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Fig. 2: Rotational corrected and extrapolated XFOIL compared to wind tunnel data for TU-Delft t/c = 21%

(a) cl surface used for airfoil thickness optimization (b) cd surface used for airfoil thickness optimization

Fig. 3: Comparison of the cl and cd surfaces for TU-Delft airfoils

(a) TU-Delft airfoil family (b) NACA 64-series airfoils

Fig. 4: Lift to drag ratio curves for ↵ = 5 !



Fig. 5: Composite layers for a wind turbine blade.
Figure from Bir et al. [13]

The material thicknesses for the spar cap and trailing
edge panel are independently defined using Akima
splines. There are five control points used to control the
thicknesses at thirty eight points along the blade. These
parameters, along with relevant material properties, are
used to construct and evaluate a finite element analysis
model of the blade, while the control points for these
splines are used as design variables. The outputs from
the structural analysis inform both the objective and the
majority of the constraints for the model.

C. Optimization

The optimization objective function is to minimize
m/AEP . All the relevant structural and aerodynamic
design variables are combined into a single optimization
problem. The design variables consist of nine main
categories, five of which are aerodynamic design
variables and four of which are structural design
variables. Several of these variables are arrays that
define control points on a spline. Three aerodynamic
(airfoil thickness to chord ratio, chord, and twist) and
all of the structural design variables (spar cap TRIAX,
spar cap carbon, trailing edge TRIAX, and trailing
edge foam thicknesses) control splines that define the
entire blade. For t/c, the first five points control the
TU-Delft and the last one controls the NACA 64-series
airfoils. The design variables are summarized in Table
I. In total, there are 36 design variables used in the
optimization.

There are a number of structural constraints on
the optimization that are grouped into six main
categories. These categories include constraints on the
strain and buckling of the spar cap and trailing edge,
the flap-wise and edge-wise frequency, and the rotor
thrust. These are summarized in Table II.

TABLE I: Design Variables

Description # of vars.

airfoil thickness to chord ratio distribution t/ci 6
chord distribution ci 4
max chord location r c 1
twist distribution ✓i 4
tip-speed ratio � 1
spar cap - TRIAX thickness distribution tsparti 5
spar cap - carbon thickness distribution tsparci 5
trailing edge - TRIAX thickness distribution ttepti 5
trailing edge - foam thickness distribution ttepfi 5

TABLE II: Constraints

Description

spar cap strain  ultimate strain at 7 stations along blade
trailing edge strain  ultimate strain at 8 stations along blade
spar cap buckling  critical buckling at 8 stations along blade
trailing edge buckling  critical buckling at 7 stations along blade
flap-wise/edge-wise frequency � blade passing frequency
rotor thrust  initial rotor thrust

The strain is constrained for extreme load conditions
according to IEC standards. The buckling is constrained
for maximum operating conditions. All natural fre-
quencies had to be above the blade natural frequency
with an added margin to avoid resonance. While only
the mass of the blades could change as part of the
optimization, the calculation of the m/AEP included
the entire system mass for the cost of energy to be best
approximated. For the m/AEP approximation to be
valid the rotor thrust had to be fixed to conservatively
neglect the impact on the tower and the drivetrain mass.
The rated power was kept constant at 5-MW for a
similar reason. Additional detail on these constraints is
described by Ning et al. [7]. The final optimization is
summarized below:

minimize m/AEP
with respect to x = t/ci, ci, ✓i,�, rc, tsparti,

tsparci, ttepti, ttepfi
subject to buckling, strain, natural frequency, rotor thrust

The optimization was performed using a gradient-based
sequential quadratic programming method using the
SNOPT [14] optimization package within the Open-
MDAO [15] framework for multidisciplinary optimiza-
tion. The main challenges in performing the gradient-
based optimization were in scaling and obtaining gra-
dients. Gradients were obtained through a combination
of analytic and finite difference gradients as RotorSE
already has many analytic gradients built in, and finite
differencing was used to provide the remaining gradi-
ents in the OpenMDAO framework. Both the objective
and some of the design variables, such as the airfoil and
material thicknesses thicknesses, were scaled to be of a
similar order of magnitude.



TABLE III: Optimization Results

units Reference Blade Conventional Airfoil Thickness Fixed Full Optimization

ci m [3.26, 4.57, 3.32, 1.46] [2.19, 4.85, 3.34, 1.79] [2.12, 4.95, 3,33, 1.82] [3.30, 4.47, 3.40, 1.70]
✓i ✓ [13.28, 7.46, 2.89, -0.09] [15.15, 5.84, 1.38, -0.60] [14.01, 5.65, 1.06, -0.60] [13.36, 7.34, 2.53, -0.17]
� 7.55 7.98 8.12 7.75

r c 0.236 0.144 0.125 0.201
tsparti mm [3.0, 2.9, 2.8, 2.75, 2.7] - [1.2 1.2 1.2 1.2 1.2] [2.48, 2.41, 2.34, 2.30, 2.26]
tsparci mm [42, 25, 10, 9, 6.6] - [43.2, 30.7, 19.8, 17.8 7.9] [42, 25.1, 10.2, 9.3, 6.6]
ttepti mm [3.0, 2.9, 2.8, 2.75, 2.7] - [1.2 1.2 1.2 1.2 1.2] [2.48, 2.41, 2.34, 2.30, 2.26]
ttepfi mm [90, 70, 50, 30, 20] - [91, 73.4, 51.9, 31.8, 20.2] [90.1, 70.2, 50.2, 30.1, 20]
t/ci % [40.5, 35.0, 30.0, - - [33.1, 29.1, 25.4

25.0, 21.0, 18.0] 18.8, 16.7, 15.2]
blade mass kg 54,675 52,187 (-4.5%) 47,302 (-13.5%) 53,195 (-2.7%)

AEP MWh/yr 23.48 23.42 (-0.3%) 23.29 (-0.8%) 23.62 (+0.6%)
m/AEP kg*yr/MWh 0.2741 0.2738 (-0.1%) 0.2732 (-0.3%) 0.2720 (-0.8%)

III. RESULTS

The results from the optimization are shown in Table
III. For this analysis, we compare the results from three
different optimization cases: the conventional case
with the material and airfoil thicknesses fixed, only
the airfoil thickness fixed, and the full optimization.
The optimization results are all compared to the NREL
5-MW reference turbine. A comparison of the design
variables of interest are shown in Fig. 6. These include
the airfoil thickness to chord ratio, chord, twist, spar
cap TRIAX thickness, spar cap carbon thickness,
trailing edge foam thickness, and trailing edge TRIAX
thickness.

The first optimization used the conventional approach
with the airfoil and material layer thicknesses fixed.
The optimization was able to reduce the blade mass
substantially (-4.5%), however, this also had the
negative impact of reducing the energy production
(-0.3%). The main area in which the blade mass was
reduced was through the chord decrease near the
root. Farther along the blade span the chord increased
slightly for an average chord decrease of 3.5%. The
twist decreased on average by 7.5% in an attempt
to extract a better aerodynamic performance. These
changes allowed the tip-speed ratio to increase by 5.7%.
This led to a very modest decrease in m/AEP (-0.1%).

The second optimization added in the material
layer thicknesses in the composite lamina section of
both the spar cap and the trailing edge panels. The
addition of these thicknesses led to a significantly
smaller blade mass (-13.5%). However, similar to the
first optimization the benefit from reducing the blade
mass was in part negated by the reduction in energy
production (-0.8%). The chord was also decreased
in this case by about 3.1%, slightly less than in the
first optimization. The twist decreased more so in this

second optimization by an average of 14.5%. The
tip-speed ratio increased by 7.5%. The main difference
in this second optimization was in the material layer
thicknesses. In both the spar cap and the trailing
edge panels the TRIAX layer thicknesses decreased
significantly. On the other hand, the carbon and foam
layers in the spar cap and the trailing edge increased
respectively. This result shows that the conventional
method of adding these layers as a single design
variable is limiting the performance. As a single
variable these thicknesses would have to either both
increase or both decrease. We see, however, that in
both cases the two layers moved in opposite directions
with one increasing and the other decreasing. Another
interesting effect was that the overall change in the
total composite layer thickness increased, though by
very different amounts for the spar cap (+17.5%) and
trailing edge (+0.05%). In both cases, the thicknesses
increased, which is interesting because the mass was
significantly reduced. The spar cap thickness increased
substantially while the trailing edge in essence did not
change at all. The TRIAX layer is more dense than
both the carbon and the foam layers and to reduce the
mass the TRIAX layer thicknesses decreased and was
replaced with either the carbon or foam layers. If the
layers were combined into a single variable then this
result would be impossible. The addition of material
layer thicknesses further reduced the m/AEP by 0.2%
(from -0.1% to -0.3%).

For the third and final optimization, the airfoil
thickness to chord ratios were added and caused
several interesting results. One of the main results
was the change in blade mass and AEP . The blade
mass decreased (-2.7%), but not nearly as much as in
the first two cases. However, unlike the other cases
the energy production in this case actually increased
by a fair margin (+0.6%). By adding t/c the blade
was able to both reduce mass as well as increase
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Fig. 6: Comparison of results between the various optimization cases

energy production. Another interesting result is that
the design variables were much closer to the reference
blade than in the other optimization cases. The chord
actually increased by an average of 2.1% as opposed
to where it decreased in the other cases. The twist only
decreased by 2.0%. The tip-speed ratio increased by
2.6%. The addition of the airfoil thicknesses actually
made the majority of the design variables more closely
match the reference blade. In addition, the material
thicknesses decreased in the spar cap (-1.6%) and
the trailing edge (-0.6%) panels while in the other
cases the material layer thicknesses increased, Since
the chord increased, the major source of blade mass
reduction was in decreasing the airfoil thicknesses for
an overall thinner blade. The average airfoil thickness
reduction was significant at 18.5%. Therefore, a thinner

blade with a thicker chord was better than a smaller
chord with a thicker blade. The addition of t/c further
reduced the m/AEP by 0.5% (from -0.3% to -0.8%).

There are several important results that are obtained
from this research. Material layer thicknesses in the
composite lamina section should be separated during
the optimization process. The two different material
layer thicknesses in both the spar cap and the trailing
edge panels went in opposite directions, which is
not possible when only using one design variable.
A substantial gain can be obtained by adding airfoil
thicknesses. The biggest benefit is not in mass reduction
but in improved energy production. The thinner airfoils
have better aerodynamic performance and are able to
extract more energy from the wind. Adding all of the



design variables together had improved results over the
sequential design with the airfoils fixed and resulted
in very different blade designs. The trade-offs between
the aerodynamic performance of the blade and the
thicknesses of the airfoil, composite lamina layers, and
chord length are better explored by the optimization as
a result. The further reduction of 0.5% when adding
the airfoil thickness is similar to the reduction of
0.3% (from a COE of -1.8% to -2.1%) obtained
by Bottasso et al. in their free-form approach of
COE [2]. Although different methods and conditions
were used between this research and their free-form
approach, the comparable results show the potential of
using airfoil thickness to capture part of the benefits
from the free-form approach. In all three optimization
cases, the tip-speed ratio increased. This alludes to the
idea that this method could be applied successfully
to high tip-speed turbines. Increased saving at high
tip-speeds would be likely when incorporating the
entire tower instead of just the rotor as the reduction of
the drivetrain mass, which is the major source of cost
reduction for high tip-speed turbines, is not included
in this analysis.

Although the percent improvement was modest,
adding airfoil thickness and material layer thicknesses
could have an important contribution in making wind
energy a more appealing energy source through lower
costs and higher energy production.

IV. CONCLUSION

From this analysis, there is an increased ability to
compare the trade-offs between the aerodynamic and
structural design of wind turbine blades The results
show the potential of both separating the material
layer thicknesses and adding t/c for improved wind
turbine blade performance. Additional work includes
a full free-form design that determines the differences
between t/c as well as explores additional benefits of
the free-form approach. The further decrease of 0.5%
(-0.3% to -0.8%) by adding airfoil thickness and 0.2%
(-0.1% to -0.3%) by adding material layer thicknesses
show the benefit to be gained from integrating this
research into conventional blade optimization. It is
recommended, where applicable, that t/c and the
material layer thicknesses be added as design variables
to wind turbine blade optimization so as to further
enhance the appeal of wind energy as a viable
alternative energy source.

Future work will be important in continuing to
develop the results. Additional performance and higher
fidelity results are likely to be obtained by using

a computational fluid dynamics model instead of
XFOIL. XFOIL is a good preliminary tool to show
the feasibility of the results, however, better data can
be obtained through higher fidelity tools. Additional
structural materials, such as a material thickness
distribution for the structural web, could further
improve the results. A complete free-form design
would increase blade performance and the results
compared to this research. Additional work, including
investigations into high tip-speed turbines and a full
cost of energy analysis, could be performed to further
increase the applicability and fidelity of these results.
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