focused on standardised material properties to develop the 

quality and optimise the printing speed for large production.  The complex 

structure is the essential step for bridging the gap between industrial-scale 

implementation and promising prototypes.  The future of wind turbine blade 

manufacturing will be accurately shaped through continuous innovation in 

3D printing. Identifying the current challenges and establishing a 

collaborative effort between manufacturing engineers, material scientists, and 

the wind energy industry will be an important stage that helps to unlock the 

full potential of this advanced technology. The adoption of this additive 

manufacturing process will take some years to reach throughout the world for 

the efficient future wind turbine energy generation. This paper underscores 

the existing possibilities for more sustainable products that drive towards the 

transformative power of additive manufacturing.  

Recommendation  

For further research on 3D printing technology in wind turbine blade 

manufacturing, focus should be on the cost-effectiveness of materials and the 

advanced design that enhances the turbine’s efficiency. During the 

manufacturing process, the structural accuracy, blade performance, and 

health should be observed. Developing the digital twin model to predict 

maintenance requirements and optimise the lifespan of the blade.  By 

identifying this future research and development direction, efficient 

regulation will come in technology for wind turbine blade manufacturing and 

contribute to a sustainable and efficient wind energy sector. The investigation 

regarding recycling and thermoplastic composite should continue, and 

implementing manufacturing for large-scale production that can meet 

stringent mechanical, environmental and resistance requirements of wind 

turbine blades.  For future research, it should prioritise the materials with 

inherent recyclability and the potential of wind turbines blades. It can improve 

the functionality of blades through great properties and optimise structural 

integrity and aerodynamic performance.  

6. Critical review  

Establishing the advantages and challenges of 3D printing for wind turbine 

blade manufacturing represents a complex interplay of technical, 

environmental, occupational health, safety considerations, economic, social 

and ethical aspects.  Technology holds a significant role for a more 

sustainable and efficient future growth for the wind turbine energy sector, 
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which is carefully maintained and navigates the ethical implications.  The 

usage of renewable energy sources provides benefits to both society and the 

environment by promoting economic stability and mitigating pollution. 

Through the advanced technology, prioritise work health and safety 

throughout the innovation process, and the study takes into account 

interconnected aspects to deliver a comprehensive analysis of potential and 

necessary considerations in this emerging field.  

The research drive towards 3D printing of wind turbine blade manufacturing 

aligns with the broader ethical imperative for promoting renewable energy 

and preventing climate change.  It is a sustainable process that helps to 

mitigate environmental impact and potentially decrease conventional energy 

usage. On the other hand, the high initial investment cost in this advanced 

technology poses a significant economic challenge.  On achieving cost 

effectiveness with traditional manufacturing for the long-term aspect, and 

considering factors like material waste, transportation and cooling cost, 

delivers a clear estimate for manufacturing.  The centralised 3D printing 

supply chain maintenance for buying components and mitigating reliance on 

global logistics reduces disruptions of external stakeholders. The flexibility 

of design offered by 3D printing allows for the creation of customised blades 

that optimise a specific wind condition, potentially enhancing energy capture 

overall and the economic value in a wind farm. This process enables new 

business models such as on-demand manufacturing and disrupts the 

production network.  

While the advanced technology is beneficial to dive into a specific technical 

answer, it could include a detailed explanation of print parameters, material 

extrusion mechanism and challenges of scaling this for wind turbine blade 

dimensions. The economic analysis has been enhanced by more quantitative 

data that delivered an approximate estimation regarding the cost of large-scale 

printing to the printers.  The comparative cost analysis with traditional 

manufacturing is based on existing literature and industry reports.  The study 

has followed a triangular research method that enhances the theoretical aspect 

regarding the choice of material, and different types of methods used in 3D 

printing technology. The documented literature helps to establish a clear 

insight towards manufacturing and enables comparison between traditional 

and advanced materials used in additive manufacturing. The 3D printing 

process has been influenced by quantitative metrics in the environmental 

aspect, with the increasing usage of green energy sources that mitigates 

environmental harm.  Providing a projected production rate for 3D printing 

blades delivers a potential advancement for scaling in additive manufacturing 

processes and builds more rigorous scalability in this discussion. The 

overview of the study critiques the evidence for addressing potential biases 

and acknowledging uncertainties in current research.  Several views of this 

research community developing and adopting 3D printing technology for 
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wind turbine blades manufacturing and providing a more balanced 

analysis.  In this study, clear assumptions about additive manufacturing 

technology that are currently being prototyped are becoming closer to 

industrial application. 
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