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TheNational Renewable Energy Laboratory andGeneral Electric (GE) are partners within
theAdditive andModular-EnabledRotorBlades and IntegratedCompositesAssembly (AMER-
ICA) project. AMERICA aims to develop advanced manufacturing solutions to reduce labor
and cycle time while increasing recyclability of wind turbine blades. The project is funded by
the U.S. Department of Energy’s Advanced Manufacturing Office. This paper describes the
techno-economic and life cycle analysis of the novel manufacturing process applied to the 15-
meter long tip of the blade of a representative 3.4 MW land-based wind turbine. We establish
a comparison to a standard manufacturing process, highlighting challenges and opportunities.
Several uncertainties affect the analysis, but we highlight an opportunity space. With the cur-
rent set of assumptions, the tip adopting advanced manufacturing is predicted to lower labor
by 21%, cycle time by 39%, and total blade tip costs by 15% while simultaneously increasing
production quality and adopting recyclable thermoplastic resin. A life cycle analysis returns
comparable metrics for climate change impact and embodied energy between the two processes.

I. Background, Motivation, and Goals
The path toward lower levelized cost of wind energy goes through larger rotors and taller towers [1, 2]. Longer

blades and higher hub heights increase the energy capture per turbine and offer higher availability of wind power in the
electricity mix. The wind turbine market clearly shows the increase in turbine size, both offshore and land-based. Wind
turbine operators tend to order larger machines to limit the number of installations, which helps lower balance-of-station
costs and operation and maintenance costs. In this scenario, wind turbine blade manufacturers fight the cubic growth of
mass and cost with respect to blade length. In the past decade, manufacturers have been successful keeping the growth
exponent closer to 2 than 3 thanks to materials advancements, such as using pultruded carbon fiber spar caps, and active
and passive load alleviation technologies. In parallel, the end-of-life treatments of wind turbine blades is a primary
concern, and the motivation to design and manufacture recyclable blades is growing [3]. In this scenario, industry and
researchers are busy investigating the technologies that will support the next generation of wind turbine rotors [4].

A promising pathway consists of increasing the level of automation in the manufacturing of wind turbine blades.
Today, blades are manufactured via vacuum-assisted resin transfer molding (VARTM) and production is characterized
by high values of labor hours and cycle time, low factory throughput, inconsistent production quality, and low to
no recycling [5, 6]. In addition, the resin uptake within the sandwich composite cores located within the skins and
shear webs of the blade results in a mass and cost penalty [7]. Process automation and reduced resin uptake penalties
using additive manufacturing processes could enable higher-performance structures with lower labor, material, and
manufacturing costs [8–10]. Additive manufacturing, or 3D printing, differs from conventional blade manufacturing in
that the structures are manufactured directly from computer-aided design (CAD) models in a layer-by-layer fashion [11].
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Material extrusion is the process of extruding polymers and fiber-reinforced polymers through a nozzle to deposit a
bead and fuse it to the previous layer. Thermoplastics are the predominant choice of feedstock, although thermosetting
polymers are being investigated to increase part strength through additional cross-linking effects [12]. Thermoplastic
feedstocks such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), nylon, and glycol-modified polyethylene
terephthalate (PETg) are widely used due to the extruder requirements, their low glass transition temperatures, and
recyclability [11, 13]. Discontinuous fibers, such as carbon fiber, in the range of 150 micrometers in length to prevent
breakage within the extruder are commonly added to the feedstock to increase the strength and stiffness, as well as retain
heat and provide dimensional stability [10, 14, 15]. Small-scale material extrusion technologies use filament feedstock,
whereas large-scale technologies utilize pelletized feedstock to reduce cost [10]. Industry adoption of material extrusion
has been successful within tooling and rapid prototyping applications [15]. Expanding polymer-based material extrusion
into functional structures, such as wind turbine blades, is a challenge. Open research questions include how to achieve
required mechanical properties, interlayer shear strength, fiber sizing, and compatible structural adhesives. There is also
a lack of standards, certification, anisotropic behavior, material voids, serial production cost, overall part quality, and
additive manufacturing workforce [11, 13, 15–21]. Despite these challenges, the potential of additive manufacturing to
provide novel structural solutions is indicated by continued patent filings [22–25], government-based research [26, 27],
and advancement of additive manufacturing standardization [18].

This paper investigates potential and challenges of a novel advanced and additive manufacturing process for wind
turbine blades, with a focus on the tip region, whose lightweight and strict tolerance requirements are key to minimize
the levelized cost of energy generated by wind turbines. The outer blade span generates the highest contribution to
annual energy production. While the inner portion of the blade can be characterized by cost-efficient processes that
focus on the structure, blade tips benefit from processes characterized by a high level of precision to manufacture
accurate aerodynamic shapes. This critical difference in the manufacturing objective suggests that blade tips could be
manufactured in a different way compared to the rest of the structure. Blade tips could also be manufactured with a
high degree of automation in a market with high labor rates, whereas the inner blade section could be manufactured in
lower-cost markets. The two blade portions could then be transported separately, thus alleviating logistics constraints
and supporting larger rotor diameters, and assembled on-site thanks to a spanwise joint system. Finally, blade tips
have less demanding structural requirements than inboard, offering a feasible path to thermoplastic composites, which,
different from thermoset composites, can be melted and reutilized at the end of life of the blade .

This study focuses on an 80-m-long segmentedwind turbine blade representative of modern land-based configurations.
The study leverages the National Renewable Energy Laboratory’s open-source systems engineering framework, the
Wind-Plant Integrated System Design and Engineering Model (WISDEM®), and its detailed blade manufacturing and
cost model [5]. This model was first adapted to model a segmented blade and was later extended to model advanced
manufacturing processes. In addition, an attributional process-based life cycle assessment investigation following the
International Organization for Standardization (ISO 14040/44) framework is carried out. The goal of this activity is to
compare the environmental impacts of baseline and advanced manufacturing processes [28]. We select a cradle-to-gate
system boundary that encompasses life cycle stages from primary material acquisition to the exit gate of a blade
manufacturing facility. This analysis currently excludes the potential recyclability or other performance benefits (e.g.,
increase in energy yield) for both tip designs. Also, labor, research and development, and other miscellaneous activities
are left outside of the system boundary due to considerable uncertainty in labor footprint data.

The paper is organized as follows. Section II introduces the key characteristics of the baseline wind turbine
manufactured via conventional processes. Next, Section III presents the advanced manufacturing model, Section IV
discusses the comparison between the two processes, and Section V compares the results from the life cycle analysis.
Finally, Section VI summarizes the key takeaways of the study.

II. Design and Manufacturing of a Conventional Segmented 80-m Blade
The 80-m-long segmented wind turbine blade design was developed starting from the International Energy Agency

(IEA) Wind Task 37 land-based reference wind turbine [29]. The key characteristics of the turbine adopted in this study
are listed in Table 1. The key differences between the IEA land-based reference turbine and the baseline design adopted
in this work are the higher hub height, increased from 110 to 120 m, and the significantly larger rotor, whose blades are
extended from 63 to 80 m. Rated power is kept constant at 3.4 MW, and specific power is consequently reduced from
250 to 161 W m-2, in line with the predictions presented by [1]. The rotor tip speed ratio is increased from 8 to 10, and
the maximum blade tip speed from 80 m s-1 to 85 m s-1. Also, the spar caps are changed from standard infused glass
fiber to 300-mm-wide pultruded carbon fiber. Finally, rotor precone, nacelle uptilt, and rotor overhang are increased to 4
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Table 1 Summary of the key turbine characteristics assumed in the study

Metric Value Metric Value
Wind Class 3A Nameplate power (MW) 3.4
Rotor diameter (m) 164 Specific power (W m-2) 161
Hub height (m) 120 Gearbox ratio 120
Generator DFIG Rotor overhang (m) 6
Rotor cone angle (deg) 4 Nacelle uptilt angle (deg) 6
Cut in (m s-1) 3 Cut out (m s-1) 25

degrees, 6 degrees, and 6 m, respectively, all to support lighter and more flexible blades. The drivetrain is made of a
gearbox with a ratio of 1:120 coupled to a doubly-fed induction generator (DFIG). The next subsections discuss other
key aspects of the blade design.

A. Root
The blade root represents a major contribution to blade mass and cost. In this work, blade root diameter was assumed

equal to 4 m. This value is possibly slightly larger than necessary for an 80-m blade, but it was chosen to simulate the
modularization of the inner portion of the blade. This approach is an available pathway for turbine blade manufacturers
to take advantage of economies of scale and design a single blade inner portion that can support blade tips of various
lengths. The composite layup at blade root is composed of a combination of triaxial and unidirectional glass fabrics to
house the welded root bushings. The maximum laminate thickness at the root of the blade is 75.8 mm, and blade and
hub are connected via 84 root bolts. Note that the design of blade root bushings could be a topic of further investigation
to optimize the design, since the potential for blade mass reduction is large.

B. Spanwise Joint
Increasing blade length from 63 to 80 m not only requires a redesign process, but longer blades also face tighter

logistics constraints. These can be overcome with various technological solutions [30–32]:
1) Spanwise segmentation
2) Controlled flexing during rail transport
3) On-site manufacturing
4) Airship transport.

This work assumes the first solution, which is the only commercially ready among the four. Controlled flexing and
on-site manufacturing are considered promising technologies, but are characterized by lower technology readiness
levels. Airship transport of large wind turbine components could be a game changer but has not been proven at the scale
of wind turbine blades. A wide spectrum of wind turbine blade joints has been proposed in the literature, and their
technical viability have been demonstrated in the field [33]. On one end of the spectrum, lightweight composite joints
offer an opportunity for modular manufacturing but usually require a factory-assembling step and are therefore not
suitable to address logistics constraints. Mechanical joints, in either bolted or pin configuration, are instead usually
heavier, but successfully support field assembly. In this work, a bolted joint is assumed and sized according to [34]. The
joint is located 65 m away from the blade root—i.e., at 81.25% of blade span. The bolted joint is composed of 22 M24
bolts—i.e., 11 per side. The bolts are embedded into a triaxial glass fiber laminate that runs over a span of 10 m and
whose width varies linearly between 300 mm at the start and end and 800 mm at the joint location. The 22 bolts and the
extra laminate to house them are estimated to weigh 121 kg and 358 kg, respectively, for a total joint mass of 479 kg.

C. Lightning Protection
Mechanical joints are often made of metal, which, combined with the pultruded carbon fiber spar caps, represent a

challenge for lightning protection. Also, lightning protection systems are increasingly expensive. In this work, the
lightning protection system is estimated to weigh 68 kg and cost $2,700 (USD). In addition, the spar cap assemblies of
pultruded planks are modeled to stop at 90% of blade span and transition to standard VARTM unidirectional glass fiber
for the last 8 m of blade span.

3
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D. Changes to Cost Model
During the project, the blade cost model described in [5] was improved to model two manufacturing processes for

the blade inner portion and the blade tip. In addition, the model was extended to account for spar caps made of pultruded
planks. This consisted of first removing the separate infusion processes for the spar caps and the corresponding tooling
and equipment costs. Next, three new steps were included: loading the coil into position, cutting and chamfering
pultrusion planks, and stacking the planks. A team of four workers per spar cap is assumed. The first step is assumed to
last thirty minutes. The second step is assumed to run at a rate of six planks per hour. The last step of stacking the
planks is assumed to run at 15 planks per hour, plus loading, moving, and placing steps that last 30, 15, and 30 minutes,
respectively. The pultruded planks also required extra equipment, with corresponding costs. The model assumes a
cutting and chamfering unit with a cost of $200,000, a stacking table that costs $100 m-1 per spar cap length, and a
fixture unit that costs $200 m-1 per spar cap length. Finally, the unburdened labor rate was increased from $20 h-1 to
$35 h-1 assuming a typical wind blade production facility position in the United States.

E. Aerostructural Design Optimization
Once the changes described in the previous subsections were implemented, an aerostructural design process was run

in WISDEM. Design variables controlled chord, twist, and spar cap thickness along the blade span, whereas constraints
ensured the blade did not experience stall, did not exceed strains above 3,500 microstrains, did not violate the minimum
blade-tower clearance, and limited the nondimensional blade root flapwise moment coefficient to 0.165 [35]. The figure
of merit was levelized cost of energy, and the financial model in WISDEM was tuned based on the most recent numbers
from [36]. The design optimization returns a total blade mass of 20,300 kg and a total blade cost of $294,900. The
turbine annual energy production is 16.3 GWh. All these values are expected to be in line with industrial rotors for
Class 3 wind conditions. The input to the financial model of WISDEM and the output levelized cost of energy are
reported in Table 2. The plots in Fig. 1 show the comparison in terms of chord, twist, axial induction profile, and mass
distribution between the 63-m-long blade design from the IEA Wind Task 37 land-based reference turbine and the new
segmented 80-m-long design. Note the low solidity of the blade generated by the tip speed ratio of 10 and the low
induction profile caused by the constraint on blade root flapwise moment. The low mass distribution is supported by
the use of carbon fiber spar caps and the increased values of blade tower clearance. The uptick in mass at 65-m span
corresponds to the spanwise location of the joint.

Table 2 Levelized cost of energy and key financial metrics

Metric Value Metric Value
Turbine capital ($ kW-1) 1,415 Plant capacity (MW) 600
Balance of stations ($ kW-1) 217 Turbine number 178
Turbine annual energy production (GWh) 16.3 Operating expenses ($ kW-1) 43
Fixed charge rate (%) 6.5 Wake loss factor (%) 15

Levelized cost of energy ($ MWh-1) 36.5

F. Costs, Labor, and Cycle Time of Conventional Manufacturing
The optimum blade design identified by WISDEM returned variable and fixed costs as listed in Tables 3 and 4.

Labor consisted of 1,153 hours (h) for the inner portion and 156 h for the blade tip. The model split cycle time between
gating—the cycle time happening at the main mold, representing the bottleneck of factory throughput—and non-gating,
which consists of all those operations that can happen in parallel and do not usually limit production. The blade inner
portion is set to run on a 24-h gating cycle time and the tip on a 12-h gating cycle time. A detailed techno-economic
analysis estimates that the inner blade portion and the tip have total costs of $274,200 and $20,700, respectively, for a
total blade cost of $294,900. Figure 2 shows the cost share distribution for the 15-m-long blade tip.
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Table 3 Labor, cycle time, and variable costs of the blademanufactured via conventionalmethods, split between
inner portion and tip

Metric Inner Tip Total
Total labor (h) 1,153 156 1,309
Skin mold cycle time (h) 24 12 36
Non-gating cycle time (h) 140 47 187
Total labor cost ($K) 68.1 9.2 77.3
Root bolts and lightning protection system ($K) 5.8 1.4 7.3
Consumables ($K) 7.2 1.3 8.5
Utility costs ($K) 0.9 0.0 0.9
Laminates and foam ($K) 154.5 7.4 161.9
Total variable costs ($K) 223.5 16.6 240.1

Table 4 Fixed and total costs of the blade manufactured via conventional methods, split between inner portion
and tip.

Metric Inner Tip Total
Equipment ($K) 4.4 0.3 4.7
Tooling ($K) 10.7 0.2 10.9
Building ($K) 0.6 0.02 0.6
Maintenance ($K) 4.2 0.4 4.6
Overhead ($K) 20.4 2.8 23.2
Capital ($K) 10.4 0.6 11.0
Total blade fixed cost ($K) 50.7 4.1 54.8
Total costs ($K) 274.2 20.7 294.9
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Fig. 1 Comparison in terms of chord, twist, axial induction profile, and mass distribution between the 63-m-
long blade design from the IEA Wind Task 37 land-based reference turbine and the new segmented 80-m-long
design.

III. Advanced Manufacturing of the 15-m Blade Tip
The advanced manufacturing process assumed in this study changes the way the blade tip is designed and

manufactured. In a conventional manufacturing process, a blade is made of two shells made of composite sandwich
structures comprising an inner and outer fabric infused with thermoset resin and a lightweight foam or balsa wood
core. In the advanced manufacturing process, skins are first pre-infused with an in-situ polymerizing thermoplastic
resin on a flat table and then thermoformed into the mold using a vacuum process. Once in position, 3D printers
perform the additive manufacturing of panel reinforcements to increase buckling resistance. The reinforcement has
a honeycomb structure and is made of thermoplastic material with chopped glass fibers. The assembly is assumed
to rely on conventional bond lines, although in the future, heat-activated film adhesive and thermal welding will be
considered. Note that the focus of this paper is on the techno-economic analysis, but detailed 3D finite element analyses
were conducted to ensure that the AM tip meets the same structural requirements of the baseline tip.

This advanced manufacturing (AM) process impacts several aspects in the areas of materials selection, structural
design, and manufacturing. In this study, only blade tips adopt AM, whereas future research will study the impact of
AM on the inner portion of the blade. The following subsections describe each subprocess.

A. Prefabricated Tip Blanks
Prefabricating tip blanks consists of infusing a stack of dry unidirectional, biaxial, and triaxial layers of glass fiber

with a thermoplastic resin on a flat table. The planks for the pultruded spar caps are also laid on the dry fabric and
infused so that resin bonds everything together. This infusion is similar to the conventional infusion happening in the
mold, except that flat blanks are easier to handle on a flat table than in a curved mold. Flat tables are assumed to be
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Fig. 2 Cost shares of the 15-m blade tip manufactured via the conventional process. Total cost per tip is
$20,700.

non-heated, cost $2,000 m-2, and be usable for 6,000 infusions. Fabric layout and lifting fixtures are also modeled with
an estimated cost of $9,500. A unit cost of $6.83 kg-1 is assumed for the in-situ polymerizing thermoplastic resin. The
model assumes that the three steps of cutting, molding, and trimming are conducted by a team of two people. The total
labor is estimated to be 16.5 h per skin and 33 h per tip, for a total labor cost of $1,200. Note that blade manufacturers
might decide to keep the step of prefabricating tip blanks internal, but since they would not need to share proprietary
airfoil shapes and 3D geometries, they could also decide to outsource the step and simply purchase prefabricated flat tip
blanks from suppliers.

B. Vacuum Thermoforming of Skin Panels
The vacuum thermoforming of skin panels consists of applying a vacuum bag on top of the flat tip blanks and

forming the thermoplastic layers into the blade tip shell. Molds are heated during the thermoforming process, and a unit
tooling cost of $8,500 m-2 is assumed. Molds are assumed to be used for 3,000 tips, whereas consumables costs are
estimated to be $250 per tip. The process is completed by four workers with a total labor time of 17 h and a cycle time
per skin of 2 h. Labor costs equal $583 per blade tip.

C. Additive Manufacturing of Outer Shell Reinforcement
The additive manufacturing of the buckling reinforcement of the blade tip outer shell is a sophisticated process that

offers an opportunity to reduce labor and cycle time and increase production quality. Given a volume of grid material
for a required equivalent panel stiffness, a material density of 1,700 kg m-3, and a grid density of 300 kg m-3, 40 kg
of grid reinforcement is estimated. The maximum deposition rate for the material extruder is assumed equal to 5 kg
h-1, bead height equal to 2.5 mm, and 16 extruders running in parallel, leading to an effective deposition rate of 80 kg
h-1 and a total deposition time of 17 minutes per half shell. The total 3D print time is then increased with pre- and
post-processing times to account for cleaning, repositioning, setting up, and taking down. The total 3D print time is
estimated to be 34 minutes per half blade tip, and labor costs sum up to $40 per blade tip. Next, the model estimates
material costs assuming pellet costs of $7 kg-1 and a waste factor of 10%. For the 15-m blade tip, material costs sum up
to $346. Finally, the model estimates capital costs by assuming a cost per material extruded of $150,000, a life of 10
years, and a total number of blade tips of 1,000 per year, resulting in capital costs of $271 per blade tip. The total cost of
the additive manufacturing of the outer shell reinforcement of the 15-m blade tip is expected to be $657 with labor and
cycle time of 0.6 h and 1.1 h, respectively.

D. Prefabricated Leading Edge
Leading edge erosion is a major concern for wind turbine manufacturers, owners, and operators. In addition, the

leading edge is subjected to tight manufacturing tolerances that are hard to achieve during the conventional assembly
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process. To alleviate both aspects, one solution consists of mounting a prefabricated leading edge at the nose of
the blade tip. This solution, somewhat inspired by the automotive industry, is assumed to be part of the advanced
manufacturing process, although could also be applied to standard manufacturing. Prefabricated leading edges add
28 kg of material mass, $118 of material costs, and 11 h of labor per tip. The advantages in power production and
operation and maintenance costs of the prefabricated leading edge would only be quantifiable in the field and, although
foreseen to be significant, a conservative approach is adopted and neglects those advantages.

IV. Comparison
The detailed comparison of bill of materials, labor, cycle time, variable costs, and fixed costs between conventional

and advanced manufacturing processes for the 15-m blade tip is presented in Fig. 3 and discussed in the next sections.
Please note that all the numbers are estimated as accurately as possible. Still, the advanced manufacturing process is at a
much earlier stage of development than conventional manufacturing of blade tips. Therefore, several uncertainties affect
the results.

0 2500 5000 7500 10000 12500 15000 17500 20000
Cost ($)

AM

Conventional

Labor
Utility
Bolts and LPS
Consumables
Composites
Equipment
Tooling
Building
Maintenance
Labor Overhead
Capital

Fig. 3 Cost comparison between conventional tip and tip adopting advanced manufacturing. Variable costs
include labor, utility, andmaterials costs, whereas fixed costs include equipment, tooling, building, maintenance,
labor overhead, and capital costs.

A. Bill of Materials
The conventional and AM tip have similar masses of 580 kg and similar bills of materials. The only notable

difference in mass is seen in the use of the prefabricated leading edge, which adds 28 kg in the advanced tip. The change
in resin and the 3D printing of the reinforcement grid are not expected to notably impact tip mass. The impact of AM
on costs is harder to estimate, and a few differences in the individual material contributions are expected. Sandwich
core material accounts for $618 of cost. This number can be reduced by 40% when 3D printing the thermoplastic
grid thanks to the lower unit cost of thermoplastic resin and chopped glass fibers. The accurate estimate of adhesive
cost is hard to achieve, as thermoplastics require adhesives that are twice the cost, $15 kg−1 versus $7 kg−1, and the
prefabricated leading edge adds a bond line. Nonetheless, AM offers the opportunity to reduce the thickness and width
of bond lines thanks to the tighter tolerances. Overall, we estimate a potential saving in adhesive cost up to 50%. Next
to these reductions in costs, thermoplastic resin is expected to cost significantly more than thermoset epoxy, $6.8 kg−1

versus $3.6 kg−1. All in all, the total bills of materials between conventional and AM blade tips are estimated to be
similar—$4,600 per tip.
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B. Labor and Cycle Time
Advantages for the AM tip are observed in the labor and cycle time. The conventional blade tip requires 156 h and

61 h, respectively, whereas the AM tips are manufactured in 124 h and 37 h, respectively. The faster manufacturing
processes are attributed to the simpler infusion process on a flat table, as well as switching from the manual placement
of the sandwich core to the 3D printing of the reinforcement grid. The infusion of the flat tip blanks is estimated to
require 32 h of labor and 8 h of cycle time. The thermoforming of the skins is estimated to require 17 h of labor and 3 h
of cycle time. In contrast, the conventional infusion of each shell in the mold is estimated to require 36 h of labor and
18 h of cycle time. The 3D printing of panel reinforcement is highly automated and requires only 0.6 h of labor and
1.1 h of cycle time.

C. Variable and Fixed Costs
The comparison of the variable costs reflects the 20% reduction in labor costs. Also, consumables can be reduced by

15% by infusing on a flat table and not in a curved mold. With the other contributions—namely utility costs, composite
material costs, joint bolts, and lightning protection system—staying similar, baseline variable costs are estimated to be
$16,600, whereas AM variable costs are estimated to be $14,200, or a 14% reduction.

Despite several uncertainties affecting the analysis, we estimate that fixed costs can also be slightly reduced thanks
to AM. Equipment and tooling costs can be reduced by 30% and 50%, respectively, by infusing on flat tables, replacing
the sandwich core by 3D printing the reinforcement grid, and using cheaper molds with less stringent tolerances on
temperature control. Labor overhead can also be proportionally reduced by the same amount of labor hours. The capital
and operation and maintenance costs of 3D printers are estimated to be limited to $136 per blade tip, and total fixed
costs are estimated to decrease from $4,100 to $3,300. Overall, total cost per blade tip is estimated to drop by 15% from
$20,700 to $17,500.

V. Life Cycle Environmental Impact
The functional unit used for the life cycle analysis is the finished 15-m blade tip ready for shipment to a deployment

site. We selected two impact metrics in this study—climate change and cumulative energy demand (CED)—calculated
by ReCiPe v1.13. and CED v1.09 impact assessment protocols, respectively [37, 38]. Climate change impact category
quantifies the 100-year global warming potential (GWP) arising from greenhouse gas emissions in all examined
processes, expressed in kilograms of carbon dioxide equivalent (CO2 eq). Cumulative energy demand quantifies
embodied energy in all examined life cycle stages from fossil and renewable sources, reported in megajoules.

We quantified material, energy, and emissions input and output flows for each life cycle stage examined. For the
foreground data, representing direct flows of blade tip manufacturing, we used the bill of materials reported herein
to compare different material selections and quantities for both designs. We used well-known life cycle inventory
(LCI) database libraries to model the life cycle flows of those materials including ecoinvent version 3.9, USLCI, and
European Life Cycle Data Network [39, 40]. Some materials, such as pultruded carbon fiber and in-situ polymerizing
thermoplastic resin, were not available in these LCI databases. We modeled LCI entries for missing materials by
building upscaled process models leveraging available literature and industry stakeholders. Pultruded carbon fibers
were modeled after the carbonization of polyacrylonitrile fibers and subsequent surface treatment and sizing. We used
the European Composite Industry Association (EuCIA) Eco Impact Calculator to model pultrusion processing input and
output flows [41]. Whenever possible, we substituted European inputs (i.e., electricity grid mix, transportation) with
U.S.-based inputs such as Western Electricity Coordinating Council (WECC) interconnection electricity mix to model a
material manufacturer and a blade manufacturer located in the United States.

Direct energy consumption of unit processes for the baseline tip design was estimated using the blade cost model in
WISDEM. For the AM tip design, most processes had similar energy consumption to those in the baseline, except in
three main processes: post-curing of the flat tip blanks, vacuum thermoforming of the skin panels, and 3D printing of
the grid reinforcement. Estimates for the energy consumption of these steps were calculated by multiplying average
process step time by the wattage of the equipment, corrected by utilization factors of relevant unit processes. The next
two sections discuss the results of the life cycle impact assessment, which are summarized in Table 5.

A. Climate Change
The climate change impact of producing 15-m baseline and AM tips is 3,160 and 3,360 kg CO2 eq, respectively;

thus, AM tip carries 6.3% higher greenhouse gas emissions along its supply chain. The bill of materials is the largest
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Table 5 Environmental impact in terms of climate change and cumulative energy demand between baseline
and advanced tip

Environmental Impact Category Baseline AM Difference
Climate change (kg CO2 eq) 3,160 3,360 +6.3%
Cumulative energy demand (MJ) 49,800 51,300 +3.0%

contributor to supply chain equivalent carbon emissions. The top contributing materials to climate change are pultruded
carbon fiber, dry glass fiber fabrics, and resin. Nearly one-third of the impacts is ascribed to the production of pultruded
carbon fiber for the spar caps. This alone carries 12.0 kg CO2 eq per kilogram of material compared to 3.2 kg CO2 eq
per kilogram of dry glass fiber. Since the two tips have similar bills of materials, the climate change impact is similar
between the two designs. Also, since this life cycle analysis currently neglects the impact of recyclability, thermoset and
thermoplastic resins have similar climate change impacts because both have similar upstream supply chain profiles
stemming from crude oil extraction. Thermoset and thermoplastic resins carry 7.02 kg CO2 eq and 7.04 kg CO2 eq per
kilogram of resin, respectively.

The marginally higher impact of AM tip can be mostly ascribed to a higher direct process energy consumption. The
AM process has 30% higher direct electricity usage than its baseline counterpart; this higher energy consumption is
needed to keep the mold heated during both the vacuum thermoforming of the skin panels and the 3D printing of the
reinforcement grids. In addition, the 3D printers require energy to run. The process is the second highest contributor to
direct energy consumption, representing 23% of total direct energy usage. The two increases in energy usage outweigh
the more efficient post-curing step that AM unlocks. The post-curing is performed after the tip blanks are infused on the
flat table, and the full blade tip no longer needs to go through a post-curing step as a whole component. In this project,
we assumed an energy savings of 50% for post-curing. Note however that the direct energy consumption for baseline
and AM tips contributes only 5% and 3.5% to the climate change impact, respectively.

B. Embodied Energy
Embodied energy, calculated by cumulative energy demand of producing the baseline and AM tip, is estimated to

be 49,800 MJ and 51,300 MJ, respectively. The AM tip carries a 3.0% higher embodied energy than the baseline tip.
Non-renewable fossil energy is the main form of embodied energy; this is ascribed to reliance on upstream oil and
gas operations for supply of petrochemical precursors to resin and fiber production and, to a lesser extent, electricity
and heat production. The thermoset resin has embodied energy of 135 MJ kg-1, whereas the thermoplastic resin has
120 MJ kg-1. Similar contributing factors for higher climate change potential for the AM tip also hold for the embodied
energy category.

VI. Conclusions
This paper presents a techno-economic analysis and life cycle analysis comparing a standard process and an advanced

process for the design and manufacturing of a 15-m tip of an 80-m-long wind turbine blade representative of modern
land-based configurations. The advanced manufacturing process is motivated by the need to limit costs, labor hours,
and cycle times and increase factory throughput, production quality, and consistency. The process is based on the
thermoforming of flat tip blanks made of thermoplastic material, the 3D printing of a reinforcement grid replacing
conventional sandwich foam, and the installation of a prefabricated leading edge. The comparison between the two
processes shows that the tip adopting advanced manufacturing has a lower labor by 21%, lower cycle time by 39%, and
lower total blade tip costs by 15% while simultaneously increasing production quality and adopting recyclable in-situ
polymerizing thermoplastic resin. The life cycle analysis shows mild increases of 6.3% kg CO2 eq and 3.0% cumulative
energy demand for the AM tip, caused by the higher energy usage needed to manufacture the AM tip.

Work is currently ongoing to include recyclability into the life cycle analysis of standard and advanced blade tips.
In the meantime, advanced blade tips are being tested in the laboratory to validate and certify compliance with their
structural requirements. Field testing of a wind turbine mounting advanced blade tips is also planned.
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