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ABSTRACT

The MECO-principle has been used for benchmarking conventional and bio-based composite
materials in an environmental impact context. Material characterisation has been performed
on composites with a standard carbon fibre fabric, a flax fibre fabric and a flax/carbon hybrid
fabric. All composites are made with a bio-based epoxy derived from wood processing waste.
Material data results have been used as input for a FEM model constructed, to dimension a
prototype small-scale wind turbine blade. Sets of blades with the different types of fabrics
are manufactured while accounting for materials consumption. Consumption data is used to
present a benchmarking scenario, demonstrating the feasibility of using bio-based materials
for load-carrying structures in wind turbine blades. It is estimated in this study that the
non-renewable energy consumption for the conventional composite is around 106,3 [MJ ]
compared to 5,1 [MJ ] for the bio-based one.

1. INTRODUCTION

With increasing awareness of the planets dwindling resources, the demand for wider applica-
tion of sustainable and renewable materials is becoming ever more adamant for all industrial
sectors. Within the composite sector, natural reinforcements, such as flax and hemp fibres,
have been used for years for non-structural parts (furniture, automotive panels etc.). Due
to so far unresolved issues of predictability with the material homogeneity, porosity content
and moisture resistance, these materials have not yet been used in load carrying structures.
The aim of this study is to determine how well the state-of-the-art industrially-produced
bio-based reinforcement materials compare with conventional materials. The application in
which the materials will be evaluated, is a prototype small-scale wind turbine blade (Gau-
naa, Øye and Mikkelsen (2009)). This article summarises the work carried out in the study
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by Bottoli and Pignatti (2011) and further builds on the results with application of the
MECO principle for environmental impact assessment of the products.

2. MATERIALS SELECTION

The fibre fabrics and matrixes selected in the present study have been procured through
regular vendors, which yield an unbiased representation of what the industry standard is
capable of regarding bio-based composites. Parameters for materials selection have been:

• Mechanical properties

• Price

• Degree of sustainability

Different fabric styles have been considered for the natural fibre fabrics, and the choice
fell on a variety of woven fabrics and stitched UD fabrics due to their superior mechanical
properties. The better performance of the stitched UD and tightly woven fabrics comes at
the expense of drapability which can become an issue with the mould geometry of a wind
turbine blade. For the conventional material, a carbon fibre twill weave was chosen due to
its high drapability and low relative cost, and a unidirectional tape was chosen because of
its good mechanical properties. An overview of the selected fabrics can be found in Table
1.

It was decided to only use one type of matrix resin to reduce the number of materials vari-
ables. The resin used is from the company Entropy Resins, more specifically the SuperSap

TM

100/1000. The selected bio-epoxy contains 48% renewable materials. This is sourced from
co-products and by-products derived from waste treatment of industrial processes such
as wood pulp and bio-fuel production (Entropy Resins (2011)). Data from the technical

datasheet for the SuperSap
TM

is presented in Table 2.

Fabrics Selected

Company Fibre Type Weave Style Area Weight [gsm]
Biotex Flax Biaxial +/- 45 400
Lineo Flax Unidirectional 150
Lineo Flax/Carbon Balanced 0/90 220
GEL-TOP A/S Carbon Unidirectional tape 375
R&G Carbon Twill 160

Table 1: Selected reinforcement fabrics

3. MATERIALS FABRICATION AND TESTING

A number of flat composite plates have been manufactured. All plates have been made
using the Vacuum Assisted Resin Infusion Moulding procedure (VARIM). An illustration of
the technique is shown in Fig. 1. In order to investigate the tensile properties of the fibre
reinforced material the standards ISO 527-4 and ISO 527-5 were used. The shear testing
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SuperSap 100/1000

Property Unit Value
Mix Viscosity (1000 Hardener) [cPs] 2000-3000
Gel Time at 25C (150g mixed) [min] 22-25
Cure time at 25C [days] 7
Tensile Strength [MPa] 62
Elongation at Break [%] 7
Tg [C] 120
Tensile Modulus [GPa] 2,48
Density at 25C [kg/l] 1,25

Table 2: Properties of SuperSap
TM

resin

procedure is carried out following the guidelines provided by the standard ASTM D 5379/D
5379M-98. For experimental setup see Fig. 2.

In this section a selection of the mechanical properties determined for the composites are
presented (see Table 3). Volume fractions for reinforcement, matrix and porosities have been
determined according to ISO 1172 and ASTM D2584. As expected the volume fractions
for the natural fibres are significantly lower than for the carbon. Porosity content has been
determined experimentally and is found to be very low. A full documentation can be found
in Bottoli and Pignatti (2011). All values for the flax fibre composites correspond well with
what has been reported elsewhere in litterature (Madsen and Lilholt (2003) and Goutianos
et al. (2006)).

Tensile Properties Shear Properties

Material Vf [%] E [GPa] σu [MPa] E [GPa] σu [MPa]
Flax UD 0 34,5 19,93 237,87 1,56 35,84

Carbon UD 0 50,0 104,25 1970,58 3,81 43,91

Table 3: Results from mechanical testing of manufactured composite plates. Notice the
difference in the achieved fiber volume fraction.

4. FABRICATION OF ROTOR BLADES

Initially a MATLAB model was used to optimise the layup of fabrics in the blade. A CAD
model of the blade geometry was subsequently converted to ABAQUS and discretised. Using
the material properties, found experimentally from the manufactured test specimens, as
input, a FEM model was constructed. Full documentation of the method, procedure and
results are available in Bottoli and Pignatti (2011). The CAD model and the resulting FEM
model can be seen in Fig. 3.

In the FEM model the blades are dimensioned for stiffness, meaning they should have the
same deflection given the same boundary conditions (load and constraints). With such a
model it is possible to optimise the layup of fabric. Using these results an estimate can
be made of the material consumption related to manufacturing. Because the carbon fibres
are stronger, the laminate thickness and final composite weight can be reduced. However,
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Fig. 1: The fabric layup(left) on a glass tool plate (500mm x 700mm) treated with re-
lease agent and sealant tape around the edges. A fabric layup (right) being infused with

SuperSap
TM

100/1000. Resin inlet is in the middle of the plate to simulate the short infusion
length of the blade mould (10-15 cm crosswise).

even though the natural fibres need thicker laminates, the lower density of the flax partly
compensates for this. The blade made from natural fibres still comes out heavier, principally
due to the much lower fiber volume fraction (V olf − %). But the interesting observation
in this context is not the weight but rather the price, and the environmental impact of the
final product.

In Fig. 4 the manufacturing process of a rotor blade prototype is shown. It can be seen
that a significant amount of excess material will have to be discarded (trimmings) during
the final stages of manufacture. The extent of this waste product can be of significant
importance for the outcome of an environmental impact assessment. This is a subject of
optimisation. Because this is a prototype, a fixed value of 10 % will instead be used as waste
of the final product weight. Alternatively, the blades would suffer inappropriately compared
to an optimised industrial production.

5. ENVIRONMENTAL IMPACT ASSESSMENT

With the environmental impact assessment, the aim is to uncover whether the naturally
based composite can be considered a backstop technology and a marginal product to the

Fig. 2: Test specimens mounted for tensile testing (left) and shear testing (right)
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Fig. 3: CAD model (top) used as input for FEM model (bottom). The FEM model shows
a load scenario with calculated deflection.

conventional petrochemically based product. Questions that must be answered in an as-
sessment therefore are; whether the naturally sourced product has a lower negative environ-
mental impact, and whether it is a feasible alternative?

Ideally any industrial products should have undergone a full quantitative Life Cycle Impact
Assessment (LCIA) already in the design phase. Because this is rarely a feasible option,
there exists a need for simplified benchmarking methods to aid the industrial designer.
One such tool is the MECO principle (Materials, Energy, Chemicals and Other) (Wenzel,
1998). Developed in Denmark for the EDIP framework (Environmental Design of Industrial
Products) the MECO principle is generally regarded as a hands-on approach for quickly
organising an environmental assessment in the design phase. According to Wenzel (1998)
there are three basic levels of LCIA:

Fig. 4: Infusion of a blade section using flax fibres and bio-epoxy.
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Process Product Material

Drying of fibres * Precision oven Electricity
Cleaning of moulds Cleaning agent (Bio) Chemical X
Preparation of moulds Release agent (Bio) Chemical Y
Reinforcement * Bio fibre Flax (cellulose)
Infusion material Peel Ply Nylon (PA6)
Infusion material Greenflow PolyPropylene
Infusion material Spiral hose PolyPropylene
Infusion material Connectors PolyPropylene
Infusion material Straight hose PolyPropylene
Infusion material Sealant tape Synthetic Rubber
Infusion material Vacuum bag Nylon (PA6)
Infusion * Bio epoxy Epoxidised pine oil waste
Infusion Mixing cup PolyPropylene
Infusion Mixing stick Glass fiber reinforced plastic
Cleaning of mixing stick Oven Electricity
Evacuating laminate Vacuum pump Electricity
Elevating temperature of resin Oven Electricity
Vacuum degassing resin Vacuum oven Electricity
Post curing Precision oven Electricity
Post tooling Power tools Electricity
Bonding components Structural adhesive Epoxy

Table 4: Material consumption during manufacture. Only rows with * offer a variance when
comparing the conventional materials over the bio-based ones. Example based on flax fibres.

• A matrix LCA; qualitative or semi-quantitative

• A screening LCA; quantitative using readily available data or semi-quantitative.

• A full LCA; quantitative and including new data inventory

There is an increasing need for quantity and quality of information when approaching a
full quantitative LCA (Hochshorner and Finnveden (2003)). In the MECO-principle it
is suggested that quantitative information could be used if it is easily available, and if
so, a quantitative dimension can be added to the qualitative evaluation (Hochshorner and
Finnveden (2003)). In theory this makes it ideal for efficiently benchmarking interchangeable
products with regards to environmental impact.

In applying the MECO principle during the manufacturing stage of the blade in the present
study a number of assumptions are made:

1. All processes leading to the semi-manufactures are fixed.

2. The functional unit is fixed i.e. the application of the product.

3. The products compared are interchangeable with respect to the functional unit, and
the only difference is then the input/output of the manufacturing process.

4. The manufacturing procedure of the finished product is similar or identical.
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Material Manufacture Use Disposal Transport

1. Materials
a) quantity
b) resource

2. Energy
a) primary
b) resource

3. Chemicals
4. Others

Table 5: A standard MECO chart (Pommer et al. (2001))

5. There is no resource consumption related to the use of the product.

6. The resource consumption related to disposal is identical for the compared products.

Using the above assumptions, the MECO chart can be simplified from Table 5 to just include
the column ”Manufacture”. Since the method of production is identical, this survey will
exclude the consumables related to manufacturing. This leaves only the material input for
matrix and reinforcements.

5.1 MECO matrix. The materials consumed during manufacture of the rotor blade proto-
types are listed in Table 4. For the processes not indicated with an *, there is no difference
in consumption for either material, they can therefore be omitted from the comparison.
This reduces the matrix to Table 6.

Because there are many ways to compare the environmental impact, including release of
solid, liquid and gaseous residues to the surroundings, eutrophication, GWP and so on,
there is no clear consensus on what procedure yields the most reliable results. In this survey
it was therefore chosen to compare the non-renewable energy requirements for production
of the compared products. Indirectly contained in this number are also all emissions related
to the energy consumption from the electricity mix at the production site.

As was shown in Diener and Schieler (1999) and reproduced in Markert (2008), the energy
consumption related to the production of a flax fiber mat is only a fraction of that related

Manufacture

Ressource consumption in final product + 10%.
Flax Carbon

1. Materials
Reinforcement 199,6 [g] 148,5 [g]

2. Energy
3. Chemicals

Bio-Epoxy 291,6 [g] 97,4[g]
4. Others

Table 6: Materials consumed during the manufacture of the blades.
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Non-renewable energy requirements for production of different fibres (MJ/kg)

Glass fiber mat Flax fiber mat
Raw materials 1.7 Seed production 0.05
Mixture 1.0 Fertilisers 1.0
Transport 1.6 Transport 0.9
Melting 21.5 Cultivation 2.0
Spinning 5.9 Fiber separation 2.7
Mat production 23.0 Mat production 2.9
Total 54.7 Total 9.55

Table 7: Consumption of non-renewable energy resources related to the different reinforce-
ment materials (Diener and Schieler (1999)).

to the production of glass fiber mats (see Table 7). This is principally due to the extreme
amounts of heat consumed during melting of the semi products. According to Das (2011),
the energy requirement for manufacturing carbon fibres is 704 [MJ/kg], again due to ex-
treme amounts of heat, here required for carbonisation of the PAN. This however is a figure
that is the subject of much debate and recent sources state values around 300 [MJ/kg]. It
is clear that this is an area of optimisation and the producers are still improving the process.
This study will use the number from Das (2011) and Diener and Schieler (1999) because
their accounting methods are available for scientific evaluation. The numbers from Diener
and Schieler (1999) and Das (2011) do not include the energy required for manufacturing
a woven fabric. This study will not speculate on the production efficiency of this process
and simply take the numbers as they are. It should therefore be clearly stated that these
numbers are indicative and the results taken as such.

For the epoxy different considerations should be made as to what value would be represen-
tative to use in the calculations. As presented in Kosbar, Gelorme Japp and Fotorny (2001)
and reproduced in Patel, Bastioli, Marini and Würdinger (2005) the difference in energy
requirement for conventional and bio-based epoxy is quite significant (see Table 8). For the
purpose of this analysis, the use of bio-epoxy is assumed interchangeable with a conventional
epoxy with respect to manufacturing, which is also supported by the volume-fractions and
mechanical properties of the composites. Therefore the value for total energy requirement
for epoxy is chosen as conventional for the carbon and bio-epoxy for the natural reinforce-
ments. This will better represent an actual production situation. With this information it
is now possible to compare the total consumption for the finished rotor blades (see Table
9).

[MJ/kg] resin solids Process Feedstock Transportation Total

Conventional epoxy 10.0 7.16 0.68 17.8
Kraft lignin/epoxy 9.54 2.91 0.44 12.9

Organosolve lignin/epoxy 7.64 2.91 0.45 11.0

Table 8: Energy requirements for epoxy at different levels of sustainability (Kosbar et al.
(2001)).
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Manufacture

Non-renewable energy requirement
Flax Carbon

1. Materials
Reinforcement 1,9 [MJ] 104,5 [MJ]

2. Energy
3. Chemicals

Bio-Epoxy 3,1 [MJ] 1,7 [MJ]
4. Others
total 5,1 [MJ] 106,3 [MJ]

Table 9: Results of applying the MECO-principle to compare the non-renewable energy re-
quirements for producing a small-scale wind turbine blade in bio-composite and conventional
composite materials respectively.

It can be seen that the energy requirement for producing similar products is much more
energy consuming in conventional composite materials than is the case for the all bio-based
materials. The bio-based product only consumes 4,8% of the energy used to manufacture
the same product using carbon fibres. The much larger number for a conventional carbon
fibre composite can only be marginally amended if the conventional epoxy is exchanged with
a bio-based one. In that case the consumption number for the carbon fibre blade is reduced
to 105,6 [MJ]. It remains clear that the use of conventional reinforcements is the primary
cause of non-renewable energy consumption.

6. DISCUSSION

The results from the study in applying the MECO-principle are based on a large selection
of data from a variety of sources. The intention is to apply and use the principle to reliably
advocate for the use of one class of material over another. Because the data used for the
study is made by different people, and the work needed to gain insight in their method of
accounting is prohibitive, it must, in this context, be taken at face value. It can be specu-
lated, however, that some margin of uncertainty exists and the results should be interpreted
with this in mind. However even taking the results as qualitative, there is a substantial indi-
cation of a much larger environmental impact related to the use of conventional composites
compared with bio-based ones.

This study was aimed at benchmarking two classes of materials and to see which would
be preferable from an environmental impact context. For this purpose, any similarity in
consumption related to manufacturing was omitted in order to reduce the scale of the
survey. This yielded a clear and convincing result in favour of the bio-based materials. If
on the other hand all material consumption had been included, the resulting consumption
numbers would have been much higher. In this case the difference separating the materials
could have seemed marginal. With that in mind it is quite understandable why producers
choose to be conservative, and prefer the tried and already tested material, if the economic
and environmental advantages are not overwhelming.

Reflecting on the method, it is important to point out that the application of the MECO-
principle was carried out by people with only little background in the field of LCA. As such
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there are probably best-praxis guidelines which have not been strictly adhered to. It would
however be interesting to examine the way the method has been applied in the present study,
since this, in all probability, will resemble the way the people, for whom it was intended
(industrial designers), will apply it. This says something of the robustness of the principle,
in that it is clear and well defined in its method, so that reasonable results can be obtained
within a workable time frame even for relatively inexperienced users.

7. CONCLUSION

In this study the mechanical properties measured from new bio-based materials, and conven-
tional petro-chemically based ones, were used to dimension and fabricate prototype small-
scale wind turbine blades. The resulting material consumption was accounted for and used
to assess the different materials environmental impact. Here the MECO-principle was ap-
plied and the chosen indicator was the non-renewable energy consumption. It was estimated,
when looking only at the difference in final product, that the use of bio-based materials con-
sumed only 4,8% of the energy when compared to conventional materials i.e. carbon fibre
/ epoxy.
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