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During recent years renewables have been acquiring gradually a significant importance in the world mar-
ket (especially in the Spanish energetic market) and in society; this fact makes clear the need to increase
and improve knowledge of these power sources. Starting from the results of a Life Cycle Assessment (LCA)
of a multi-megawatt wind turbine, this work is aimed to assess the relevance of different choices that
have been made during its development. Looking always to cover the largest possible spectrum of
options, four scenarios have been analysed, focused on four main phases of lifecycle: maintenance, man-
ufacturing, dismantling, and recycling. These scenarios facilitate to assess the degree of uncertainty of the
developed LCA due to choices made, excluding from the assessment the uncertainty due to the inaccuracy
and the simplification of the environmental models used or spatial and temporal variability in different
parameters. The work has been developed at all times using the of Eco-indicator99 LCA method.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Life Cycle Assessment (LCA) methodology [1,2] is useful for ana-
lysing the environmental impact occasioned by any type of product
or process [3–7]. However, the results obtained with LCA present
some uncertainties that have to be considered and assessed in an
appropriate way. In general, these LCA uncertainties can be classi-
fied into, at least, five types: parameter uncertainty [8,9], model
uncertainty [10,11], spatial variability [12,13], temporal variability
[14–16], and life cycle scenario uncertainty [17–19].

LCA methodology has been frequently used to study the envi-
ronmental impact occasioned by different renewable energy tech-
nologies [20–24]. The LCA of a multi-megawatt wind turbine
[25,62,63] has been taken as a reference to develop this work,
which is based on the Eco-indicator99 LCA method.

Moreover, studies of sensitivity analysis of LCA have been widely
used in different areas, from the field of renewable energy [23] to
the industrial field [26,27], including many different sectors such
as residential construction [28], computers [29], and electronic
boards [30]. For instance, [23] analyzes the impact of variations in
the input material, the type of power considered in the manufactur-
ing process, the transport, and the maintenance phase. In [28], a
sensitivity analysis was carried out to find the impact of variations
in life spans of the components, the need for extra room in micro-
cogeneration plant, the efficiency of the auxiliary burner, and the
electrical and overall efficiencies of the solid-oxide fuel cell plant.
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Besides its practical application in several case studies, there
also exists relevant literature on the development and analysis of
the different methodologies used, from the analysis of different
alternative scenarios to the statistical analysis of the uncertainty
associated with the data used [31–34].

One of the purposes of this work is to analyse and assess the rel-
evance of different choices that have been made during the devel-
opment of the LCA. Four alternative scenarios have been studied.
The first one (AS1) represents an increase in maintenance during
the lifetime of the wind turbine. The second alternative scenario
(AS2) analyses an increase in the needs of material and energy
used. The third scenario (AS3) studies a change in the percentage
of recycled materials during the disposal and waste treatment of
the wind turbine. Finally, the fourth alternative scenario (AS4)
analyses a change in the composite waste treatment of the blades
at disposal time, from landfill to recycling.

These scenarios can facilitate to assess the degree of uncertainty
of the developed LCA due to the choices made. Outside the limits of
this work fall the uncertainty due to imprecise knowledge of the
different parameters used in the Life Cycle Inventory (LCI), the spa-
tial and temporal variability in different parameters of the LCI, or
the uncertainty due to the inaccuracy and the simplification of
the environmental models used.
2. Summary of the LCA of a multi-megawatt wind turbine

In order to facilitate the understanding of the work presented in
this paper, a brief summary of the LCA that serves as the basis for
the study is following presented [62,63].
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A LCA model of a wind turbine with Double Fed Induction Gen-
erator (DFIG) was developed [25] with the object of identifying the
main types of environmental impact throughout the life cycle, in
order to define possible ways of achieving environmental improve-
ments for the particular type of wind turbine analysed or for sim-
ilar ones. The wind turbine was a Gamesa onshore wind turbine,
G8X model, with 2 MW rated power, and general dimensions:
80 m rotor diameter and 70 m height [35].

The final environmental effect of the wind turbine after a life-
span of 20 years and its subsequent decommissioning were stud-
ied, and the reduction in emissions and pollution due to the use
of a clean energy source was also evaluated. It was analysed during
the different stages of its life cycle, from cradle to grave, taking into
consideration the production of each of its component parts, the
transport to the wind farm, the installation, the start-up, the main-
tenance, and the final decommissioning, with its subsequent dis-
posal of waste residues [36]. Outside the limits of the system
under study fell the system of distribution of the electricity gener-
ated by the wind turbine (the medium-voltage wiring, the trans-
former substation, and the national electrical power network).

The software used in the environmental analysis was SimaPro
7.0 by Pré Consultants (SimaPro 2006). The procedures, details,
and results obtained were based on the application of the existing
international standards of LCA [2]. In addition, environmental de-
tails and indications of materials and energy consumption pro-
vided by the various companies related to the production of the
component parts (specifically the foundation, the tower, the na-
celle, and the rotor) were certified by the application of the envi-
ronmental management system ISO14001 [37]. The LCA model
included both the turbine and the foundations that support it,
but not the system for connection to the grid (medium voltage
Table 1
LCA results of the base scenario in ecopointss (pt).

Basic scenario

Maintenance Tower

Impact category
Carcinogens 1457.5 97.4
Respiratory organics 2.5 3.8
Respiratory inorganics 1055.9 1011.4
Climate change 114.4 441.9
Radiation 2.3 20.9
Ozone layer 0.1 0.2
Ecotoxicity 3093.4 2796.5
Acidif/Eutrop 131.4 204.4
Land use 293.5 194.0
Minerals 429.7 1139.2
Fossil fuels 1259.5 3387.7
Total 7840.0 9297.4

Table 2
LCA results of the base scenario in the characterisation phase.

Basic scenario

Maintenance Tower

Impact category
Carcinogens (DALY) 7.51E�02 5.02E�03
Respiratory organics (DALY) 1.29E�04 1.97E�04
Respiratory inorganics (DALY) 5.44E�02 5.21E�02
Climate change (DALY) 5.89E�03 2.28E�02
Radiation (DALY) 1.19E�04 1.08E�03
Ozone layer (DALY) 4.18E�06 1.19E�05
Ecotoxicity (PAF�m2yr) 3.17E+05 2.87E+05
Acidif/Eutrop (PDF�m2yr) 1.35E+03 2.10E+03
Land use (PDF�m2yr) 3.01E+03 1.99E+03
Minerals (MJ surplus) 1.28E+04 3.39E+04
Fossil fuels (MJ surplus) 3.75E+04 1.01E+05
lines and transformer substation). According to the requirements
of the standard ISO14044, allocation was avoided, since in the
study only the production of electrical power was considered as
the function of the system.

LCA methodology was based on Eco-indicator99, and the func-
tional unit was defined as the electric energy produced by the wind
turbines during its lifespan. A series of cut-off criteria was estab-
lished in order to develop the study in practice, by defining the
maximum level of detail in the gathering of data for the different
components of the wind turbine. The main cut-off criterion chosen
was the weight of each element in relation to the total weight. This
limitation in data collection did not mean a significant weakening
of the final results obtained, but allowed us to streamline, facili-
tate, and adjust the LCA study to make it more flexible.

The characterisation of each component was obtained from the
most important basic data of the manufacture, which are: the raw
material required, the direct consumption of energy involved in
the manufacturing processes, and the information of transport
used. The information published by Risø National Laboratory [38]
was used when it was not possible to obtain the energy cost of
the manufacturing process directly. This information for specific
substances included the primary energy consumption use related
to the production, transportation, and manufacture of 1 kg of
material.

Thus, the LCA was performed under the following conditions,
due to limitations of time and cost:

� The cut-off criterion used was the weight of the components.
The elements that were taken into account, altogether, made
up 95% of the foundations, 95% of the tower, and 85% of the
nacelle and rotors.
Foundation Rotor Nacelle Total

3.3 153.9 1492.9 47,224.7
2.1 4.0 2.1 3205.0
798.0 3961.0 3172.8 14.5
507.7 854.9 227.6 9999.1
8.6 20.0 9.2 2146.5
0.1 0.3 0.1 61.1
529.9 249.9 3467.7 0.9
177.1 568.1 340.0 10,137.4
99.7 88.6 696.8 1421.0
300.3 26.9 1211.2 1372.5
1930.7 7369.5 1812.1 3107.2
4357.5 13,297.2 12,432.5 15,759.5

Foundation Rotor Nacelle Total

1.72E�04 7.93E�03 7.69E�02 1.65E�01
1.07E�04 2.09E�04 1.08E�04 7.49E�04
4.11E�02 2.04E�01 1.63E�01 5.15E�01
2.62E�02 4.40E�02 1.17E�02 1.11E�01
4.45E�04 1.03E�03 4.75E�04 3.15E�03
7.31E�06 1.54E�05 5.16E�06 4.40E�05
5.43E+04 2.56E+04 3.56E+05 1.04E+06
1.82E+03 5.83E+03 3.49E+03 1.46E+04
1.02E+03 9.08E+02 7.15E+03 1.41E+04
8.94E+03 8.02E+02 3.60E+04 9.25E+04
5.75E+04 2.19E+05 5.39E+04 4.69E+05
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� With regard to the energy involved in the production processes,
the ‘electricity, medium voltage, at grid/ES’ option of that data-
base has been considered, always looking for the best similarity
with respect to actual production in different factories in Spain.

� The wind turbine lifetime was 20 years (the period usually guar-
anteed by the manufacturers).

� The assumed current recycling rate of waste wind turbine (see
Table 3) was estimated based on the wind farm decommission-
ing projects prepared by the company [36]. It took place after
the 20 years of lifespan of the wind turbine.

� The production was 4 GW h per year. It was a realistic represen-
tation of production, based on 2000 full load hours per year
(average full load of 22.83%), used as a reference value for an
economically viable wind farm.

� One replacement generator was estimated during the complete
lifetime of the wind turbine.

The results obtained per impact category are shown in Table 1.
Table 2 shows the results of the base case of the multi-mega-

watt wind turbine LCA in the characterization step before making
the normalization and weighting processes, in order to be easier to
develop future comparative studies with other existing or in course
LCA analysis about the different sources of electrical power.
3. Sensitivity analysis of the study

The above analysis contains several uncertain parameters, and
therefore, a sensitivity analysis has been developed in order to find
the impact of variations in the most significant of these parame-
ters, according to the Eco-indicator99 method.

For instance, from the LCA can be deduced that manufacture is
the stage of life, between all of them (manufacture, transport, use,
and disposal), with greatest environmental impact in the different
categories, remaining in second place, and quite remote, the use
stage. The use phase includes the maintenance of the wind turbine,
throughout their lifetime, according to the specifications of pre-
ventive maintenance provided by the manufacturer, as well as a
large correction (the generator change). However, recent studies
[39–41], and the daily life of wind farms with more than 5 years
of operation, are demonstrating a greater need for corrective main-
tenance. That is why a new scenario, AS1, is considered, focusing
Table 3
Disposal considerations of basic scenario.

Material Disposal method

Iron Recycled with a loss of 10%
Fibreglass Landfill 100%
Oil Incinerated 100%
Plastic – PVC Landfill 100%
Other plastics Incinerated 100%
Rubber Incinerated 100%
Steel Recycled with a loss of 10%
Copper Recycled with a loss of 5%

Table 4
Disposal considerations of alternative scenario AS3.

Material Disposal method

Iron Recycled with a loss of 55%
Fibreglass Landfill 100%
Oil Incinerated 100%
Plastic – PVC Landfill 100%
Other plastics Incinerated 100%
Rubber Incinerated 100%
Steel Recycled with a loss of 55%
Copper Recycled with a loss of 52.5%
on increasing corrective maintenance throughout the life of the
turbine, with a change of gearbox and a full set of blades. This as-
pect of the increased requirements for maintenance is of vital
importance in the world of wind, and it is the reason why predic-
tive maintenance systems reducing these major corrective to the
minimum are being investigated nowadays [42–46].

In addition, a set of cut-off criteria has been used to develop the
LCA turbine (as previously mentioned in Section 2). These criteria
have been based on the weight of materials, ranging between
95% and 85% of the total weight of the main components of the
wind turbine. With these criteria in mind, an alternative scenario,
AS2, has been established, considering a 10% increase in energy
and 10% in materials, in order to compensate for the effect of pos-
sible elements that have not been included in the LCA because of
the use of the cut-off criteria.

Another important aspect of the developed LCA is the recycling
subsequent to the dismantling of the wind turbine. This recycling
implies a significant reduction of the environmental impact of
the wind turbine in different categories (for instance in the case
of the tower the environmental benefit of recycling represents a
52% reduction of its total impact; in the case of the nacelle the
reduction is 31%). But up to now the dismantling at the end of life
of these multimegawatt turbines is still a planning study at theo-
retical level; in practice, no wind farm of multimegawatt turbines
has already been dismantled. That is why an alternative case has
been established, AS3, in order to assess the impact of reducing
these criteria when the recycling process of dismantling and dis-
posal is carried out in practice.

The last alternative scenario that has been considered, AS4, also
delves into the practical possibilities of recycling in (near) future,
when such task is developed. In this case the possible regulations
that are beginning to be implanted dealing with sending to landfill
of organic matter (for instance Directive 99/31/EC [47], which pre-
sents reduction in the amount of organic material sent to landfill as
one of its goals) are considered, as well as the effect that this would
have on reducing the impact of the turbine after dismantling and
disposal.

3.1. Methodology, limitations and uncertainties

The methodology used in the analysis of these alternative sce-
narios follows the same criteria used in the LCA made in the base
case, maintaining the same assumption and limitations, the same
allocations and impact categories, and the same criteria in the data
quality established previously.
4. Analysed scenarios and results

Based on the criteria previously presented, a series of variables
on which to focus the research have been selected, in order to de-
velop the sensitivity analysis of the results of the LCA (under the
Eco-indicator99 method). These selected variables are presented
in the following scenarios.

4.1. AS1: additional maintenance

Normal preventive and corrective maintenance have been con-
sidered throughout the operational life of the wind generator, as
well as a major corrective action (more specifically a change of
generator), in the basic scenario. In this alternative scenario, great-
er maintenance needs have been considered by means of major
corrective actions. This tries to cover possible cases where the loca-
tion and the specific characteristics of the wind derive in a further
deterioration of the machines, and hence, in additional mainte-
nance. The scenario includes the additional change of a set of
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blades and a gearbox, as well as the maintenance actions specified
in the basic scenario. On the other hand, it is also necessary to de-
fine which use will be given to this new material at the end of its
operational life. In this case two possibilities appears:

� AS11: in this scenario the same criteria as in the rest of the wind
turbine are applied. This implies a recycling of the metallic ele-
ments and the landfill of the fibreglass of the blades.

� AS12: the reuse of part of the material changed in major correc-
tive actions is considered in this scenario. Currently the market
for large components of wind turbines is highly saturated,
meaning that it is necessary to repair and reuse any of these ele-
ments when they break down. This fact is, even more remark-
able, when dealing with gearboxes. In this scenario a reuse of
50% and a recycling of the rest have been considered in order
to assess this issue.

The results for both alternative scenarios can be seen in Tables 5
and 6. The first thing that can be observed, when a greater number
of major corrective actions over the lifetime of the wind turbine is
considered, is a marked increase in the final environmental impact.
This is natural, since major corrective actions imply the production
of new components of a large size, weight, consumption, and, ulti-
mately, great environmental impact. Going into details, it can be
observed that the environmental impact of the new set of blades,
taking into account the entire manufacturing process and the dis-
posal at end of life of the turbine, represents 19.85% of the total im-
pact of AS11, while the gearbox represents 3.64%. However, in the
case of the gearbox must be taken into account the important ef-
fect of recycling materials at the end of its useful life; the impact
of the manufacture of the gearbox without the subsequent recy-
cling would be 7.92% of the total impact of AS11.

It is noteworthy the important impact that involves the manu-
facture of a new set of blades, with a rate of 19.85% compared to
the AS11, and 25.64% compared to the base scenario. Undoubtedly,
the so high impact is explained by the choice of the method of cal-
culating the perspective with Eco-Indicator99. Of the three possi-
ble options (hierarchist, individualist, and egalitarian), egalitarian
has been chosen; this affects notably to the materials that are
not recycled, because it has a long time horizon with the idea of
being able to assess all the possible effects of the use of certain sub-
stances without proper disposal.

Whilst it is true that the environmental impact of manufactur-
ing is relevant, this impact can be palliated if some of the replaced
Fig. 1. Comparison of scenarios: basic, alt
material is reused (scenario AS12). If both alternative scenarios un-
der consideration are compared, it can be deduced that reusing
part of the replaced elements leads to a decrease of about 6800
ecopoints.

Fig. 1 shows the comparative graphs of both alternative scenar-
ios relative to the basic scenario. At the level of total impact, calcu-
lated by the Eco-Indicator99 method, the increases are 6871 pt and
13,743 pt respectively, that is, 14.6% and 29.1%. Undoubtedly this
increase is highly significant, but moreover it offers a clear picture
of how much a wind turbine suffering several major corrective ac-
tions can be affected. This is not only restricted to the environmen-
tal point of view, but extends to all aspects of economic and
productive turbine. That is why the current trend is increasingly
aimed at trying to repair and reuse major components of wind tur-
bines [44,48,49]. Furthermore, a great effort is been devoted in the
field of predictive maintenance [45,46,50–52], in order to be able
to reduce the breakdown of equipment and components.

Tables 5 and 6 show the numerical results obtained from the
different scenarios analysed in this section, per impact category.
The most significant variations, globally, are those concerning the
categories of respiratory inorganics and fossil fuel consumption, with
increments of 3916 pt (AS11) and 1958 pt (AS12) in the first case
(0.202 DALY and 0.101 DALY in the characterisation step), and of
7696 pt (AS11) and 3848 pt (AS12) in the second one
(229,000 MJ Surplus and 115,000 MJ Surplus in the characterisa-
tion step). These are the variations that present the most signifi-
cant influence on the total impact and, hence, in the sensitivity
analysis of the LCA under study, as can be seen in Table 8. However,
if the percentage of variation relative to the basic scenario in each
category is studied more in detail, some additional conclusions can
be obtained. Table 7 shows these percentages of variation for each
scenario, emphasizing not only the important variation in the cat-
egories of respiratory inorganics and fossil fuel consumption, but also
the categories of respiratory organics, climate change, radiation,
ozone layer, and acidification/eutrophication. In all these cases, the
impact in ecopoints increases no more than 900 additional eco-
points, but the percentage of variation relative to the values of
the basic scenario is located between 15.5% and 41.3%, which con-
stitutes a notable increase in certain impact categories.

Another interesting detail that emerges from analysis of Tables
7 and 8 is the significant increase observed in some categories,
such as radiation (with variations of 31.0% and 15.5% compared
to the same category of the base case) and ozone layer (with varia-
tions of 38.6% and 19.3%), as well as the reduced incidence of those
ernative AS11, and alternative AS12.



Table 5
LCA results of the alternative scenarios AS11 and AS12 in ecopoints (pt).

Basic scenario Alternative scenario AS11 Alternative scenario AS12

Maintenance . . . Total Maintenance . . . Total

Impact category
Carcinogens VerTabla 1 1582.7 The rest of components

as in the basic scenario
3330 1520.1 The rest of components

as in the basic scenario
3,268

Respiratory organics 8.1 20 5.3 17
Respiratory inorganics 4971.6 13,915 3013.7 11,957
Climate change 1000.8 3033 557.6 2,590
Radiation 21.2 80 11.8 71
Ozone layer 0.4 1 0.2 1
Ecotoxicity 3382.3 10,426 3237.8 10,282
Acidif/Eutrop 709.2 1999 420.3 1,710
Land use 433.4 1512 363.4 1,443
Minerals 517.4 3195 473.5 3,151
Fossil fuels 8955.5 23,456 5107.5 19,608
Total 21,582.6 60,967 14,711.3 54,096

Table 6
LCA results of the alternative scenarios AS11 and AS12 in the characterisation phase.

Basic scenario Alternative scenario AS11 Alternative scenario AS12

Maintenance . . . Total Maintenance . . . Total

Impact category
Carcinogens (DALY) Ver Tabla 2 8.15E�02 The rest of components

as in the basic scenario
1.72E�01 7.83E�02 The rest of components

as in the basic scenario
1.68E�01

Respiratory organics (DALY) 4.15E�04 1.04E�03 2.72E�04 8.93E�04
Respiratory inorganics (DALY) 2.56E�01 7.17E�01 1.55E�01 6.16E�01
Climate change (DALY) 5.16E�02 1.56E�01 2.87E�02 1.33E�01
Radiation (DALY) 1.09E�03 4.12E�03 6.06E�04 3.63E�03
Ozone layer (DALY) 2.11E�05 6.09E�05 1.27E�05 5.25E�05
Ecotoxicity (PAF�m2yr) 3.47E+05 1.07E+06 3.32E+05 1.05E+06
Acidif/Eutrop (PDF�m2yr) 7.27E+03 2.05E+04 4.31E+03 1.75E+04
Land use (PDF�m2yr) 4.45E+03 1.55E+04 3.73E+03 1.48E+04
Minerals (MJ surplus) 1.54E+04 9.51E+04 1.41E+04 9.38E+04
Fossil fuels (MJ surplus) 2.67E+05 6.98E+05 1.52E+05 5.84E+05
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increases in the total impact of the wind turbine as a whole (vari-
ations in all cases less than 0.1%).

On the other hand, when deepening at the origin of the in-
creased environmental impact of wind turbine, it can be observed
that the most important component is the new set of blades, which
produces an impact of 12,100 pt in their manufacturing process.
This impact is significantly reduced if a partial reuse of the new
elements used in the maintenance is included (AS12), which re-
duces the impact of the new set of blades to 607,000 pt.

4.2. AS2: additional inputs of materials and energy

In the basic scenario, the inputs of materials and energy ob-
tained from documentation provided by Gamesa (the wind turbine
manufacturer) have been considered. As an alternative scenario, an
increase of 10% in the area of materials and energy has been in-
cluded. This tries to overestimate the consumption of the wind tur-
bine in the LCA, as well as to compensate possible elements that
have remained outside the LCA according to the cut-off criteria
used. Moreover, each increase has been analysed separately in or-
der to better assess the impact of each deviation relative to the ba-
sic scenario, according to the following scenarios:

� AS21: in this scenario only the increases corresponding to the
energy and transportation required in the LCA are applied.

� AS22: in this scenario an increase of 10% in the consumption of
different materials used throughout the lifetime of the wind tur-
bine is contemplated.

Comparing both scenarios, an increase in the overall environ-
mental impact of the wind turbine can be observed, which varies
from 1300 ecopoints in the case of scenario AS21 to 4160 ecopoints
in case of scenario AS22. This means percentages of 2.7% and 8.8%
of the total impact of the wind turbine, respectively (see Table 10).
In both cases an increase of 10% has been contemplated, but in the
case of increasing the amount of used material, the corresponding
increase in the processes of extraction and production of the mate-
rial is also taken into account.

Comparative graphs of both alternative scenarios related to the
basic scenario can be seen in Fig. 2. This Figure indicates that the
main increase, in the case of scenario AS21, is produced in the cat-
egories of fossil fuel consumption and respiratory inorganic. In the
case of scenario AS22, in addition to the above impact categories,
the ecotoxicity category is also affected. The increased impact in
ecopoints, according to the methodology of the Eco-Indicator99,
for the category of fossil fuel consumption, ranges from 590 eco-
points of AS21 to 1300 ecopoints of AS22 (17,500 MJ Surplus and
38,900 MJ Surplus in the characterisation step). In the case of the
respiratory inorganic category the increases are 450 ecopoints or
820 ecopoints (0.0235 DALY or 0.0423 DALY in the characterisation
step). And finally, the ecotoxicity category increases 990 ecopoints
in scenario AS22 (102,000 PAF�m2 yr in the characterisation step),
but it has little impact, 30 ecopoints to be exact, on scenario AS21
(3130 PAF�m2 yr in the characterisation step).

On the other hand, if the percentage variation with respect to
the basic scenario is analysed in more detail for every category,
some effect in addition to those already mentioned can be
observed. Table 9 shows these percentages of variation in each sce-
nario. Based on these percentages, the increase in radiation under
the terms of scenario AS21 may also be emphasized. In the case
of scenario AS22, the relative increase in the categories of land
use and minerals consumption is also noticeable.



Table 7
Percentage of variation of the alternative scenarios AS11 and AS12 relative to the
basic scenario.

Impact category Alternative scenario AS11
(%)

Alternative scenario AS12
(%)

Carcinogens 3.9 2.0
Respiratory organics 38.3 19.1
Respiratory

inorganics
39.2 19.6

Climate change 41.3 20.6
Radiation 31.0 15.5
Ozone layer 38.6 19.3
Ecotoxicity 2.9 1.4
Acidif/Eutrop 40.7 20.3
Land use 10.2 5.1
Minerals 2.8 1.4
Fossil fuels 48.8 24.4
Total 29.1 14.6

Table 8
Percentage of variation of the alternative scenarios AS11 and AS12 relative to the total
impact of the base case.

Impact category Alternative scenario AS11
(%)

Alternative scenario AS12
(%)

Carcinogens 0.27 0.13
Respiratory organics 0.01 0.01
Respiratory

inorganics
8.29 4.15

Climate change 1.88 0.94
Radiation 0.04 0.02
Ozone layer 0.00 0.00
Ecotoxicity 0.61 0.31
Acidif/Eutrop 1.22 0.61
Land use 0.30 0.15
Minerals 0.19 0.09
Fossil fuels 16.30 8.15
Total 29.10 14.55
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4.3. AS3: reduction by half of the recycling

In the basic scenario, the following values about the processing
of materials at the end of the operative life of the wind turbine (see
Table 3) have been considered, and just half the recycling of the ba-
sic scenario has been considered in the alternative scenario (see
Table 4).
Fig. 2. Comparison of scenarios: basic, alt
Obviously, the alternative scenario AS3 shows an increase in the
overall environmental impact of a wind turbine throughout its life
cycle. Especially noteworthy are increases in the environmental
impact of the tower, the nacelle and the foundations.

Table 11 shows the summary of the percentage increase of each
component per category. In the case of the tower, the total increase
is estimated at 95.42%, due to the significant reduction in the recy-
cling of steel, the main component of the tower. Likewise, increases
of 56.58% and 40.61% are considered in the foundations and the na-
celle respectively. These relative increases result in a rise in the to-
tal impact of wind turbine of 8872 pt, 2465 pt and 5049 pt,
corresponding to the tower, the foundation, and the nacelle
respectively.

Fig. 3 presents a comparison between the basic scenario and the
alternative scenario AS3, per impact category. The greatest in-
creases occur in respiratory inorganics and fossil fuel consumption
categories, with values of 5000 and 6000 ecopoints (0.307 DALY
and 163,000 MJ surplus in the characterisation step). Increases in
the carcinogens and minerals categories follow in significance, with
values of less than 3000 pt (less than 0.14 DALY and than
87,000 MJ surplus, respectively, in the characterisation step).
4.4. AS4: inclusion of blade recycling

The basis of the European Waste Legislation is the Framework
Directive on Waste that is set out in the Directive on Waste 75/
442 [53], Directive 91/156[54], and Directive on Hazardous Waste
91/689 [55]. The waste framework includes two categories of
directives: those setting requirements for the permission and oper-
ation of waste disposal facilities, and those dealing with disposal
options for specific types of waste.

Contemplating waste treatment scenarios that comply with
regulations and guidelines of the European Union has become a
priority nowadays, taking into account the various possible routes.
European Union currently recognises five main principles for waste
management [56]:

� Avoiding waste generation at source.
� Reuse.
� Recycling.
� Incineration.

s With material and energy recovery.
s With energy recovery.
s Without energy recovery.
ernative AS21, and alternative AS22.



Table 9
Percentage of variation of the alternative scenarios AS21 and AS22 relative to the
basic scenario.

Impact category Alternative scenario AS21
(%)

Alternative scenario AS22
(%)

Carcinogens 1.2 9.5
Respiratory organics 2.5 7.9
Respiratory

inorganics
4.6 8.2

Climate change 4.0 8.4
Radiation 9.7 7.0
Ozone layer 2.4 8.5
Ecotoxicity 0.3 9.8
Acidif/Eutrop 4.4 8.2
Land use 1.6 9.0
Minerals 0.3 9.8
Fossil fuels 3.7 8.3
Total 2.7 8.8

Table 10
Percentage of variation of the alternative scenarios AS21 and AS22 relative to the total
impact of the base case.

Impact category Alternative scenario AS21
(%)

Alternative scenario AS22
(%)

Carcinogens 0.08 0.65
Respiratory organics 0.00 0.00
Respiratory

inorganics
0.97 1.74

Climate change 0.18 0.38
Radiation 0.01 0.01
Ozone layer 0.00 0.00
Ecotoxicity 0.06 2.10
Acidif/Eutrop 0.13 0.25
Land use 0.05 0.26
Minerals 0.02 0.64
Fossil fuels 1.24 2.77
Total 2.75 8.80
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� Shipment to landfill.

Therefore, this alternative scenario tries to assess a possible
improvement in current waste treatment processes, more specifi-
cally a step forward towards the recycling of composite materials
used in the blades [57–60]. In the Spanish case (the country where
the wind turbine installation under consideration is located) the
waste material composite of the blades is directly sent to landfill.
In any case, this trend should change because there are directives
in existance (for instance Directive 99/31/EC) that present as one
of their goals a reduction in the amount of organic material sent
to landfill. In fact, in several EU countries, sending composite mate-
rial to landfill is already illegal [61].
Table 11
Percentage of variation of the alternative scenario AS3 relative to the basic scenario.

Impact category Total (%) Maintenance (%) T

Carcinogens 84.25 4.79 1
Respiratory organics 9.24 2.18
Respiratory inorganics 59.63 27.53
Climate change 21.82 5.13
Radiation 6.39 6.98
Ozone layer 5.89 �1.94
Ecotoxicity 7.59 4.12
Acidif/Eutrop 18.35 11.05
Land use 13.43 7.50
Minerals 93.36 203.37
Fossil fuels 34.77 6.16
Total 39.66 18.90
The alternative scenario AS4 shows the results obtained when
considering an 80% recycling of composite material of the blades
(see Tables 12 and 13). Naturally, this recycling constitutes an
improvement in the environmental impact of the rotor in its oper-
ative lifecycle. The rest of components of the wind turbine remain
unchanged, since the possible recycling of other types of composite
materials, such as those from the nacelle cover, have not been
considered.

The reduction of environmental impacts posed by the recycling
of the blades can be observed through the comparison with the ba-
sic scenario presented in Fig. 4. The total reduction of environmen-
tal impact is estimated at approximately 2800 ecopoints, which
represents approximately 6% of the total impact of a wind turbine
throughout their life cycle (see Table 14). Although this value is not
very high in itself, compared to the total environmental impact
generated by the wind turbine, it gives an idea of how important
and relevant it is to try to improve the processes and the waste
treatment generated by every single one of the components of
the wind turbine. The main objective is to use the waste treatment
routes producing the lowest environmental impact.

Fossil fuel consumption and respiratory inorganics are the catego-
ries that produce the highest reductions in ecopoints, with values
of 1900 pt and 750 pt respectively, as can be deduced by analyzing
the different impact categories studied. If the valuation is done at
the level of improvement percentage rather than final value in eco-
points, the reductions in the categories of acidification/eutrophica-
tion and climate change are also noteworthy. In these cases
reductions of 7.0% and 5.6% respectively in total environmental im-
pact are achieved (see Table 12).
5. Discussion of the results

A graph summarizing the sensitivity analysis that has been per-
formed, per different impact category, can be seen in Fig. 5. The fig-
ure shows, per impact category, the minimum and maximum
values of all the alternative scenarios considered (as the extremes
of the black segments), as well as the value of the basic scenario
and the average of all the analysed scenarios (as the extremes of
the blue columns). In this way, the uncertainty introduced by the
decision taken in developing the base case can be appreciated
quickly and clearly.

From these data a remarkable sensitivity in the categories of
respiratory inorganics and fossil fuel consumption can be observed,
with differences between the maximum and minimum values that
go around 6.000–9.000 ecopoints, which means variations from
14% to 20% of the total value of environmental impact calculated
for the wind turbine. These values are significantly high and, hence,
it is necessary to understand their origin and significance. In this
sense, Fig. 6 shows that variations in the maintenance phase lead
to values of 5000 ecopoints and 8500 ecopoints in those categories.
This means that one of the scenarios that introduces more
ower (%) Foundation (%) Rotor (%) Nacelle (%)

609.59 13,013.51 99.07 31.79
18.80 9.62 1.73 14.34

315.56 111.14 7.84 40.42
62.40 15.09 3.14 36.56
10.16 6.82 1.03 8.90
12.69 5.76 0.96 11.35

8.56 12.55 9.32 9.02
66.12 21.21 2.31 17.76
37.33 20.18 7.95 9.01
12.94 13.65 53.25 150.63
95.63 46.63 4.28 52.27
95.42 56.58 6.49 40.61



Fig. 3. Comparison of basic and alternative AS3 scenarios.

Table 12
LCA results of the alternative scenario AS4 and percentage of variation relative to the basic scenario.

Basic scenario (pt) Alternative scenario AS4 (pt) Basic and AS4 Variation (%)

... Rotor Total ... Rotor Total

Impact category
Carcinogens VerTabla 1 The rest of components as in the basic scenario 142 3193.2 0 �7.7 �0.4
Respiratory organics 3 13.6 �23.1 �6.4
Respiratory inorganics 3224 9262.3 �18.6 �7.4
Climate change 734 2026.2 �14.1 �5.6
Radiation 21 62.9 8.9 2.9
Ozone layer 0 0.9 0.7 0.3
Ecotoxicity 241 10,128.5 �3.5 �0.1
Acidif/Eutrop 468 1321.6 �17.5 �7.0
Land use 90 1374.8 2.6 0.2
Minerals 26 3106.4 �3.1 0.0
Fossil fuels 5476 13,866.5 �25.7 �12.0
Total 10,429.4 44,356.9 �21.6 �6.1

Table 13
LCA results of the alternative scenarios AS4 in the characterisation phase.

Basic scenario Alternative scenario AS4 Basic and AS4 Variation (%)

. . . Rotor Total Rotor Total

Impact category
Carcinogens (DALY) VerTabla 2 The rest of components as in the basic scenario 7.32E�03 1.65E�01 �8.3 �0.4
Respiratory organics (DALY) 1.60E�04 7.01E�04 �30.0 �6.9
Respiratory inorganics (DALY) 1.66E�01 4.77E�01 �22.9 �8.0
Climate change (DALY) 3.78E�02 1.04E�01 �16.4 �5.9
Radiation (DALY) 1.12E�03 3.24E�03 8.2 2.8
Ozone layer (DALY) 1.55E�05 4.41E�05 0.7 0.3
Ecotoxicity (PAF�m2yr) 2.47E+04 1.04E+06 �3.7 �0.1
Acidif/Eutrop (PDF�m2yr) 4.81E+03 1.36E+04 �21.2 �7.5
Land use (PDF�m2yr) 9.32E+02 1.41E+04 2.5 0.2
Minerals (MJ surplus) 7.76E+02 9.25E+04 �3.2 �0.0
Fossil fuels (MJ surplus) 1.63E+05 4.13E+05 �34.6 �13.7
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variations in the final results of the LCA is the scenario related to
the maintenance phase. This fact is clear, and shows accurately
the current state of the wind generation sector, because over the
years since the launching of different wind turbines, the necessity
of investing in improvements at maintenance level is becoming
more evident. This can avoid high losses in both major corrective
actions and in production losses due to breakdowns.

The gearbox case (in wind turbines that use it) can constitute a
clear example. The operational lifetime of gearboxes is, in certain
locations, shorter than the lifetime of the whole wind turbine.



Fig. 4. Comparison of basic and alternative AS4 scenarios.

Fig. 5. Summary of the sensitivity analysis by categories.

Fig. 6. Summary of the sensitivity analysis in the maintenance phase.

Table 14
Percentage of variation of the alternative scenarios AS3 and AS4 relative to the total
impact of the base case.

Impact category Alternative scenario AS3
(%)

Alternative scenario AS4
(%)

Carcinogens 5.72 �0.02
Respiratory organics 0.00 0.00
Respiratory

inorganics
12.62 �1.56

Climate change 0.99 �0.25
Radiation 0.01 0.00
Ozone layer 0.00 0.00
Ecotoxicity 1.63 �0.02
Acidif/Eutrop 0.55 �0.21
Land use 0.39 0.00
Minerals 6.14 0.00
Fossil fuels 11.60 �4.01
Total 39.66 �6.07
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It therefore becomes necessary to replace the gearbox before the
end of the wind turbine operative life, with the consequent
environmental impact. Likewise, according to the site chosen to
place the wind turbine, blades can present different degrees of
problems; for instance, the situation in coastal areas may involve
the excessive corrosion of the blades, or in the case of mountainous
locations, the presence of strong gusts of wind, turbulence, and
changes in temperature can lead to more breakdowns in blades.

Regarding the rest of the scenarios studied, the variations are
relatively moderate and in line with expectations, which demon-
strate the importance of the sensitivity analysis, with diverse sce-
narios that give support to the different options and choices to be
taken during the development of the LCA.

On the other hand, it is also noteworthy that usually the uncer-
tainty in the characterization step is also relevant, because this
step involves multiple assumptions. Applying probability distribu-
tion theory and numerical simulation methods can help to discern
the degree of uncertainty and to improve the robustness of the fi-
nal results [31]. These critical issues will be explored in our future
work.
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6. Conclusions

The different uncertainties arising from the options given dur-
ing the development of the LCA of a wind turbine have been ana-
lysed throughout this work, using the Eco-indicator99 LCA
method. Four different scenarios within the LCA of a multi-mega-
watt wind turbine have been analysed. In addition, the impact that
these scenarios may present on the final LCA has also been
assessed.

From the results can be clearly emphasized the specific case of
large corrections in the maintenance phase. Undoubtedly, the
choices made at the turbine maintenance stage have an important
effect on the results of the LCA. Therefore, it is necessary to analyze
and define more precisely the average of major corrections that
may experience a model of wind turbine along its 20 years of life.

Another issue that significantly influences the final results of
the LCA study of the multi-megawatt wind generator in question
is the considerations made about recycling and reuse of compo-
nents and materials. A clear example is the impact of materials
such as the fiberglass of the blades of the wind turbine when they
are not recycled but sent directly to landfill.

The variations in the results of the LCA of the multi-megawatt
wind turbine, mainly due to the two issues formerly discussed,
are between 14% and 20%; important values that suggest the need
to dig further into the future trends for the maintenance and recy-
cling of components associated with the wind turbine, from an
environmental point of view.
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