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ABSTRACT 

The objective of this capstone is to study the different manufacturing processes used for 

small wind turbine blades. 

In the small wind energy industry, there exist several manufacturing techniques for blade 

manufacturing. According to literature, the most commonly used are: Hand Lay-up, Prepreg 

Technology, Resin Transfer Molding (RTM) and Vacuum Infusion (VI). These processes were 

investigated and described in details with the advantages and drawbacks inherent to each one. 

Then, the most suitable technology for the Moroccan context was selected based on specific 

criteria. Last but not least, the cost study of a typical production unit was performed in order to 

estimate the approximate cost for manufacturing a single blade. 

Identified steps of this capstone project are as follow: 

- Extensive review of potential manufacturing techniques adapted to the small wind energy 

industry; 

- Determination of applicable criteria for comparative analysis; 

- Comparative analysis of the different processes identified; 

- Selection of the most adapted technology for the Moroccan context; 

- Cost study of a typical production unit. 

Keywords: Hand Lay-up, Prepreg Technology, Resin Transfer Molding (RTM), Vacuum Infusion 

(VI), applicable criteria, comparative analysis, Moroccan context.   
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1. INTRODUCTION 

The object of this capstone is ultimately the selection of the most appropriate blades’ 

manufacturing process for the Moroccan industrial context. The first part of the analysis phase 

consists of an extensive review of potential manufacturing methods with benefits and drawbacks 

associated with each technique. Then, a comparative analysis will be carried out to select the 

most suitable one for the Moroccan context. The feasibility study involves finding relevant 

scientific resources that will be the basis on which to perform the comparative analysis between 

the different technologies identified. To be more specific, it requires the determination of 

applicable criteria for comparative analysis. It is true that my capstone represents only a small 

part of the wind turbine project, yet; it is important to note that data gathered throughout the 

investigation of the different blade manufacturing processes will be particularly useful for 

conducting the blade’s fatigue analysis. This shows how the different parts of the project 

complement each other.  

Within the framework of its energy strategy, Morocco is engaged in a wide wind program, 

in order to support the development of renewable energy and energy efficiency. Obviously, the 

project does not only fit in with the Moroccan energy strategy, but also presents economic 

benefits: The last step of my study consists of performing the cost study of a typical production 

unit where all logistical means (Blade components, machinery, workforce …) will be – ideally – 

locally accessible, which is on one hand cost effective, and on the other hand contributes to the 

development of national economy.  

The major objectives of the capstone have to be achieved in a timely manner following a 

proper schedule. The dates set for completing the different parts of the analysis serve as 

milestones that need to be respected. The time period for each task to be completed was 

determined depending on the complexity of the task. 

1.1   STEEPLE ANALYSIS 

S for Social:  

In order to successfully implement a Wind Energy project in Morocco, acceptance and 

support by society is required. It is important to note that wind energy will contribute to 

lessening Moroccan citizens’ fears of being dependant on fossil energy. On the long run, the 

objective of the project which we are working on is to create a typical production unit for Small 

Wind Turbines (SWT) in Morocco. This will allow the creation of new employment 

opportunities.  
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T for Technological:  

The technological aspect of the Small Wind Turbine project involves the availability of all 

logistical means in Morocco. Ideally, the blade constituents, the necessary equipment and the 

workforce will be locally accessible. It is important to make sure all, or most of the materials 

needed for manufacturing are findable in Morocco.  

E for Economic:  

The economic aspect is crucial for a successful implementation of the SWT Project. 

Actually, investment costs must be taken into consideration, as the project’s feasibility greatly 

depends on available financial resources. The costs associated to the Wind Turbine itself, 

coupled with its operating cost are decisive parameters. Furthermore, a detailed cost assessment 

needs to be elaborated in order to eventually convince a maximum number of investors to 

finance the project.  

E for Environmental: 

It is necessary to determine the impact of constructing and putting in operation a Wind 

Turbine, on environment. To explain, its effects on nature must be thoroughly investigated to 

make sure the project is ‘environmentally’ acceptable. The role of local authorities is to ensure 

that no significant, undesirable impact on the environment is expected.  

P for Political:  

Morocco is a constitutional monarchy ruled by the King, Mohamed VI, who is particularly 

interested in renewable energies because of the wide range of advantages they present. Such 

projects provide a great economic freedom and decrease dependence on Middle East countries, 

which currently fulfill Morocco’s needs for petroleum products.  

L for Legal:  

The legal system in Morocco is quite complex. Unfortunately, bureaucracy is a 

characteristic feature of Moroccan administration, consequently; several projects in the country 

are stalled because their implementation process may take years to complete. One example 

would be insurance companies which are particularly reluctant when it comes to Wind Turbines 

in the sense that such projects may be very risky.  

E for Ethical: 

Ethical implications of the SWT Project consist of taking rural areas into account while 

implementing the project. It would be unethical for these areas not to be provided with the same 



10 
 

facilities as urban areas. This is why, it is important to integrate rural areas in the operating area 

of the project. 

2. LITERATURE REVIEW 

2.1   CURRENT STATUS OF RENEWABLE ENERGIES IN MOROCCO 

Morocco, which is willing to become a regional power in the field of renewable energies, 

has already invested in large-scale projects for quite some time, but it is only now that these 

investments are becoming meaningful. Undoubtedly, the most impressive project is the solar 

complex NOOR 1, located near Ouarzazate. Inaugurated in February 2016, this plant uses highly 

advanced technologies [1].    

Considered as the largest solar installation in the world, NOOR 1 is expected to produce 

enough energy to fulfill the needs of 1 million inhabitants and export the surplus to Europe and 

the rest of Africa. Since Morocco imports more than 90% of its energy supply and does not have 

any hydrocarbon deposits, the government considers the development of renewable energies as 

the only way to ensure the long-term continuity of economic development [2].   

NOOR 1, with more than 500,000 curved mirrors over 4.5 square kilometers, for an 

investment of 700 million dollars, represents only the first installment of a solar complex 

expected to occupy more than 25 square kilometers. By 2018, three more power plants will be 

built, combining technologies such as thermodynamics or photovoltaic. The project is expected 

to produce 2 gigawatts by 2020; which will narrow the development gap between urban and rural 

areas [3]. Two-thirds of the 9 billion dollars needed to implement the whole project was 

provided by the Moroccan government within the framework of its national development 

strategy [4].    

Along the same lines, Morocco has installed, on the southern Atlantic coast, the Tarfaya 

wind farm, which is already the largest in the continent. Thanks to its 131 wind turbines, it has a 

production capacity of 300 MW, enabling the country to reduce its carbon dioxide emissions by 

900 000 tons per year, while reducing the annual bill of Moroccan oil imports by more than 190 

millions of dollars. The country intends to develop, in the near future, a wind power program 

capable of producing 2,000 MW per day. The objective of Morocco is to self-sustain 42% of its 

total electricity production thanks to renewable energies [5].  

In a time when demand for electricity is increasing every year by 7% throughout the 

kingdom, the government is aware that it cannot remain passive and does not intend to abruptly 

withdraw from traditional energy sources. It is important to note that today, 90% of the 
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population is connected to the electricity grid, compared with 18% in the 90s. Over the same 

period, investments exceeded $ 3 billion [6].   

2.2   SMALL WIND TURBINE (SWT) GENERALITIES 

A small wind turbine (SWT) refers to a small to medium-sized wind turbine, ranging in 

size from 100 W to approximately 20 KW, mounted on a tower from 5 to 35 meters, connected 

to the electricity grid, or to a battery bank in the case of an isolated site. 

Modern wind turbines fall into two basic categories: The horizontal-axis variety, which 

usually have two or three blades. These wind turbines operate ‘upwind’ with the blade facing 

into the wind (Fig. 1). The vertical-axis design, such as the Darrieus Model (After its French 

inventor) is quite similar to an eggbeater (Fig. 2). This type of wind turbines has a lower 

efficiency compared to horizontal axis wind turbines. Wind turbines may be constructed on land 

or offshore in a body of water like oceans and lakes [7].   

Small wind turbines develop primarily in rural areas. This is where we find the windiest 

and lowest population density areas; which facilitate the acceptance and implementation of a 

SWT project. The most determining factor for the small wind turbine profitability is the wind 

resource which must be both powerful and frequent. 

Simply stated, the operating principle of a small wind turbine is as follows: The wind 

rotates the blades, which spin a shaft connected to the generator that produces electricity. 

Electric current is either directly injected into the electricity grid or stored in batteries [7].  
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Figure 1 Horizontal-axis Wind Turbine [7]         Figure 2 Vertical-axis Wind Turbine [7]

  

The SWT that we are currently working on in this project is a horizontal-axis wind turbine, 

expected to generate 11KW. It has 3 blades.  

2.3   OVERALL BLADE STRUCTURE  

Just like an airplane wing or a helicopter blade, the cross-section of a wind turbine blade 

has a curved side and a less curved, relatively flat side. The relatively flat side is the underside of 

the airplane wing and the upwind side of the wind turbine blade. The flow of air is constant at 

the front (Leading edge) and rear (trailing edge) of the blade. However, the length to be traveled 

by the air flow is greater on the upper surface.  

The cross section of the blade is essentially made of: OUTER SHELLS which ensure the 

stability of the aerodynamic shape and the INTERNAL STRUCTURAL SUPPORT of the 

outer shells [8].   

2.3.1   KEY STRUCTURAL DESIGN REQUIREMENTS  

Small wind turbine blades experience varying external conditions (Normal and extreme 

conditions) during their life cycle. Therefore, the blade structure needs to be strong enough in 

order to ensure the proper functioning of the turbine. In a simplified form, the blade may be 

represented as a cantilever beam rotating about its rotor axis. Mechanical properties (such as 

material’s stiffness) of this ‘beam’ are decisive factors for preventing any collision between the 
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tower and the blade. To explain, as the blades bend, they get closer to the tower, this is why; they 

must be made stiff enough not to hit it when rotating. 

The outer surface of the blade is designed in the form of an airfoil in order to fulfill 

aerodynamic requirements. However, this structure has limited ability to sustain shear loads due 

to the fact that it is hollow. Under compressive loads, localized buckling may occur on the blade 

skin. Two case scenarios: Either buckling remains in the elastic region and ultimately leads to 

fatigue damage or, if loading is continued under these conditions, buckling may move into the 

plastic region and cause local permanent plastic deformation. Both types of buckling have to be 

taken into account when designing the blade because it has a long life cycle [10].  

For small wind turbine blades, the most frequently used internal support consists of two 

spar caps; one on the upwind face (pressure side) and one on the downwind face (suction side), 

they provide local stiffness. The two caps are structurally connected by a construction called a 

shear web which provides shear strength [11].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Small Wind Turbine Blade Cross Section using Solidworks 

 

2.3.2   MATERIALS REQUIREMENTS (WHY COMPOSITE MATERIALS ON BLADES?) 

Structural design requirements translate to the following materials requirements in terms of 

materials properties [9]:  

 High material strength is required to sustain extreme loads; 
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 High material stiffness is needed to maintain aerodynamic shape of the blade, to prevent 

the blade from hitting the tower when rotating, and to prevent local deformation 

(buckling) under compressive loads; 

 Low density is needed to reduce gravity effect and optimize power cost.  

In order to fulfill the requirements listed above, composite materials represent a good 

compromise. Composites consist of a combination of two or more immiscible materials (with 

high adhesion ability though). The new material thus obtained has properties that each individual 

material does not. This phenomenon; which significantly improves the material quality 

(lightness, strength, etc.) explains the increasing use of composites in various industrial sectors 

including wind turbine industry [9].       

By definition, A COMPOSITE = REINFORCING FIBERS + MATRIX  

Typical reinforcements used in composite materials are strong, stiff and lightweight fibers. They 

may be glass fibers (good specific strength, low specific stiffness, relatively inexpensive), 

carbon fibers (high specific strength and stiffness, expensive) or aramid fibers characterized by 

low compression strength. Reinforcements are bonded together by a matrix; which is normally a 

form of resin. The main purpose of the matrix is load distribution. In addition, it ensures 

protection of the reinforcement from varying environmental conditions and helps maintaining 

fibers in a chosen orientation [8].  . 

2.4   FINAL PROPERTIES OF THE COMPOSITE: MATERIALS SELECTION  

2.4.1   FIBER MATERIAL (REINFORCING FIBERS) SELECTION:  

Fiber-reinforced plastic is a composite material made of a polymer matrix reinforced 

with fibers. It is known to have greater specific stiffness compared to other materials. 

Consequently, modern SWT blades are made from fiber-reinforced plastics (FRP). In addition to 

glass fiber-reinforced plastics, carbon fibers are also commonly employed for rotor blade 

manufacturing. Carbon fibers’ strength is approximately twice glass fibers’ strength, and their 

stiffness is around three times glass’ stiffness. Extra stiffness of carbon fibers allows surrounding 

resin to better sustain fatigue by reducing strain in the resin. However, since the price of carbon 

fibers is very high, they are only used where their properties are technically indispensable for the 

blade performance. Actually, carbon is used only on large scale wind turbine, and still only on 

spar caps [11]. 

https://en.wikipedia.org/wiki/Composite_material
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Fibre
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In order to manufacture wind turbine blades, different types of fiber materials may be used 

in the composite, extending from glass to carbon. The glass types used for structural 

reinforcements are E-glass, S or T-glass. Yet, E-glass (‘Electrical’ grade glass) is by far the most 

common form of fiber used in reinforced plastic composites. Actually, more than 90% of 

reinforcements used in several industries are made from E-glass [26]. The E in E-glass stands for 

electrical, because it has good electrical properties [13]. Furthermore, E-glass is characterized by 

good tensile and compressive strength and stiffness besides a relatively low cost. Because of the 

common use of E-glass fibers in SWT blades’ manufacturing industry added to all the reasons 

mentioned above, E-glass fibers reinforcement was retained for blade manufacturing in the 

current project.  

2.4.2   FIBERS ORIENTATION AND STITCHING PATTERN 

It is important to note that fibers orientation determine the material’s strength and stiffness. 

In other words, the composite material is normally strong and stiff in the direction of fibers.  

The main function of blade shells is to maintain the aerodynamic shape. In addition, they 

provide extra stiffness and strength to the spar to better withstand torsion loads.  

Under torsion loads, structures undergo pure shear loading. Therefore, just like shear webs, 

shells need to have a great proportion of fibers oriented diagonally. Shells also have fibers 

running along the length of the blade surface. This assists spar caps in flapwise bending to a 

certain extent, but more importantly; it strengthens the blade in edgewise bending [11].  

Furthermore, the greatest edgewise bending moment is at the root. This is why; extra 

reinforcement is needed in this specific area.  

In order to minimize the tip deflection and ensure the blade stability under various wind 

conditions, laminates’ fibers orientation for the present blade design is:  

 The blade shells are manufactured using E-glass fabrics (A fabric is defined as a 

“manufactured assembly of long fibers of glass, carbon or aramid to produce a flat sheet of 

one or more layers of fibers” [9]) oriented diagonally along with some unidirectional 

plies to assist the spar caps in flapwise bending [𝟎°/±𝟒𝟓°/𝟎°]𝒔. For longitudinal 

triaxial fabrics  [0°/±45°/0°]𝑠, the outer aerodynamic skin is made of 6 layers of fabrics 

with an approximate thickness of ~3mm [14]. 

 In the root area, quadriaxial fabrics are used [𝟎𝟐/±𝟒𝟓°/𝟗𝟎°]𝒔. 
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2.4.3   POLYMER MATRIX SELECTION  

A composite material consists of a ‘backbone’; the reinforcement which provides 

mechanical strength and a ‘protection’; the matrix that ensures cohesion of the structure, and 

transmission of applied loads to the reinforcement. Furthermore, the matrix gives the composite 

resistance to the varying environmental conditions and determines the maximum service 

temperature of a composite [9].   

Given the requirement for low weight, the Polymer Matrix Composite (PMC) materials are 

typically used in wind turbine blades. Thermosets (Epoxy, Polyester, and Vinylester) are the 

most widely used matrices in blades’ composites. Thermosets allow for low cure temperature 

compared to thermoplastics, in addition to low viscosity which allows for easier handling. When 

selecting a matrix, fatigue resistance is the most important parameter to investigate. Hence, the 

matrix selected must be able to endure continuous loading. Epoxy is a very frequently used 

matrix in composite industry: It is particularly useful where low weight, good fatigue resistance 

and environmental degradation resistance is required. Plus, it has suitable mechanical properties 

for SWT blades; it actually out-performs the majority of other resin types available in terms of 

mechanical properties [9].    

A satisfactory compromise of technical and economic requirements is the use of epoxy 

resin for the current project. 

2.5   SPAR CAPS / SHEAR WEB: 

2.5.1   MATERIAL SELECTION 

The blade’s internal support consists of two spar caps running from the root to the tip of 

the blade; one at the top and the other at the bottom inner surfaces, structurally joined by a shear 

web. For small wind turbine blades, spar caps are either: 

1. Made of carbon fibers paired with foam 

Or, 

2. Made of thick fiberglass (E-glass) laminates   

The first alternative is manufacturing caps in carbon fiber composites paired with foam. 

This will probably reduce the blade’s weight given the fact that carbon’s specific stiffness is 

much greater than glass’ specific stiffness. However, economically speaking, this option is not 

viable because carbon fibers are approximately 8 times more expensive than glass fibers [15].  

Furthermore, greater vigilance is required while dealing with carbon fibers. Actually, 
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manufacturing processes need to meet high quality standards in order to ensure proper handling 

of carbon fibers. This is considered as one of the limitations that prevent manufacturers from 

using this technology. In addition, risks associated with carbon fibers are greater than those for 

glass fibers. In other words, carbon fiber straightness must be given particular attention: In fact, 

any misalignment or curvature may lead to a significant decrease in ultimate compression strain 

which is already low. For all the reasons mentioned above, this alternative has been rejected 

[16].  

The second alternative, which will be considered in this project, consists of 

manufacturing caps using glass fibers (E-glass more specifically).  

As mentioned previously, a blade is roughly comparable to a cantilever beam deflected by 

wind action. When deflected, one side of the blade will be subject to tensile stress and the 

opposite side to compressive stress. In order to withstand these loads, spar caps and shear webs 

are made up of two different fabric styles. 

2.5.2   FABRICS ARCHITECTURE 

 Along the suction and pressure sides of the blade, Unidirectional (UD) E-glass fibers are 

used for spar caps. This fiber orientation provides greater tensile and compressive strengths 

compared to other orientations. Usually, unidirectional layers are interleaved with some 

biaxial plies (±45°) which aid in load transfer between unidirectional fibers layers [14].  

 Biaxial E-glass fabrics (±45° orientation) are used for the shear webs: This configuration 

is most used because it is highly resistant to shear forces; some transversal unidirectional 

plies are incorporated to sustain compressive forces [11].  

Spar caps are separated by a shear web. This structure is similar to an I-beam where the 

flanges are represented by the spar caps and the web is actually replaced the shear web. In this 

project, the shear caps run from the root and along 66% of the blade. A single web is placed 

at approximately 34% of the chord length; which is the ideal configuration according to 

literature.  

In order to connect the spar caps and shear web, there exist two common ways: Either a 

one-shot manufacturing process (Spar caps are built as part of the shell) and the shear web is 

then glued between them. Or, spar caps and shear web are manufactured separately and then 

bonded into the shell. Either way, the connection between caps and web is to be given particular 

attention, as the integrity of the overall blade structure depends on the adherence quality [11]. A 

poor adhesive may lead to catastrophic failure of the entire blade. This is why; it critical to 

investigate the adhesive joint’s properties in details. Adhesive joints are used to glue blade 
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halves together and connect caps and web. Their primary function is transferring load within 

from the spar cap in the shell into the shear webs, and between the shells at the leading and 

trailing edge. In the case of this design process, the glue line is assumed to have specific 

characteristics: 1 mm thickness, continuous bond [16]. The adhesive will be a commercialized 

structural adhesive commonly used by blade manufacturers (Fiberglass Reinforced Epoxy or 

Polyester). The use of spar caps and shear web present a great advantage: They allow playing 

around with mechanical properties of the blade without modifying its shape. To explain, if the 

caps are made thinner; this will reduce the blade mass and result in a better aerodynamic 

performance. Thicker caps tend to provide better stiffness to the blade, however; it will increase 

its manufacturing cost. The exact architecture of spar caps and shear web is depends on several 

factors namely: The wind turbine design, loads and manufacturing costs [11]. 

As mentioned above, spar caps are made of many unidirectional fibers. Unidirectional fiber 

layers are characterized by a high packing efficiency and therefore low permeability. In order to 

aid resin application, spar caps incorporate higher permeability layers, or are manufactured in an 

off-line process. Similarly, the shear web is often manufactured in a parallel shear web dedicated 

manufacturing process. Spar caps and shear web are subsequently integrated into the blade 

structure: 

Cured spar caps are first bonded to the fabric stack assembly to obtain fully integrated 

structural shells. Then, the bonding operation of the shear web is to be performed. Actually, for 

this particular configuration (Spar Caps/Shear Web), an important amount of load needs to be 

transmitted, within the blade structure. This is why; the selection of the appropriate structural 

adhesive is very important [17]. The first step in the gluing operation consists of bonding the 

shear web into the bottom shell using jigs. Then, adhesive is evenly applied along the perimeter 

on both halves and on the top of the shear web. The upper shell is positioned on top of the lower 

one before heat is applied to accelerate the adhesive curing [17].   

The primary objective of the manufacturer is to increase the production level by 

minimizing the cycle time of the blade. To explain, the utilization rate of the shell molds, which 

are undeniably the most expensive assets, needs to be maximized. This is why; removing the 

spar caps and shear web to a parallel manufacturing process is a common practice adopted by 

manufacturers to reduce the complexity and thus the duration of the manufacturing operation. As 

a consequence, the focus of blade manufacturing is on the rest of the shell structure [17]. 
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3.   METHODOLOGY 

3.1   REVIEW OF POTENTIAL METHODS ADAPTED TO THE SMALL 

WIND ENERGY INDUSTRY  

In the small wind energy industry, there exist multiple techniques to manufacture a blade. 

It is important to note that the manufacturing process highly influences the quality and 

repeatability of the finished parts. It is thus very important to select a process which generates 

components with similar properties.  

Blade manufacturing techniques may be divided into two categories: Open molding and 

closed molding processes. An open mold is open at the atmosphere at the top; whereas a closed 

mold is either two-sided or has a vacuum film at the top. An example of open mold processes 

would be Hand Lay-up. Resin Transfer Molding (RTM), Prepreg and Vacuum Infusion are 

closed mold processes. There are advantages and drawbacks associated with each method, this is 

why; a comparative analysis weighing benefits and risks would aid in the deciding which process 

is best to use.  

3.1.1   HAND LAY-UP 

3.1.1.1   OVERVIEW OF THE PROCESS 

Hand lay-up, also called wet lay-up is the oldest and simplest technique for manufacturing 

composite components [18]. Basically, hand lay-up is an open mold technique, performed by 

manually placing dry fabric mats in the mold and subsequently applying resin. Then resin is 

forced through the reinforcements using hand rollers to ensure its uniform distribution and 

removal of air entrapped inside the laminate. This process is to be repeated as many times as 

necessary, until the desired thickness is reached. When the fabric is fully saturated, excess resin 

is removed with squeegees. The layered structure is then allowed to cure and finally, the 

hardened part is extracted from the mold [18]. 

Hand lay-up technique may be divided into four basic steps:  

1. Mold Preparation: 

The first step consists of applying a thin layer of release agent to the mold surface in order 

to facilitate the extraction of the finished part.  
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2. Gel coat: 

After a proper mold preparation, a gel coat is applied to produce a high-quality finish of 

the laminate. Actually, the gel surface becomes the outer surface of the finished part, and thus 

protects fiber reinforcement.  

3. Fabrics Lay-up: 

When gel coat has partially set, layers of fabrics and resin are applied. Each layer is rolled 

to impregnate fibers with resin and remove air.   

4. Curing: 

Curing is usually accomplished under standard atmospheric conditions. Once the part has 

fully cured, it is removed from the mold.  

Figure 4 Hand Lay-up Process Schematic [9] 

3.1.1.2   ADVANTAGES OF HAND LAY-UP 

Hand lay-up technique presents few advantages; the most notable being simplicity. Indeed, 

its principles are quite easy to understand. An additional benefit to the process is the low tooling 

cost compared to other methods; as the only required equipment consists of hand rollers, 

squeegees and containers for resin [18]. Furthermore, the technique is compatible with all resin 

and fiber types. Yet, there are several drawbacks to this manufacturing process. 

3.1.1.3   DRAWBACKS INHERENT TO HAND LAY-UP 

 Hand lay-up is a labor intensive process, and thus results in high labor cost. In the case of small 

wind turbine blades, the hand lay-up process demands that one fabric layer be molded at a time. 

Reinforcement layers, spar caps and shear web are bonded together afterwards. Such a 
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sequential process requires a large workforce, plus, it increases variability between blades, and 

decreases production level [19].  

 

 The nature of the hand lay-up process may result in parts with inconsistent fiber orientations. 

To explain, the more the reinforcement is manipulated, the more likely fibers will separate or 

deform and compromise mechanical strength of the composite [19].  

 

 Hand lay-up method often leads to a low fiber volume fraction which results in low specific 

strength. “As a rule of thumb, lay up results in a product containing 60% resin and 40% fiber, 

whereas vacuum infusion gives a final product with 40% resin and 60% fiber content” [20]. 

This is due to the traditional manner of removing excess resin from the part (Squeegees) in 

hand lay-up technique. Often, hand lay-up results in relatively weak, heavy laminates with low 

fiber volume fraction.  

First, resin alone is known to be very brittle, and if present in excess, it may lead to a 

significant weakening of the part. Second, hand lay-up is considered a very inaccurate method 

in terms of resin content control due to the human variable. Resin content and thus quality of 

the finished part are heavily dependent on the skills of the laminator [19].  

It is obvious that the thickness of a composite laminate varies depending on the number 

of reinforcement layers and the relative amount of resin incorporated. According to literature, 

“for a given quantity of reinforcement, a laminate with a high fiber volume fraction will be 

thinner than one with a lower fiber volume fraction, since it will contain less resin” [21]  (Fig. 

5). Yet, maintaining high fiber volumes significantly reduces the blade weight. In the case of 

the AOC 15/50 wind turbine, it has been proven that if a single skin fabric thickness could be 

compressed by one millimeter over the length of the blade, a mass savings of approximately 

10% would be generated in the current blade design [19]. 

Figure 5: Laminate Thickness Depending on Matrix Content [21] 
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 Hand lay-up raises safety considerations with the amount of harmful volatile chemicals it 

releases into the air [19]. Typically, hand lay-up method requires a low viscosity resin as it is 

workable by hand and allows easier penetration into the reinforcement. However, low viscosity 

of the resin also means an increased tendency of infiltrating clothes; which may be dangerous.    

A comparative study between vacuum infusion and hand lay-up method toward Kenaf/Polyester 

composites demonstrated the following:  

 Samples manufactured by hand lay-up have lower tensile strength than vacuum infusion 

process. Furthermore, stiffness of the hand lay-up samples also was lower than the vacuum 

infusion method [22]. 

 

 Samples with better mechanical properties are generated using resin infusion [22]. This is 

due to the fact that a compression force applied on the laminate is maintained during the entire 

curing time. In vacuum infusion, resin is pushed in the laminate while air under the vacuum bag 

is being drawn out. This process reduces voids inside the laminate; which ultimately results in 

improved mechanical properties of samples. Hand lay-up method relies on using a hand roller 

to force air out. It is true that the amount of voids may be reduced this way, however; it seems 

that the force applied manually is insufficient to work out the entrapped air or voids inside the 

laminates [22]. Voids are one of the most common manufacturing defects; they signal the 

presence of air in the matrix. Fiber content was found to be a very important factor affecting the 

number of voids in the laminate and the proportion of randomly-shaped voids. Studies have 

demonstrated that as fiber content increased, the number of voids per square millimeter 

decreased from 10.5 to 9.5 [23]. Furthermore, the proportion of randomly-shaped voids 

decreased from 40% of total voids to 22% as the fiber content increased. It is noteworthy that 

randomly-shaped voids have the most serious implications on mechanical properties of the 

composite component as they may result in early crack initiation [23].  Moreover, vacuum 

created during infusion process results in little or no moisture content inside the laminates. 

Reducing moisture content of the sample improves mechanical properties as well [22].  

3.1.2   PREPREG TECHNOLOGY  

3.1.2.1   OVERVIEW OF THE PROCESS 

Prepreg is an abbreviation for ‘pre impregnation’. It refers to a semi-raw product consisting 

of fiber fabrics pre-impregnated with resin to form a homogeneous stack that will be used to 
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manufacture composite components. An inherent feature of resins used for prepregs 

manufacturing is high viscosity. These resins are semi-solid at ambient temperature and thus 

enable easy handling, cutting and application into the mold without any contamination from the 

resin. Once prepregs are properly positioned in the mold, they are allowed to cure under vacuum 

at high temperatures typically ranging from 80 to 140 °C [9].  

Prepregs are generally processed using either a standard vacuum bag or by autoclave. The 

autoclave is a pressured oven operating at 6 atmospheres, used generally in the aerospace 

industry [17]. It is an extremely expensive approach due to the equipment it requires, especially 

when it comes to large components. For the majority of industry applications, prepreg is rather 

processed using the standard vacuum bag technique. As previously mentioned, it is necessary to 

use a combination of pressure and heat in order for the laminate to cure. Pressure is actually 

achieved using vacuum bagging; an oven is used to apply the necessary heat [17].   

3.1.2.2   STEP-BY-STEP MANUFACTURING PROCEDURE 

1. Preparation: 

Prepreg fabrics are provided sandwiched between two layers of backing film. This film 

prevents prepregs from sticking together. The prepreg must be taken out of the freezer 

approximately 6 to 8 hours before usage to allow it to thaw, while remaining inside its protective 

packaging [17]. This prevents atmospheric moisture from condensing on the material’s surface 

which may lead to the appearance porosity during curing. The prepreg is then cut to shape, with 

its protective backers on [17].  

2. Prepreg Lay-up: 

The surface of the mold has to be treated with a release agent prior placement of prepregs. 

Plus, protective gloves must be worn in order to prevent transfer of sweat to the prepreg [24].  

Prepregs are now ready to be positioned into the mold. The backer film has to be removed 

from the bottom surface of the prepreg before laying it on the mold. The prepreg layer may be 

moved if necessary as the tack allows slight adjustments. To explain, at room temperature, resin 

is generally a tacky solid; meaning that it has a certain level of stickiness which enables the 

prepreg to stick to the mold surface and to subsequent plies [17].  

The second backer on the upper surface of the first ply is removed only when the second 

layer is ready for application to prevent any contamination. This procedure is to be repeated until 

all layers are put in place. It is necessary to smooth down each ply of material as much as 

possible, using hand brush or squeegee to push air out [17].  
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3. Vacuum Stack: 

Once prepregs are laid up onto the mold, a nylon peel ply is placed – right away – over the 

entire surface of the laminate to prevent any contamination of the prepreg. Peel-ply allows the 

vacuum stack to be peeled off the laminate after cure. After, a perforated release film is placed 

on top of the peel ply in order to control the resin flow at early stages of curing. The size and 

frequency of holes in the film need to be selected carefully to ensure proper flow of resin. In 

order to guarantee a uniform vacuum distribution across the entire surface of the part, a polyester 

breather is positioned on the release film. In case there are too many holes in the perforated 

release film, resin may saturate the breather, causing the laminate to be emptied of resin [17]. 

The breather material fulfills two functions during the cure cycle: First, it allows the vacuum 

stack to ‘breathe’. To explain, it ensures that any sealed air or volatiles under the vacuum bag are 

easily removed. The second function is to absorb excess resin bleeding from the laminate. A 

single layer of fabric fulfills both functions; and thus it is at the same time a breather and a 

bleeder [25].  

The final layer consists of a vacuum bag which covers the whole lay-up of prepreg. The 

vacuum bag is sealed along the mold’s edge using temperature-resistant sealing tape to eliminate 

air leaks during the high-temperature curing process [17].  

4. Vacuum Application and Component Curing:  

When the lay-up process is over, a vacuum is pulled underneath the vacuum bag to extract 

air from the component and consolidate stacked layers. In the case of prepreg technology, the 

vacuum system integrity is not as crucial as is the case for resin infusion [17]. This is due to the 

fact resin is much more viscous, and therefore prevents air inclusions. Yet, in order to produce a 

high quality laminate, a minimum of 85% vacuum pressure is required. For prepreg components, 

a vacuum loss of 50 mbar per minute is quite common, however; a greater vacuum loss may lead 

to dry spots within the laminate due to air penetration [17].  
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For wind turbine blades, a curing temperature around 80°C is most used. Actually, it 

results in a sufficiently temperature-resistant finished part, and reduces the process and tooling 

costs. At this temperature, resin becomes liquid and the laminate is allowed to cure under 

pressure achieved by vacuum [26].   

Figure 6 : Prepreg Technology Schematic [27] 

3.1.2.3   ADVANTAGES OF PREPREG TECHNOLOGY 

Prepregs are often available in rolls and present several advantages:  

 Highly controlled resin content: Resin content is set as accurately as possible by the prepregs’ 

manufacturer. This is why; high fiber content with low void contents is achievable. High fiber 

content implies higher strength of the finished part. Actually, prepregs contain in general 

around 35% resin; which was proven to be ideal for maximum mechanical performance. In 

this regard, it is important to note that 65% fiber is impossible to achieve using Hand Lay-up 

for example [28].  

 

 Prepreg is a cleaner process compared to Hand Lay-up because it does not require any resin 

containers or messy rollers. Furthermore, materials display excellent safety characteristics; 

resins are semi-solid at ambient temperature and thus enable easy handling, cutting and 

application into the mold without any contamination from the resin. Prepreg technology has 

the potential for automation and labor saving [28].  
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 Prepreg technology provides a high level of part uniformity and repeatability: For hand lay-

up, the human variable greatly influences the quality of the finished part; pitfalls of physical 

resin application by the laminator may generate resin-rich or dry spots in the laminate. For 

prepreg, thickness will be uniform and finished parts will all be almost identical. Obviously, 

there is still a margin of error in the process of vacuum bagging, however; it is significantly 

reduced compared to vacuum infusion which requires resin to be introduced within the fabrics 

during the process [28].  

 

3.1.2.4   DRAWBACKS INHERENT TO PREPREG TECHNOLOGY 

First, prepreg does not offer as many materials options as Hand Lay-up. To be more 

specific, it is compatible with any fiber type, however; it allows only the use of Epoxy for resin 

[9]. Unlike Vacuum Infusion or Hand Lay-up during which reinforcements and resin are 

combined on site, prepreg requires that fabric layers are first pre-impregnated. This initial step is 

usually performed in an off-site specialized prepreg manufacturing company. This additional 

step in the manufacturing chain drastically increases cost [29]. 

For the majority of industry applications, prepregs are processed using a standard vacuum 

bag. Yet, there will have to be an oven to apply heat to cure the prepreg. It is mandatory to be 

able to achieve a minimum of 80°C and sustain this temperature for at least 4 hours [26]. Heat 

cure, which is a necessity in the case of prepreg technology, generates high tooling costs 

especially that the choice of mold material is constrained by its ability to withstand elevated 

processing temperatures (Typically 80-140°C) [9].   

Another drawback inherent to prepregs is refrigerated shipping and storage to prevent 

reducing the out-life [17].  Prepreg resin systems use latent catalysts that require temperature to 

be activated, in order for the prepreg to maintain the required level of tack and drape until the 

part is cured at high temperature. Drape is defined as the ability of a prepreg to conform to a 

mold surface. Drape is highly correlated with fiber types and orientations, fabrics’ stitching 

pattern and resin composition. If drape in a prepreg is not sufficient, problems may occur during 

lay-up process as prepreg laminates will form bridges trapping air in the laminate, reducing 

quality of the finished part. These large voids will not be filled with resin, as it is the case with 

infusion process, because the amount of resin in a prepreg sheet is predetermined [17].   

Almost all types of resin (Epoxy, Polyester, Vinylester) used for infusion are exothermic; 

meaning that they release heat to surroundings during their reaction from a liquid to a solid 

matrix. The resin is mixed with a catalyst which initiates this reaction. Catalysts do have 
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different reaction speeds; the appropriate speed is to be selected depending on the infusion time. 

To explain, long infusion times require slow catalysts to enable the liquid to infuse before its 

fluidity becomes too low to impregnate the fabrics stack [17]. Latent catalysts react at a very 

slow pace in room temperature, increasing the viscosity of the resin until it reaches a point where 

no tack or drape remains in the material. At this point, the material becomes practically unusable 

in most applications, it is said to have attained the limit of its out-life. In the wind energy 

industry, prepregs used typically have 60 days (Approximately 2 months) out-life at room 

temperature, however; this is drastically reduced at temperatures above 25°C. Due to the nature 

of the catalyst used in these resins, prepregs are stored and shipped in cold storage to prevent 

shortening of the out-life [17].   

 Taking into account all these parameters, it is clear that prepreg is a cost prohibitive 

technology mainly because of the necessity of chilled storage and shipping, and curing at 

elevated temperatures. Actually, one kilogram of prepregs turns out to be more expensive than 

the equivalent resin and reinforcement in an infusion process [27]. For a 35 meters long blade, 

the total cost for prepregged fabrics is approximately 30300 €, the equivalent resin and 

reinforcement in vacuum infusion is roughly 26800 €. Vacuum infusion generates a saving of 

around 3500 € in raw materials [27]. 

3.1.3   RESIN TRANSFER MOLDING (RTM) MANUFACTURING PROCESS  

3.1.3.1   OVERVIEW OF THE PROCESS 

The basic Resin Transfer Molding (RTM) process involves injecting a resin through 

reinforcement into a two-sided, closed mold.  

The process begins with gel coat application; gel coat may be brushed or sprayed on the 

top and bottom mold surfaces. Fabrics are then laid up as a dry stack of materials. The mold is 

closed and clamped using toggle clamps to hold halves of tool together. Once the mold is 

completely closed, the resin pump pumps simultaneously both catalyst and resin to the mix head, 

where they are mixed together as a single component, and injects it into the mold cavity at a 

pressure of around 6 bars [30]. Resin is injected from a central point into the cavity between the 

molds, pushing air out to the edges. It would be expected that a small amount of resin leaks 

around the perimeter and out of the bottom mold’s vents; this indicates that the part has reached 

full saturation. The injection head is removed and the resin inlet is closed. Once the resin has 

cured at ambient temperature, the mold is opened and lifted to allow de-molding [31]. 
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Typical applications for RTM are: Complex aerospace and automobile components, in addition 

to train seats [9].   

Figure 7: RTM Schematic [32] 

3.1.3.1.1   Variation of RTM: Light Resin Transfer Molding (LRTM)  

A variation of the traditional Resin Transfer Molding (RTM) is Light Resin Transfer 

Molding (LRTM). RTM Light is also known as Vacuum Assisted Resin Injection (VARI) 

because, as its name suggests, it uses a combination of vacuum and pressure during injection: 

Resin is injected at low pressure through a peripheral channel (Max. 1 bar); vacuum is used both 

to clamp molds and to assist in drawing resin into the fabrics within the mold cavity. Vacuum is 

connected to mold cavity via catch pot; whose function is to catch excess resin before reaching 

the vacuum pump. Mechanical clamping is used to get the mold halves into contact in the first 

place, but once the upper and bottom molds are into place, vacuum will hold the tool sealed. The 

use of low pressures typically means that a lighter-weight upper mold can be used compared 

with RTM. Actually, LRTM mold sets are composed of a rigid base mold and a semi-rigid, 

transparent, upper mold. This small amount of flexibility allows the upper mold to match 

perfectly the bottom mold, which is critical for achieving the required vacuum pressure and 

finished parts’ accuracy. It is important to note that LRTM requires the laminate to cure under 

vacuum, generally at ambient temperature [31]. 
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Figure 8: RTM Light Schematic [33] 

3.1.3.1.2   RTM vs. LRTM  

With traditional RTM, the mold cavity is fed with resin under relatively high flow rate and 

pressure; monitored using an injection machine. For this reason, RTM tooling and clamping 

systems need to be able to sustain any bending which may result from the highest expected 

injection pressure during resin injection process. Hence, RTM tools are generally made from 

aluminum, nickel or mild steel [34]. Such materials generate high tooling cost though; this is 

why they are typically used for very high volume applications which can amortize the tooling 

cost. Actually, the high injection pressure is what increases the cost of RTM process, because, as 

mentioned previously, the mold has to be strong enough in order not to flex during injection and 

to withstand the additional clamping from the perimeter clamps. To put it differently, the largest 

portion of investment in RTM is allocated to the tooling and related clamping system [31].  

An alternative to steel or aluminum molds would be using molds constructed from 

fiberglass reinforced composite materials. This type of molding material presents two main 

advantages: First, it is less heavy compared to the one used for RTM; which reduces tooling cost. 

Second, it is a ‘see-through’ material; which allows checking visually whether the part is fully 

saturated before stopping the injection process. With the ‘see-through’ characteristic of the upper 

mold, it was possible to overcome one of RTM’s limitations; namely the difficulty of predicting 

resin flow. However, Fiberglass Reinforced molds are easily deformable. This is why; injection 
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pressure needs to be well-controlled in order for the mold not to over-pressurize; which may 

deform its cavity [31]. 

When fiberglass reinforced plastic (FRP) molds are used, vacuum is applied to clamp the 

mold and push resin through the fiber pack. This design is a typical of a RTM Light process. Yet, 

materials of this type limit the injection pressure for LRTM at 1 bar with the cavity held at 

constant vacuum level of 0.5 bars. What is more, the single sided nature of the LRTM mold has 

the drawback of producing composites with only one side having a molded finish. On a global 

scale, LRTM is considered as a cost-effective refinement of RTM [31].   

3.1.3.2   ADVANTAGES OF RESIN TRANSFER MOLDING (RTM) 

Resin Transfer Molding (RTM) is a closed mold process, it offers many advantages over 

open mold processes. First, RTM reduces cycle times especially with the increasing use of 

heated molds to reduce the duration of the cure phase; which results in higher productivity and 

lower labor costs. Second, RTM is a more consistent and repeatable process, it enhances 

dimensional stability and decreases variability between blades. In Resin Transfer Molding, 

speeds and pressures remain constant during the entire process which generates high fiber 

volume laminates. Furthermore, RTM produces a finished part with both inner and outer faces 

having a smooth finish. Last but not least, since RTM is a closed mold process, it leads to a 

cleaner and healthier work environment and thus reduces waste and volatiles emissions [19]. 

3.1.3.3   DRAWBACKS INHERENT TO RESIN TRANSFER MOLDING (RTM) 

The first limiting factor to Resin Transfer Molding is start-up cost. Typical equipment 

capital cost is in the order of 65000 dollars; it includes the injection machine, the tooling frame 

and the control system for mold temperature control [51]. Another concern associated with RTM 

is the difficulty of predicting resin flow because of the closed mold feature: In case the laminate 

is not completely impregnated with resin, dry spots or voids may appear, leading ultimately to 

part reject. Defects in RTM components can also be introduced if the resin injection pressure or 

flow rate are too high. This may result in distorted fibers, which reduces the mechanical strength 

of the part [19]. 

3.1.4   VACUUM INFUSION PROCESS (VIP) 

3.1.4.1   OVERVIEW OF THE PROCESS 

Vacuum Infusion (VI) is a process which uses vacuum pressure to drive resin into a 

reinforcement package. Dry materials are positioned into the mold and vacuum is applied before 
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resin is injected. Once complete vacuum is achieved, resin is literally aspirated into the laminate 

via carefully placed tubing. This process is assisted by a variety of supplies and consumables 

[35].  

There exist three parameters that affect the speed of the infusion process and the distance 

travelled by the resin through the fiber stack [17]:  

 

 “The viscosity of the resin system η 

 The permeability of the fabric stack D 

 The pressure gradient acting on the infused resin ΔP” 

The following equation defines the relationship between these parameters and the speed of the 

infusion process:  

𝑣 ∝
𝐷 𝑥 ∆𝑃

𝜂
   [17] 

According to this equation, “the speed of an infusion is increased with increasing 

permeability of the fabric stack (D), increased with increasing pressure gradient (ΔP), and 

decreased with increasing viscosity (η)” [17]. 

 

Figure 9 : General Sequence of Events for Vacuum Infusion [35] 

3.1.4.2   STEP-BY-STEP MANUFACTURING PROCEDURE 

STEP 1: PREPARE THE MOLD 

 Gel Coating the Mold: 

For resin infusion technology, the mold needs to be rigid and have a shiny finish. The mold 

will be a concave female mold so the finished smooth surface is the outer surface of the blade. 
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After a proper treatment of the molding tool (Cleaning, and Waxing to allow for the parts to be 

released), a gel coat is applied. The function of the gel coat is to protect fiberglass surfaces and 

produce a high-quality finish [37]. 

 Applying the Fabric Layers: 

Once the gel coat is fully cured, lay out the fabric laminates onto the mold. It is 

recommended to cut the fiberglass in between strands in order to reduce chances of separation 

and therefore obtain a final part with cleaner edges. 

If the shape of the mold is quite complex, there is a probability that dry reinforcement will 

not sit flat. In order to overcome this issue, a thin layer of adhesive is sprayed between the layers 

in order to hold them in place. Yet, the adhesive should be used moderately to avoid any 

interference with the resin infusion or curing process [37]. 

During fabric lay-up, it is necessary to avoid the bridging effect (Fig. 10) which may 

cause an uncontrolled flow of resin after applying vacuum. Bridging is typically characterized by 

areas of high permeability that represent an easy path where resin can move past the laminate. 

These areas would give rise to the ‘race-tracking’ phenomenon. To explain, if fabrics do not fit 

tightly around the periphery of the mold; meaning there are gaps between fabrics and the mold, 

resin may ‘race’ ahead of the flow front and create areas in the fabric filled with resin only; 

reducing the strength of the part at that point. Worse still, resin may isolate areas where air 

cannot escape; unimpregnated (dry) spots will then appear affecting the mechanical properties of 

the part. This problem may be solved by spending time in accurately pressing fabrics into the 

tool surface [17].   

 

 

 

 

 

 

 

 

Figure 10: Bridge in an Infusion Bag [38] 
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 Position the peel-ply:  

Cut a piece of peel-ply (Fig. 12) so that it is large enough to cover the core materials and 

have some extra centimeters on the periphery. Peel-ply prevents the rest of the bagging stack to 

stick into the part. Plus, once the part is cured, it allows the excess resin and flow media to be 

peeled off the finished part [37]. 

 Flow Media: 

Resin is ‘lazy’; it follows the path of least resistance. Since many reinforcements provide 

great resistance that may hinder resin flow, a flow media is added in order to facilitate resin flow. 

Cut a piece of flow media that is few centimeters smaller than the reinforcement on all sides. The 

flow media is typically an infusion mesh (Fig. 13), laid as a single layer on top of the peel-ply to 

help the resin flow through the part [35]. 

 Both the release cloth and flow media need to be as smooth over the surface of fiber glass 

fabric layers as possible.  

       Figure 11: Infusion Mesh [38]          Figure 12: Peel Ply [39] 

 

STEP 2: RESIN AND VACUUM LINES 

 Select and install tubing: 

Bagging tape is applied around the tool flange approximately 3 centimeters from the edge. 

It will anchor the seal for the vacuum bag to the tool surface. On the inlet side of the mold, spiral 

tubing wrapped in peel ply is used to feed the resin into the mesh; small pieces of masking tape 

are used to hold the tubing in place [35]. Spiral wrap has to stay in contact with the infusion 

mesh to create a natural path for the flow.  
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“Spiral tubing, sometimes called spiral wrap, is a plastic ribbon that is coiled 

into a tube shape. Due to its construction, air or resin can enter or leave the 

walls of the tube throughout its entire length. This property makes spiral tubing 

ideal for in-bag vacuum lines or resin feed lines. When used as a feed line, 

resin will quickly travel through the tube, but simultaneously seep out along 

the way. This allows quick wet-out of a long stretch within the laminate”. [35] 

 

 

 

 

 

 

 

 

Figure 13: Spiral Tubing [40] 

 

A silicone connector is positioned on the infusion spiral at approximately the mid-point of 

the tube; it will serve as the resin connector. 

A length of spiral tubing wrapped in peel-ply is extended along the outlet side of the mold, 

and vacuum line silicone connector is placed on top of it at approximately the mid-point of the 

tube; facing the first silicone connector. It is worth mentioning that any element that will be 

removed after the part has fully cured (Flow media or spiral tubing for example) needs to be 

placed on peel-ply. Otherwise, it will be soaked into the part [35]. 

 

 

 

 

 

 

 

Figure 14: Silicone Connector Set-up [40] 
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STEP 3: VACUUM BAG AND ATTACH THE RESIN LINE 

Cut the bagging film (which serves as the vacuum bag) oversize; around 20 centimeters 

wider and longer than the taped area on the mold, to allow for pleating. These pleats will enable 

the bag to drop down following the contours of the mold without bridging. The bag is then 

sealed down onto the tape [35]. Once the bag is positioned, attach tubing for resin and vacuum 

lines, two tubes will be needed:  

A first length of tube from the first silicone connector to the resin pot; it represents the 

resin line. For this purpose, wrap a length of bagging tape around the end of the tube leaving 

about 2 centimeters gap. Pierce bag above connector using a utility knife. Take the hose with the 

sealing tape on and push it through the silicone connector, tape will seal the hose to the 

connector. Be especially careful when piercing the bag for these tubes; it is often these 

connections which introduce air into the part [41].   

 

STEP 4: VACUUM PUMP 

 Attach the vacuum line: 

A second tube goes from the second silicone connector to the vacuum pump via the catch 

pot (resin trap); it represents the vacuum line. A resin trap is an airtight container sitting between 

the laminate and the vacuum pump to catch any excess resin before it enters the pump, 

preventing its damage or total destruction [35]. 

For a proper set-up, cut a length of tube and firmly connect one end to the second silicone 

connector (Use a length of bagging tape as described above). Attach the other end to the catch 

pot. A separate tube will then leave the resin trap and connect to the vacuum pump [35]. 
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Figure 15: STEPS 1-4 Vacuum Infusion Schematic [35] 

 

 Ensure proper vacuum:  

A clamp is used to close the resin feed line to stop any air from being drawn into the bag. 

The vacuum pump is then switched on; it will allow drawing air out of the bag. A vacuum is 

pulled until the vacuum gauge levels off at maximum value. This is the opportunity to ensure 

that the bag is firmly positioned against the surface. It is critical for the vacuum bag not to have 

any leaks. Actually, air may penetrate into the laminate even through the smallest leaks and 

because of the pressure gradient in the infused laminate, air will propagate across the laminate 

very quickly [35]. 

The most widespread technique for checking the integrity of the vacuum system and 

tooling is the Vacuum Drop Test. This test consists of tracking the amount of vacuum being 

drawn out of a part through leaks, as it is probably the most crucial factor in the success of the 

infusion process [38]. 

Once leaks and obvious air paths are tightly closed, a Vacuum Drop Test is performed to 

check whether or not the system is completely air tight. The bag is isolated from the vacuum 

pump using a line clamp. The bag is left for 5 minutes, during which the vacuum level is 

recorded every minute to determine the loss of vacuum. According to the literature, a successful 

infusion requires that the loss shall not exceed 5mbar in 5 minutes starting when the vacuum was 

shut off. It is not recommended to carry out an infusion with a loss any greater than 50mBar in 

five minutes, because it is a rather significant drop that may lead to reduced quality laminates 

[38]. 
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STEP 5: RESIN INFUSION  

 Measure the correct amount of resin and allow it to start infusing  

Vacuum hose is attached to insert port. This line will initiate the vacuum process for resin 

infusion [35]. 

Resin and hardener are mixed together and the resin pot is gently shaken to allow air 

bubbles to rise to the surface. Then, the mixture is left to sit for 2 minutes to further remove any 

air bubbles. If any bubbles are trapped in the resin, they will be drawn into the part during 

infusion creating porosity in the laminate.  Resin feed line is attached to the resin pot using a 

spare line clamp. This feed line will introduce resin into the vacuum bag. Vacuum pump is 

turned on to start the infusion process [35]. 

Before the pump is turned on, it is mandatory to clamp the resin line. Vacuum Infusion 

Process consists of drawing vacuum into the package before introducing resin; this is why, the 

resin tube represents a ‘temporary’ leak that has to be sealed. For this purpose, resin tube is 

clamped using a spare line clamp to hold it in place [35]. 

 Unclamp resin line: 

Once full vacuum has been achieved (25-29 in Hg) [37], the blade is ready to be infused. 

Normally, full vacuum is achieved in five to eight minutes [42]. Make sure the resin pot 

assembly is firmly in place in order for the tube not to leave the pot. Remove the resin feed line’s 

clamp to initiate resin flow. Resin is quickly sucked through the tube and into the bag under 

vacuum. Resin thoroughly and uniformly saturates the glass fiber stack under vacuum (Fig. 16). 

When the fiberglass laminates are fully saturated (Glass fiber sandwich turns darker and resin 

reaches the catch pot), feed line is clamped to stop flow of resin. Resin is left to fully cure, 

overnight, under vacuum at room temperature (Around 23°C) [35]. 

 

 

 

 

 

 

Figure 16: Resin Flow Path [35] 
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STEP 6: REMOVE THE BLADE HALF FROM THE MOLD  

After the blade half has fully cured, the peel-ply, green flow media, and vacuum bagging 

are removed from tool; part is then removed from the tool surface. It is important to handle the 

blade with care to avoid damaging either the mold or blade during the de-molding process. 

Typically, vacuum bag produces a part that is precise, void free and has a perfectly smooth 

finish. Yet, after removing the blade half from the mold, it is recommended to conduct a visual 

inspection in order to ensure there are no dry spots or large air bubbles on the blade’s back and 

front sides. The root section needs to be very carefully examined because it is a very critical area 

for structural integrity. 

After de-molding, the blade is to be trimmed using a table saw and a stationary belt sander 

until the final shape is satisfactory [37]. 

3.1.4.3   ADVANTAGES OF VACUUM INFUSION PROCESS (VIP) 

Vacuum Infusion Process results in a product with – roughly – 40% resin and 60% fiber 

content with minimal to no voids in the finished laminates [20]: Vacuum is applied while the 

reinforcements are still dry. From that point, resin is infused using vacuum pressure. Ideally, any 

excess resin that is introduced will eventually be sucked out into the resin trap via the vacuum 

line. Consequently, only the amount of resin required is driven into the laminate [35]. This 

reduces weight, increases strength and stiffness and generates a finished part with better 

mechanical properties [22]. What is more, resin content is remarkably consistent with vacuum 

infusion. Actually, upon repeated attempts, resin usage will be predictably similar which yields 

to less wasted resin, and therefore; less wasted money [35]. Furthermore, vacuum infusion 

requires much lower tooling cost compared to RTM because one half of the tool is a vacuum 

film, although vacuum infusion remains a slower process compared to RTM due to the long time 

needed for preparing a vacuum-tight mold and further curing resin at room temperature [9].   

Vacuum Infusion is a clean process as it requires neither brushes nor rollers, and therefore 

there is no spattering. Also, no one will be required to hover over an open mold, applying resin 

by hand trying not to drip on his/her clothes. Furthermore, fumes are only released from the resin 

reservoir and thus are relatively containable. To wrap up, Vacuum Infusion is a safe and 

environmental-friendly process. Yet, it is necessary to work in a well-ventilated space and wear 

appropriate protective equipment [35]. 
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3.1.4.4   DRAWBACKS INHERENT TO VACUUM INFUSION PROCESS (VIP) 

In terms of materials options, Vacuum Infusion Process is compatible with epoxy, 

polyester and vinylester along with any fiber type [9].  Yet, vacuum infusion set-up is somehow 

complex; as it requires not only vacuum tubes but also resin inlets, not to mention in-bag 

extensions of these tubes. Positioning of these lines varies from part to part; it needs to be 

evaluated before lay-up as this is critical in making good parts. It is worth mentioning that the 

part’s surface on vacuum bag side has usually a poorer finish [35]. 

As far as Vacuum Infusion is concerned, the part may easily be ruined. Basically, once the 

infusion process starts, there is not much to be done to correct errors. For example, if any leaks 

are inattentively left in the vacuum bag, the smallest amount of air which may penetrate into the 

laminate will ultimately be fatal to the part. To explain, it would probably result in 

unimpregnated (dry) spots or even a complete stoppage of resin flow. Due to the complexity and 

risk of failure, VIP has to be considered as a trial-and-error process. When attempting vacuum 

infusion for the first time, the best mindset to have is that few parts will be destroyed before 

succeeding. This is why, it is recommended to carefully document each trial to learn from the 

mistakes made [35]. 

3.2   COMPARATIVE ANALYSIS OF THE DIFFERENT MANUFACTURING 

TECHNIQUES 

The following tables are provided as a summary of the advantages and drawbacks of each 

of the manufacturing techniques discussed previously:  

MANUFACTURING 

TECHNIQUE 
ADVANTAGES DRAWBACKS 

HAND LAY-UP 

- Simplicity 

- Low tooling cost 

- Compatible with all resin 

and fiber types; yet resins 

need to have low viscosity 

to be workable by hand 

 

- Labor intensive 

- Increases variability between 

blades, and decreases 

production level 

- May result in parts with 

inconsistent fiber orientations 

- Relatively weak, heavy 

laminates with excessive 

quantities of voids 

- Poor resin content control 

- Volatile chemicals emissions 

- Lower fiber volume fraction, 

lower tensile strength and 

lower stiffness than with VI 
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PREPREG 

- Highly controlled resin 

content 

- Cleaner process 

compared to Hand Lay-

up 

- Materials display 

excellent safety 

characteristics 

- Potential for automation 

and labor saving 

- High level of part 

uniformity and 

repeatability 

 

- Compatible only with 

Epoxy 

- Cost prohibitive 

compared to Vacuum 

Infusion: Necessity of 

chilled storage and 

shipping, and curing at 

elevated temperatures 

 

RESIN TRANSFER 

MOLDING (RTM) 

- Reduces cycle times: 

High productivity and 

low labor costs 

- Consistent and repeatable 

process 

- Enhances dimensional 

stability and decreases 

variability between 

blades 

- High fiber volume 

laminates 

- Finished part with both 

inner and outer faces 

having a smooth finish 

- Clean and healthy work 

environment: Reduces 

waste and volatiles 

emissions 

 

- Matched tooling is 

expensive and heavy in 

order to withstand 

pressures. 

- Unimpregnated areas can 

occur resulting ultimately 

in part reject. 

- Difficulty of predicting 

resin flow 
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VACUUM INFUSION (VI) 

 

- Higher Fiber-to-Resin 

Ratio than  with Hand 

lay-up 

- Reduces weight, 

increases strength and 

stiffness and generates a 

finished part with better 

mechanical properties 

compared to Hand Lay-

up. 

- Resin content is 

remarkably consistent 

- Safe and environmental-

friendly process 

- Much lower tooling cost 

compared to RTM 

because one half of the 

tool is a vacuum bag 

 

- Relatively complex 

process to perform  

- Ease of error: Once the 

infusion process starts, 

there is not much to be 

done to correct errors 

- Only one side of the 

component has a smooth 

finish. 

- Slow process compared to 

RTM due to the long time 

needed for preparing a 

vacuum-tight mold and 

further curing resin at 

room temperature.  

 

 

 

3.2.1   APPLICABLE CRITERIA FOR COMPARATIVE ANALYSIS  

Selection needs to be based on specific criteria; most importantly cost-effectiveness which 

is a determining factor in the choice of the most suitable blade manufacturing process. Given the 

little experience we have in the small wind energy industry, it would be more appropriate to 

practice with inexpensive materials in order to minimize loss in case of failure. This is to say that 

the manufacturing technique that will be selected has to be economically viable; that is the 

tooling it requires needs to be relatively cheap. The feasibility of a manufacturing technique is 

determined by its applicability in the Moroccan context. The ultimate objective of the project 

is to contribute, even if only modestly, to the national development effort. For this reason, the 

workforce needs to be – ideally – exclusively Moroccan to create job opportunities locally. 

Hence, the manufacturing process to be selected shall not require a high-level expertise in order 

for any operator, even with little experience in the manufacturing industry, to be able to perform 

it. What is more, availability of raw material in Morocco needs to be investigated; to determine 

whether there are suppliers who can provide the necessary material of the required quality. Last 

but not least, mechanical performance of the finished part has to be considered while 

selecting the most suitable blade manufacturing process.    
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3.2.2 DETERMINATION OF THE MOST SUITABLE TECHNOLOGY IN THE 

MOROCCAN CONTEXT 

1. Cost-Effectiveness 

Taking into account the cost limitation, prepreg and RTM would definitely be ruled out. 

Prepreg involves an initial ‘prepregging’ step; which drastically increases the cost of raw 

material. Furthermore, it requires refrigerated shipping and storage to prevent reducing the out-

life plus curing at elevated temperatures (Oven to apply heat). As far as RTM is concerned, a 

resin injection machine is required, plus matched tooling is heavy to withstand high pressures; 

the technique is therefore very expensive. It remains to us to evaluate both Vacuum Infusion and 

Hand Lay-up in order to determine the most appropriate technology. Regarding cost-

effectiveness, Hand Lay-up is definitely cheaper than Vacuum Infusion in terms of tooling as it 

uses basic equipment. Vacuum Infusion uses a number of consumables such as peel plies, 

infusion meshes, tacky tape and vacuum films which results in high disposables’ costs. However, 

Vacuum Infusion is a less labor intensive process compared to Hand Lay-up and thus generates 

important savings on labor costs.  

2. Mechanical Performance of the Finished Part 

RTM and Prepreg technology both generate laminates with high fiber volume which 

increases strength of the finished part. In addition, both processes are consistent and repeatable, 

which enhances dimensional stability and decreases variability between blades. Yet, as stated 

previously, because of the relatively cheap tooling they do require, Vacuum Infusion or 

eventually Hand Lay-up seems to be more economically viable:  

In terms of mechanical performance, Vacuum Infusion generates samples with higher 

fiber-to-resin ratio compared to Hand lay-up. Furthermore, Vacuum Infusion reduces weight, 

increases strength and stiffness and generates components with better mechanical properties. 

Actually, Hand Lay-up results in relatively weak, heavy laminates with excessive quantities of 

voids; which reduce the mechanical strength of the part.  

Figure 17 shows a comparison of tensile strength for three Kenaf/polyester composite 

samples manufactured with different methods: Vacuum Infusion and Hand Lay-up. It was clearly 

observed that the samples manufactured using vacuum infusion have higher tensile strength than 

those manufactured using hand lay-up method.  Furthermore, the stiffness of the vacuum 

infusion samples was also higher. Figure 18 shows that all vacuum infusion samples have higher 

Young’s Moduli compared to Hand Lay-up samples [22]. 
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Figure 17: Tensile Strength of 

Kenaf/Polyester Composite for 

Vacuum Infusion and Hand Lay-up 

Method [22] 

 

3. Applicability in the Moroccan Context 

Hand Lay-up requires the operator to have the necessary skills to make constant 

adjustments in order to optimize resin content, make the laminate more uniform, and control part 

thickness. The closed molding feature of Vacuum Infusion eliminates the need for operators to 

make adjustments during the process. Eliminating the human variable increases the finished part 

consistency and decreases defects in the component. Yet, the injection equipment set-up needs to 

be executed properly to minimize the risk of failure. Another advantage of closed molding 

processes; including Vacuum Infusion is that they offer a working environment which is 

healthier and safer for operators. Consequently; they feel more comfortable and therefore 

become much more productive. It is important to note that closed molding processes in general 

are associated with lower employee turnover [31].   

3.2.2.1   OPTIMAL TRADE-OFF: SILICONE REUSABLE VACUUM BAGS 

An alternative to commonly used consumables for Vacuum Infusion is the use of reusable 

vacuum bags. Reusable vacuum bagging is often described as a “hybrid process that borrows 

desirable features from both LRTM and VIP” [43].  

This type of vacuum bags is custom made; it already includes resin inlets, vacuum inlets 

and distribution channels. Also, it conforms exactly to the mold surface and contours which 

Figure 18: Young’s Modulus of 

Kenaf/Polyester Composite for 

Vacuum Infusion and Hand Lay-Up 

Method [22] 

 

http://www.compositesworld.com/knowledgecenter/closed-molding/Closed-Mold-Process/Resin-Transfer-Molding
http://www.compositesworld.com/knowledgecenter/closed-molding/Closed-Mold-Process/Vacuum-Infusion-Process
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significantly reduces lay-up time. The production life of the bag is determined by a number of 

factors such as the type of resin used and the length of time the bag surface is exposed to the 

resin as well as external factors like temperature and whether the part is to be cured inside of a 

heated autoclave. Epoxy and vinylester can be harsh on bag surface; the volume of parts may be 

limited with some resin combinations to less than 20 with direct resin contact to the bag but is 

more commonly around 30 parts. This results in reduced labor and material costs while 

improving parts’ consistency [44]. “Typically, cost savings are 40% or greater per part, 

depending on the size of the production run” [45]. 

A customized vacuum bag offers a number of advantages [46] such as:  

 Short manufacturing time – Silicone vacuum bags are ready for use right after full cure. 

Approximately 4 hours from bag manufacture to part production.  

 Reusability – Reduce or eliminate traditional consumables such as peel-ply and flow media. 

 Self-Sealing – Eliminates bagging tape traditionally used for sealing the vacuum bag to the 

mold surface 

 Chemical Resistance – Better performance against chemically harsh resins, Heat Resistance 

– up to 260°C. 

Last but not least, Silicone Vacuum Bags are environment-friendly because they minimize 

the use of traditional vacuum bagging consumables resulting in low environmental impact. Plus, 

since all channels are already incorporated in the bag, a step-by-step operating guide would be 

enough in order for the newest operator in the plant to perform a successful Vacuum Infusion 

[44]. 

3.2.2.1.1   VACUUM INFUSION USING THE SILICONE VACUUM BAG:  STEP-BY-

STEP PROCEDURE [47] 

 

 

  



45 
 

I. MAKE THE SILICONE VACUUM BAG:  STEP-BY-STEP PROCEDURE 

1. PREPARE THE TOOL:  

 Part profile is placed into tool face:  

 

 Tape is applied over seam between profile and tool to prevent silicone from flowing under 

part. 
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 Double sided tape 12 mm is applied to tool surface approximately 30 mm from tool edge. 

Double-tape will anchor the Seal Profile to the tool surface: 

 

 Pre-cut wax (1.5 mm thick × 6 mm wide).  
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 Remove protective backing and place wax approximately 30 mm from part edge.  

 

 . Wax strips form the internal vacuum channel. During the vacuum bagging operation, the 

internal channel helps maximize air flow. 
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 Protective backing is removed from double-sided tape and Seal Profile is placed down. 

 

 Place tapered side down onto exposed double-sided tape.  
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 Flexible Seal Profile is utilized to form main vacuum channel. The main vacuum channel 

allows air to flow and secures the bag to the tool. 

 

 To optimize air and resin flow during infusion process, additional wax strips are used to 

bridge internal vacuum channel to main channel. Place wax strips approximately 50 cm 

apart. 

Additional air channels will ensure: 

- Uniform air flow during vacuum bagging operation 

- Uniform flow of resin over the entire span of the tool 

- Complete resin saturation of fiber reinforcement. 
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 Pre-made Resin Runner is used for the resin infusion process and is placed in the center of 

the tool running lengthwise.  

 

 For this tool, 3 Resin Runner segments are required. Trim segments to create custom runner 

fitted to this tool. 
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 Flexible cord is inserted into Resin Runner to maintain support and dimension. 
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 Sil-Poxy adhesive is used to bond Resin Runner segments together. Allow to fully cure. 
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 Double-sided tape is placed down the center, lengthwise, of the part profile. Double-sided 

tape will temporarily hold Resin Runner in place. 

 

 Remove protective backing and press Resin Runner firmly in place. 
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2.  MAKE THE VACUUM BAG:  

 Apply EZ-Spray Silicone 22 to make Vacuum Bag. 



56 
 

 A thin layer of EZ-Spray Silicone 22 is sprayed to encapsulate the Seal Profile.  

 This initial layer of rubber will ensure a proper seal against the tool flange. 

 

 Rubber is sprayed along the length of Resin Runner. This will adhere the Resin Runner to the 

vacuum bag. 
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 Additional rubber is sprayed onto top side of the Resin Runner. A surface coat is required to 

ensure thorough encapsulation of Resin Runner cloth. 

 

 Resin Runner Insert Saddle: This port will allow resin to flow into the vacuum bag. 
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 Disengage Spray Tip Air Feed for meter dispensing.  

 

 

 Silicone is meter dispensed (not sprayed) onto bottom side of Insert saddle. 

 Wet silicone will bond Insert Saddle to the center point of the Resin Runner.  
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 Silicone is meter dispensed to encapsulate cloth. 

 

 Additional silicone is sprayed over Seal Profile. 

 

 Reinforcing cloth (2.5 cm wide) is placed onto wet rubber on both sides of Seal Profile. This 

will provide structural stiffness to prevent channel collapse during the vacuum process. 
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 Push cloth into corners to eliminate air entrapment.  

 

 Additional rubber is meter dispensed onto cloth to build up thickness. 

 

 Rubber is sprayed over Seal Profile. 
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 50 mm wide reinforcing cloth is placed onto wet rubber over the entire length of Seal Profile. 

 

 

 EZ-Spray Silicone 22 is sprayed over all surfaces at a thickness of 2.5 mm. 
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 Rubber is sprayed over Seal Profile. 

 

 Additional 25 mm wide reinforcing cloth is placed over the entire length of Seal Profile. 
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 The Vacuum Port Insert allows connection to the outside vacuum source. 

 

 

 

 Silicone is meter dispensed onto Vacuum Port cloth and placed over main vacuum channel. 

Vacuum Port can be placed at any point along main vacuum channel. 

 

 Additional silicone is used to encapsulate cloth. 
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 Additional silicone is sprayed over all surfaces to build bag thickness to a minimum of 4.8 

mm. 

 

 Allow EZ-Spray Silicone 22 to fully cure at room temperature (23 °C) 

 

3. DE-MOLD: 

 Remove excess silicone around insert saddle 
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 Plug is removed from Insert Saddle 

 

 Cured rubber vacuum bag is removed from tool 

 Reusable Flexible Cord is removed from Resin Runner exposing resin feed channel. 
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 Reusable Seal Profile is removed exposing main vacuum channel. 

 

 To allow resin access into the vacuum bag, a hole must be punched through the center of the 

Insert Saddle. 

 

 The hole punching process is repeated with the Vacuum Port Insert on the main vacuum 

channel. 

 Wax strips and double-sided tape are completely removed from tool flange. 
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 Part Profile is removed from tool face. 

 

 

II. VACUUM INFUSION PROCESS USING CUSTOM MADE VACUUM BAG 

1. PREPARE TOOL: 

 

 A release agent is applied to prevent resin from bonding to tool face. 
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 Pre-cut glass mating is laid onto tool face. Glass matting will provide structural 

reinforcement and strength for liquid resin. Glass matting is carefully pressed into tool face.  

 

 

 Vacuum bag is laid onto tool and properly aligned. Custom made vacuum bag conforms to 

the tool surface. 

 

 Pre-cut Surface Veil strips (3g/m²) 
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 Surface Veil Strips are placed underneath vacuum bag, extending from glass matting to the 

internal vacuum channel. Surface veil strips will enable the vacuum process to occur. Surface 

veil strips are placed approximately every 50 cm. 

 

 Vacuum hose is attached to Insert Port. 
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 The line will initiate the vacuum process for resin infusion. 

 

 Resin feed line is attached to Insert Saddle. This line will introduce resin into the vacuum 

bag. 
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2. PERFORM INFUSION: 

 Vacuum pump is turned on to start the infusion process. 

 Resin feed line is placed into resin pot and, once full vacuum has been achieved, resin 

clamp is removed to initiate resin flow.  

 

 Resin flows into bag under vacuum. 
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 Resin thoroughly and uniformly saturates glass under vacuum. 

 

 When glass matting is fully saturated, feed line is clamped to stop flow of resin. 

 Resin is allowed to fully cure under vacuum at room temperature 23 °C. 
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3. DEMOLD: 

 Vacuum line is removed from vacuum insert port. 

 

 Vacuum bag is removed from tool.  
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 Excess cured resin flashing easily snaps away from casting. 

 

 Wind turbine blade part is removed from tool face. 

 

 Wind turbine blade is ready post finishing and will then be put in service. Vacuum bag 

produces a part that is precise, void free and has a perfectly smooth finish. 
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3.3   COST STUDY OF A TYPICAL PRODUCTION UNIT 

3.3.1   CREATION OF A BILL OF MATERIALS (BOM)  

3.3.1.1   SILICONE VACUUM BAG  

Item  Description 
Unit Price 

(MAD) 
Quantity 

Subtotal 

(MAD) 

DOUBLE 

SIDED TAPE 

 

Double-sided 

tape (12 mm). 

Anchors the 

Seal Profile to 

the tool surface 

1 roll (12 mm x 

50 m) at 360 

MAD 
15 m 110 

SHEET WAX 

 

Available as a 

Self-Adhering 

Sheet Wax 

(30.5 cm × 61 

cm × 1.5 mm) 

Pre-cut wax 

strips (6 mm 

wide) will form 

the internal 

vacuum channel 

1 set of 8 sheets 

at 700 MAD 
1 sheet  
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SEAL 

PROFILE 

 

Re-usable seal 

shape/profile. 

Features high 

flexibility for 

conforming to 

mold flange path. 

Temporarily 

attached to mold 

flange using 

Double Sided 

Tape. 

25m at 
5900 MAD 

 
Roughly 8m 

 

1900 

 

RESIN 

RUNNER 

 

Designed to 

provide resin 

infusion runner 

of unlimited 

length. Features 

integrated 

reinforcing cloth 

for bonding to 

silicone bag 

while providing 

exceptional 

flexibility. 

1 m at 500 

MAD 
Roughly 4m 2000 

RESIN 

RUNNER 

SUPPORT 

 

Re-usable 8 mm 

flexible cord to 

include in Resin 

Runner. 

Maintains Resin 

Runner flow gap 

during bag 

fabrication. 

25m at  
3600 MAD 

 
Roughly 4m  

 

 

 

 

 

580  
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SIL-POXY 

SILICONE 

ADHESIVE 

 

Used for repair and 

adhesive joining of 

cured bag and 

joining of Resin 

Runner sections. 

Cure Time: 12 

minutes 
 

1 Tube of 90 g 

at 280 MAD 
1 280 

SILCON III 

DISPENSING 

& SPRAY 

MACHINE 

 

Meter mix 

dispensing and 

spray machine 

that 

accommodates 

some Smooth-

On’s 1:1 mix 

ratio silicones. 

128 000 1 128 000 

DISPOSABLE 

STATIC 

MIXERS 

 

Connects to the 

Gun Head 

Manifold. 

Thoroughly 

mixes silicone 

Parts A and B 

together. Static 

Mixers must be 

replaced between 

spray 

applications. 

400 ml Static 

Mixers 

(Sold in Bags of 

10) at 220 

MAD 

1 22 

REUSABLE 

SPRAY TIP 

 

Connects to the 

end of the Static 

Mixer. 

Combines air 

with mixed 

silicone for 

spray-on 

applications. 

Reusable Spray Tip is included in the machine 

package. 

EZ-SPRAY 

SILICONE 22 

 

 

Part A and Part B 

of a Smooth-On 

1:1 mix ratio: 

Sprayable 

silicones which 

cure quickly to 

soft rubbers with 

high elongation 

and tear strength. 

Cure Time: 45 

minutes 

 

 

 

20 L 

Containers; 2 

parts at 9600 

MAD 

 

 

 

1 set 

 

9600 

REINFORCING 

CLOTH 

 

 

Static reinforcing 

cloth featuring 

broad cell 

structure. 

Suitable for 

laminating with 

Smooth-On 

Silicone Rubber. 

1.55m wide x 

1 m at 140 

MAD 

1 140 

 

http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
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3.3.1.2   VACUUM INFUSION 

Item  Description 
Unit Price 

(MAD) 
Quantity 

Subtotal 

(MAD) 

VACUUM 

PORT 

INSERT 

 

 

Standard-temp 

(100 °C) vacuum 

bag port 

featuring 

integrated 

reinforcing cloth 

for permanently 

securing to 

silicone bag 

during bag 

fabrication. 

360 1 360 

INJECTION 

FITTING 

 

10 mm, standard-

temp (100 °C) 

‘plug-in’ sealed 

pipe connection to 

Insert Saddle or 

Vacuum Port. 

300 2 600 

HOSE 

 

 

10 mm hose for 

use with 

Injection 

Fitting. Will 

serve as a Resin 

Feed Line and 

Vacuum Hose 

30 m at 140 

MAD 
30 m 140 

RESIN 

RUNNER 

INSERT 

SADDLE 

 

 

Standard-temp 

(100°C) resin 

infusion connector 

port featuring 

integrated 

reinforcing cloth. 

Fits on top of Resin 

Runner. 

360 1 360 

VACUUM 

PUMP 

 

1/16 HP Starter 

Vacuum Pump. 

Ideal for 

beginners in 

vacuum 

infusion. 

 

5000 

 
1 5000 

 

 

 

 

 

 

http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
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- Resin & Fabric Stack:   

EPOXAMITE

® 102 

 

 

EpoxAmite® 102 is 

an easy-to-use 

liquid epoxy system 

formulated for a 

wide variety of 

fabrication 

applications. 

 EpoxAmite® 

102 includes the 

EpoxAmite® 100 

Base and the 

EpoxAmite® 

102 MEDIUM  

Hardener. 

 

5 Kg Container 

at 850 MAD 
Cure Time: 10 -

15 hours 

1 850 

RESIN POT 

 

Plastic mixing 

containers with 

graduated 

markings for 

accurate 

measurement of 

materials which 

are measured by 

volume.  

 

5 Kg Container, 

Case of 10 at 220 

MAD 

 

1 22  

RESIN 

CLAMP 

 

Used to clamp 

the resin feed 

line when 

necessary 

1 1 50 

EASE 

RELEASE® 

205 

 

 

Mold Release 

Agent 

Allow to dry for 

10 minutes 

2.72 L 

Container at 

460 MAD 
1 460 

http://www.sculpturesupply.com/detail.php?id=799869&sf=subcategory&vl=Reinforcing+Cloth&cat=Vacuum+Bagging+System
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E-GLASS 

MATTING 

 

 

Glass matting 

provides 

structural 

reinforcement 

and strength for 

liquid resin 

1 fabric sheet 

(±45°) at 22 

MAD  
1 fabric sheet 

(0°) at 56 MAD 

6 layers 550  

 

3.3.2   HIGHEST COST ASSETS 

The following machines are the highest cost assets: 

- The vacuum pump costs approximately 5000 MAD [48];    

- SILCON III Dispensing & Spray Machine costs approximately 128 000 MAD [49]. 

 

Total Investment in Highest Cost Machines = 133 000 MAD; 

It is important to note that the pump and the machine are both expensive investments; 

however, this significant expense will be amortized on long term as these machines will serve to 

produce several blades.  

3.3.3   RAW MATERIAL 

3.3.3.1   MOLD DIMENSIONS 

Mold dimensions including the flanges: 

- Length = 3.5 meters 

- Width = 0.5 meters 

Surface Area = 𝐿 × 𝑤 = 1.75 𝑚² 

Perimeter = 2(𝐿 + 𝑤) = 8 𝑚 

 

3.3.3.2   QUANTITIES NEEDED TO PRODUCE A SINGLE BLADE 

i. EZ-Spray Silicone 22 (Silicone Rubber): 

According to SMOOTH-ON Website [44], coverage rates for EZ-SPRAY SILICONE 22 are as 

follow:  
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In order to make One Silicone vacuum bag, the required thickness is 4.8 mm minimum. 

For a surface area of 7.05 m², 36.29 Kg of silicone is needed. Thus, for 1.75 m² which represents 

the surface area of the mold, the quantity needed would be 9 Kg.  

9 Kg which is approximately 9L of Silicone will be needed in order to produce one bag. That is 

with a 20 L container, it is possible to produce 2 Silicone Vacuum Bags. Money-wise, in order to 

produce 1 Silicone Vacuum Bag, 4320 MAD of Silicone rubber is needed.  

ii. EPOXAMITE 102 (Epoxy Resin & Hardener): 

Using the Material Estimator tool available on SMOOTH-ON Website, the following 

quantity was displayed, for a surface area of 0.54 m² (corresponding to the surface area of airfoil) 

and a thickness of 3 mm corresponding to 6 fabric layers. 

 

1.79 Kg of resin is needed to manufacture a single blade half.  Money-wise, in order to produce 1 

blade half, 300 MAD of Epoxy resin is needed. 600 MAD for a single blade. 
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iii. E-Glass Fabric Sheets: 

The blade shells are manufactured using E-glass fabrics having the following stitching 

pattern: [0°/±45°/0°]𝑠. There are actually 4 (0°) oriented-fiber sheets and 2 (±45°) oriented-

fiber sheets; which makes 6 layers in total. 

According to the PRF Composite Materials online store [50], the price per m² for 1 (±45°) 

fabric sheet is 22 MAD. Thus, for 1.75 m² which represents the surface area of the mold, the 

price would be 38.5 MAD. The total price for the 2 layers needed is then 77 MAD. According to 

same source, the price per m² for 1 (0°) fabric sheet is 56 MAD. Thus, for 1.75 m² which 

represents the surface area of the mold, the price would be 98 MAD. The total price for the 4 

layers needed is then 392 MAD.  

The total price for the fabric sheets needed to infuse 1 blade half is: 470 MAD. It would then 

cost approximately 940 MAD in E-glass matting to produce a single blade.  

Material needed to produce 1 Silicone Vacuum Bag is summarized in the following table: 

Item  BOM Cost (MAD) 

DOUBLE SIDED TAPE 110 

SHEET WAX 88 

SEAL PROFILE 1900 

RESIN RUNNER 2000 

RESIN RUNNER SUPPORT 580 

SIL-POXY SILICONE ADHESIVE 280 

DISPOSABLE STATIC MIXERS 22 

REUSABLE SPRAY TIP 0 

EZ-SPRAY SILICONE 22 4320 

REINFORCING CLOTH 140 

Total 9440 

 

- With one reusable Silicone vacuum bag, it is possible to make around 30 parts; meaning 

30 blade halves which is equivalent to 15 blades.  In this project, each wind turbine has 3 
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blades; which means by a simple division that one bag will roughly produce 5 blade sets; the 

necessary number of blades for 5 small wind turbines.  

Roughly, the amount allocated for 1 blade in Silicone bagging equipment would be 

9440/15 ≈ 630 MAD 

Material needed to infuse one blade is summarized in the following table: 

Item  BOM Cost (MAD) 

VACUUM PORT INSERT 1 × 360 

INJECTION FITTING 2 × 300 

HOSE 1 × 140 

RESIN RUNNER INSERT SADDLE 1 × 360 

EPOXAMITE® 102 600 

RESIN POT 1 × 22 

RESIN CLAMP 1 × 50 

EASE RELEASE® 205 1 × 460 

E-GLASS MATTING 940 

Total 3532 

 

Hence, the total cost for manufacturing a single blade would approximately be: 4160 MAD.  

4.  LIMITATIONS & FUTURE WORK 

This capstone project is an attempt to select the most suitable blade manufacturing process 

for the Moroccan context. The criteria upon which the comparative analysis was based were: 

cost-effectiveness, mechanical performance of the finished part and applicability in the 

Moroccan context. Regarding applicability in the Moroccan context, the objective was to select a 

manufacturing technique which does not require a high level of expertise to be performed. 

Actually, blade manufacturing is not a highly-developed industry in Morocco; there is currently 

no operational production site in the country. The first production facility is expected to start 
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operating in spring 2017 in Tangier. Raw material and equipment for the manufacturing 

technology selected is unfortunately not available in Morocco. I was able to contact a supplier 

company (Smooth-on) which production facility is located in Pennsylvania, USA, but has 

several distributors all over the world, including Europe. Material specialists of the company 

provided me with valuable information regarding implications of Silicone Vacuum Bagging 

technique. The list of prices for the equipment needed was established based on data available on 

their online store website, however; it will be necessary to identify the nearest distributor, and 

discuss details of shipping and delivery process. 

The detailed manufacturing route for spar caps and shear web is to be investigated as it 

needs to be included in the overall cost of the blade.  

5.  CONCLUSION 

The purpose of this capstone project was to select the most suitable manufacturing 

technique for small wind turbine blades within the Moroccan context. The first part of the 

analysis consisted of an extensive review of the potential manufacturing methods adapted for 

small wind turbine blades. An overview of the manufacturing procedure along with the 

advantages and drawbacks of each technique were investigated. Then, a comparative analysis 

was performed to select the most appropriate technique for the Moroccan context. The 

comparative analysis was based on specific criteria. An optimal trade-off was determined by 

weighing pros and cons of each technique. And finally the cost study of the manufacturing 

technique selected was accomplished in order to have an estimation of the overall cost of 

manufacturing a single blade using the technology selected.  
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