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� An LCA of 2 onshore and 2 offshore wind power plants was performed.
� Onshore wind power performs better than offshore per kWh delivered to the grid.
� Materials are responsible for more than 79% and 70% of climate change impacts onshore and offshore respectively.
� The bigger, direct drive turbines perform better than the smaller geared ones.
� Climate change is a good KPI for wind power plant hotspot identification.
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This study aims to assess the environmental impacts related to the provision of 1 kWh to the grid from
wind power in Europe and to suggest how life cycle assessment can inform technology development and
system planning. Four representative power plants onshore (with 2.3 and 3.2 MW turbines) and offshore
(4.0 and 6.0 MW turbines) with 2015 state-of-the-art technology data provided by Siemens Wind Power
were assessed. The energy payback time was found to be less than 1 year for all technologies. The emis-
sions of greenhouse gases amounted to less than 7 g CO2-eq/kWh for onshore and 11 g CO2-eq/kWh for
offshore. Climate change impacts were found to be a good indicator for overall hotspot identification
however attention should also be drawn to human toxicity and impacts from respiratory inorganics.
The overall higher impact of offshore plants, compared to onshore ones, is mainly due to larger high-
impact material requirements for capital infrastructure. In both markets the bigger turbines with more
advanced direct drive generator technology is shown to perform better than the smaller geared ones.
Capital infrastructure is the most impactful life cycle stage across impacts. It accounts for more than
79% and 70% of climate change impacts onshore and offshore respectively. The end-of-life treatment
could lead to significant savings due to recycling, ca. 20–30% for climate change. In the manufacturing
stage the impacts due to operations at the case company do not exceed 1% of the total life cycle impacts.
This finding highlights the shared responsibility across multiple stakeholders and calls for collaborative
efforts for comprehensive environmental management across organizations in the value chain. Real life
examples are given in order to showcase how LCA results can inform decisions, e.g. for concept and pro-
duct development and supply chain management. On a systems level the results can be used by energy
planners when comparing with alternative energy sources.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Energy planners need to keep the pace in satisfying an electric-
ity demand which has doubled since 1990 and is expected to grow
by 80% by 2040 [1]. In parallel the need for a low carbon economy
due to environmental and energy security issues calls for higher
deployment of renewable energy sources (RES) to the electrical
grids around the globe [2]. In a European context wind power is
the fastest growing renewable energy source. The European Wind
Energy Association (EWEA) expects that by 2030 the capacity will
have increased to 320 GW compared to 129 GW in 2014. By that
time wind energy is expected to meet more than 24% of EU’s pro-
jected electricity demand [3,4].

There is abundance of literature dealing with technical aspects
of wind energy. These include technological innovations such as
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the direct drive generators [5]; measurement of wind data e.g.
through the use of LIDARs and satellites [6,7]; grid integration
technologies covering also issues of transmission and storage
[8,9]; wind power prediction methods driven by technological
and market aspects [10–12]. Contrary, a review prepared for the
Smart Energy for Europe Platform concludes that the conceptual
aspects of wind energy system planning are less covered. It also
suggests to adopt a systems perspective for transitioning to low
carbon economy [13]. More recent literature adds that strategic
environmental assessment (SEA) is of key importance for promot-
ing sustainable wind energy planning [14].

This dual need for environmental assessment and for a more
systemic management and planning can be addressed by Life Cycle
Assessment (LCA) [15,16]. This is a state of the art methodology for
assessing multiple environmental impacts of a system over time
and space throughout its lifecycle from cradle to grave, i.e. from
extraction of the materials through production and use or opera-
tion of the system till its end-of-life (EoL) [17]. The Intergovern-
mental Panel on Climate Change (IPCC) suggests to policy makers
that LCA is’ a particularly useful methodology for determining total
system impacts of a given technology’ [18]. LCA can serve on a sys-
tems level for meso-large scale policy evaluations. Foidard et al.
use it to assess implications of renewables’ integration into the grid
[19]. Berril et al. assess 44 scenarios of electricity supply in the EU
in 2050 [20]. Lund et al. further investigate the impacts due to
changes in long termmarginal technologies [21]. Aside energy pro-
duction, consumption aspects are also assessed, e.g. Rodriguez
et al. co-evaluate energy demand and supply patterns [22]. Laurent
and Espinoza highlight the methodology’s potential for foresight
studies [23]. LCA is also used on a technology level, for evaluating
power plants and their components. Within RES, LCA studies are
found for the frequently controversial sector of bioenergy produc-
tion (1st–3rd generation biofuels), [24–27] and for photovoltaic
applications [28].

In the wind energy sector LCA studies cover a wide spectrum of
research areas. Some investigate country-specific environmental
improvement potentials, e.g. Xue et al. do it for China [29]. Others
explore differences due to geographical differentiation, e.g. Lenzen
et al. compare the energy embodied in wind turbines in Brazil and
Germany [30]. Many assess different technologies and application
settings ranging from rooftop microgeneration applications to
multimegawatt wind turbines [31–33]. Yet, literature gaps and
limitations can be identified: (i) offshore is less covered compared
to onshore. As illustrated in the comprehensive critical meta-
analysis of Nugent and Sovacool [34], only 2 out of 22 qualified
studies assessed offshore wind power systems. (ii) the assessments
do not consistently account for all the life cycle. In their review of
44 studies of wind power, Arvesen and Hertwich find that the
‘‘use” and particularly ‘‘end-of-life” (EoL) stages are partially cov-
ered or omitted [35]. (iii) environmental impacts are not fully cov-
ered. The same review notes that most LCA studies consider only
greenhouse gas emissions and energy demand. This narrow focus
may lead to oversimplifications regarding the ‘‘environmental”
performance of the assessed systems. (iv) there is shortage of
examples on how to integrate the LCA learnings into daily prac-
tices. Discussion on the value added by LCA when integrated in
decision making is limited and therefore companies and policy
makers are still striving to proactively use LCA in the front end of
their planning.

To address the identified gaps, we conducted iterative LCA stud-
ies in the applied setting of Siemens Wind Power. The company is
amongst the three largest wind turbine manufacturers in the world
in 2014, holding more than 86% of the European offshore market
[36,37]. Furthermore, it influences several activities across the
wind turbines’ life cycle i.e. design, manufacturing, installation,
service etc. Our two research objectives are:
(i) to provide an understanding of the environmental impacts
of state of the art wind power technologies

(ii) to showcase how LCA results can inform technology and sys-
tem planning

The structure of the paper is as follows: Section 2 presents four
wind power plants, their boundaries and the corresponding data
used for assessing their life cycle. Section 3 presents the assess-
ment results and identifies environmental hotspots. Section 4
relates the results to decisions taken for wind power technology
development. Real life examples from the case company are pre-
sented and the potential for further LCA integration in technology
and system planning is discussed. Section 5 concludes the study
and provides recommendations for further research.
2. Methods and materials

2.1. Goal and scope: wind power plants’ service and system description

The LCAs were conducted according to the International Refer-
ence Life Cycle Data System (ILCD) Handbook for LCA [17]. As a first
step the goal (i.e. the purpose) and scope (i.e. what to analyse and
how) were identified. The goals of the LCAs and the intended appli-
cations coincide with the research objectives in Section 1. In terms
of scope, the functional unit (FU), which reflects the primary func-
tion of the system and is the basis of the LCA [38], was defined as
‘‘the average supply of 1 kWh electricity delivered to the grid”. To
ensure technological and market representativeness, SWP planners
and experts provided inputs to define the technical specifications
and the size of representative European wind power plants based
on 2013 data and near future sales. Both onshore and offshore
technologies were assessed separately since (i) they have different
economic, technological and operational particularities, e.g. in rela-
tion to the grid connection [39], and (ii) offshore is emerging as an
important player in future electricity grids. In fact Esteban and
Leary estimate that by 2050 around 5.5% of the world’s electricity
could come from offshore wind [40]. Since it is less covered in lit-
erature, thus making its separated assessment a valuable informa-
tion for researchers and stakeholders at large.

Four plants were therefore defined, covering onshore and off-
shore systems, each being further differentiated into the two major
power generating technologies, viz. direct drive and geared-based.
Table 1 provides a detailed overview of these four power plants.

The systems were set to include all wind power plant compo-
nents from the power station (i.e. turbine) up to the distribution
wiring. Back-up and energy storage systems were excluded.

The system boundaries (Fig. 1) included the life cycle of the
plants from extraction of raw materials to the EoL. Since this is a
descriptive study aiming to document the analysed system, the
modelling principle for the life cycle inventory followed an attribu-
tional LCA approach [17]. We addressed multi-functionality of pro-
cesses by use of system expansion. For example, in the waste
treatment stage, recycling leads to materials recovery, thus avoid-
ing respective production from virgin sources (Fig. 1 and Table 3).
Potential structural consequences on other systems, i.e. long term
implications to the grid due to increased installed capacity, were
out of scope. Out of scope was also the detailed exploration of
future treatment technologies of blade recycling [41,42].
2.2. Inventory data collection and modelling

Data were collected for each stage of the system’s life cycle
(Fig. 1). Detailed accounts of all items included in the inventory
are given in Table S1 of Supporting Information (SI). Primary data
were collected internally in SWP from material experts, engineers,



Table 2
Aggregated inventory for capital infrastructure (turbines, foundations, substations,
cabling).

Onshore plants (average G2&D3) Offshore plants (average G4&D6)

Infrastructure (t) 3.57E+04 Infrastructure (t) 1.42E+05
Infrastructure materials wt% Infrastructure materials wt%

Concrete 72.8% Steel 73%
Steel 20.5% Iron 6.4%
Iron 1.8% Concrete 4.7%
Epoxy 1.2% Plastics 3.6%
Glass fibre 1% Epoxy 2.4%
Plastics 0.8% Glass fibre 2.3%
Aluminium 0.7% Aluminium 2%
Copper 0.7% Copper 1.4%
Wood 0.2% Lead 1%

Fig. 1. System boundaries covering all life cycle stages of all wind power plants.

Table 1
Technical specifications of the assessed wind power plants. In the plant names the letter corresponds to generator technologies direct drive (D) and geared (G) and the number to
the turbines’ capacity (MW).

Market Plant
name

Turbine (MW-rotor
diameter)

Hub height
(m)

Wind speed
(m/s)

Lossa

(%)
Energy to grid/turbine/
year (MW h)

Lifetime
(y)

Turbines/park
(nr)

Cable
distance/turbine
(km)

Onshore G2 2.3–108 99.5 8.5 10 11,169 20 20 13
D3 3.2–113 92.5 8.5 10 14,403 20 20 13

Offshore G4 4.0–130 68.25 9.5 15 20,528 20 80 30/22b

D6 6.0–154 87.72 10 15 31,045 25 80 50/22b

a Wake, electrical and availability losses.
b Sea/land.
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etc., and externally from suppliers and operators. The difference
between the onshore and offshore plants is mostly seen in relation
to installation, i.e. the onshore plants require the construction of
gravel roads while offshore installations require operations at
sea. The two also differ in terms of infrastructure materials such
as cabling and foundations, e.g. steel reinforced concrete is used
for onshore foundations while steel monopiles are used offshore.
The aggregated inventories for infrastructure materials are given
in Table 2.

The EoL of the power plants consists of management of con-
struction and demolition (C&D) wastes and is expected to take
place in 2040. Modelling assumptions for the EoL of infrastructure
equipment, summarized in Table 3, were based on expert knowl-
edge within SWP and literature. To model the avoided production
of electricity from incineration, the composition of the future grid
was adjusted to the ‘symphony’ scenario from the World Energy
Council (i.e. coal 11%, gas 25%, Nuclear 22%, hydro 16%, biomass
6%, wind 13%, solar 7%) [43].
For modelling the background processes, e.g. extraction of the
materials, waste treatment etc., the study relied on generic data



Table 3
Modelling assumptions for the EoL treatment of the main materials in wind power
plant systems.

Waste
type

% Collected Treatment
method

Avoided product

Metals 50% From all
foundations and
offshore cables/90%
from all other
components

Recycling
(energy
requirements
based on [44])

Average material in
the market;
substitution rate
90 wt%

Plastics 100% Incineration
(based on
ecoinvent v.3.1)

Electricity and heat
based on the lower
heating values from
ecoinvent v.3.1

Blades 100% Shredding
(28 kWh/t) and
incineration in
cement
production

Epoxy substitutes
heavy fuel.
Substitution rate
based on the calorific
values of epoxy
32 MJ/kg [45] and
heavy fuel oil 43 MJ/
kg
Glass fibre substi-
tutes sand (40%) and
clay (60%)

Concrete 50% Recycling
(crushing based
on ecoinvent
v.3.1)

Crushed gravel;
substitution rate
90 wt%

Gravel 75% Recycling Crushed gravel;
substitution rate
90 wt%
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from ecoinvent v.3.1 [46]. All EoL operations, e.g. the use of fuel for
dismantling and the avoided production of materials, were mod-
elled using background data based on ecoinvent v.3.1 without
technological adjustment.

The EoL is the life cycle stage least covered in wind power LCAs
and is associated to several uncertainties [47]. Temporal ones are
due to the long life time of the plants and the difficulty in predict-
ing future markets and corresponding treatment technologies, e.g.
there are currently no economically viable recycling technologies
for glass fibre composite materials [48]. Uncertainty is enhanced
by the lack of inventory data for existing technologies such as recy-
cling of metals as well as the geographical differentiation of recy-
cling rates (i.e. collection and recovery) [49,50]. Policy wise, in
EU the current political target set by the Waste Framework Direc-
tive aims at 70% recycling of non-hazardous C&D waste by 2020
[51].
2.3. Impact assessment indicators

Of primary interest for SWP was the system’s contribution to
climate change. This was assessed via the IPCC findings [52].
Another indicator commonly characterizing electrical power gen-
eration and renewable energy technologies is energy payback time
(EPBT) [53]. This is defined as the amount of time that the system
needs to run in order to produce the amount of energy equivalent
to the primary energy consumed throughout its life time. EPBT was
assessed via the impact assessment methodology Cumulative
Energy Demand (CED) v1.09, based on the method published by
ecoinvent version 2.0 [54]. In addition to climate change, all ILCD
recommended impact categories [55] at a midpoint level, were
assessed (see Fig. 2). The impact assessment was also done at end-
point level using ReCiPe methodology, where the emissions are
related to their damages to the three areas of protection: ecosys-
tems quality, human health and natural resources [56]. Endpoint
assessments are less accurate since causal links between emissions
and impacts are weaker [57]. However, the approach is more
complete since the entire impact pathway is accounted for. The
systems were modelled in SimaPro software v.8.1.

Based on the results a deterministic sensitivity analysis was
done considering worst and best case scenarios for main uncertain-
ties (i.e. metal collection rates), key assumptions (i.e. recycling sub-
stitution potentials) and for the system’s technical specifications
given in Table 1. An additional probabilistic Monte Carlo simula-
tion was done to calculate the uncertainty range of the reference
scenarios based on the inherent uncertainties of the life cycle
inventory used in ecoinvent v.3.1. Uncertainties in impact assess-
ment were not taken into account since there are no corresponding
data. The combined effect of software and database choices is also
expected to influence the final results but it was out of the scope to
analyse it further.
3. Environmental performances of the four wind power plant
systems

3.1. Carbon footprint and energy payback time

The climate change impacts during the life cycle of onshore and
offshore plants are less than 7 and 11 g CO2-eq/kWh, respectively.
The energy payback time is less than 1 year (Table 4). The results
imply the potential GHG savings from deploying high shares of
wind energy to the grid. For comparison, in Denmark, climate
change impacts from fossil sources amount to 990 g CO2-eq/kWh
for coal and 530 g CO2-eq/kWh for natural gas [58] which are thus
approximately 100 times higher than the results.

The system’s sensitivity to major assumptions was done
through a scenario analysis considering worst and best cases for
most influential and uncertain factors. These were (i) the technical
specifications given in Table 1, i.e. the wind speed, efficiency and
life time, which are independent from the LCI modelling but they
are determining the amount of kWh delivered to the grid, therefore
directly influencing the results per FU; and (ii) major EoL assump-
tions in Table 3, i.e. the C&D collection rate for the foundation
materials and the rate with which secondary steel substitutes pri-
mary production. Assumptions that do not have significant influ-
ence on the results have not been tested for sensitivity. This is
the case of future grid composition, which affects the impacts from
incineration at the EoL.

The sensitivity analysis results for the D6 plant, which are rep-
resentative for all plants are given in Fig. 3. This tornado diagram
allows to see the relative importance of the factors and the sys-
tem’s sensitivity to each of them ceteris paribus. The system is
mostly sensitive to its technical specifications which is aligned
with what other literature sources suggest [59].
3.1.1. Comparisons within and across markets
In both markets drivers for better performance are (i) the

advanced technology i.e. direct drive generators and optimized
blade design, and (ii) the size, i.e. the newer turbines are bigger,
with approximately 22% less material weight per kWh delivered
to the grid. This result is aligned with the economies of scale effect
discussed by Tremeac and Meunier analysing a 4.5 MW and a
250W onshore turbine [60], as well as from Lenzen and Munks-
gaard after conducting a comprehensive review of 72 wind energy
studies [61]. In this study it is not possible to distinguish between
those two causes for attributing the better performance. Caduf
et al., who also reach the conclusion that bigger is better, note that
experience and innovation contribute to a better environmental
performance [62].

Across markets, the greenhouse gas emissions per kWh deliv-
ered to the grid for the life cycle of the offshore plants are approx-
imately 70% higher than onshore. This finding is due to (i) the



Fig. 2. Mid- and end-point environmental impact categories assessed [17].

Table 4
LCA results for climate change and energy payback time.

Market Plantname Turbine(MW-rotor
diameter)

Climate change g
CO2-eq/kWh

EPBT
(months)

Onshore G2 2.3–108 6.0 6.2
D3 3.2–113 5.0 5.2

Offshore G4 4.0–130 10.9 11.1
D6 6.0–154 7.8 10
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higher requirements in capital infrastructure which is both heavier
(Table 2) and more impact dense (see also Fig. 8) compared to
onshore, and (ii) resource-intense operations offshore, particularly
for installation and decommissioning stages (see also Table 5 and
Table S3 of SI). These two factors counterbalance the benefits of
higher energy output.

Relating the results to other literature. The results are consistent
with and in the lower range of the values reported by IPCC for
renewable energy. Wiser et al. made a comprehensive review of
49 wind energy LCA studies (44 for onshore and 12 offshore) pub-
lished since 1980 and they report lifecycle GHG emissions between
8 and 20 g CO2-eq/kWhwith a median at 12.5 g CO2-eq/kWh. They,
in line with the present study and with other literature find off-
shore more impactful than onshore per kWh delivered [59,63].
-50%

Wind speed (ref:10m/s, min:7,5m/s, max: 10m/s)

Life�me (ref:25y, min:25y, max:30y)

Efficiency (ref:85%, min:80%, max:100%)

Founda�on recycling (ref: 90%, min:0%, max 100%)

steel recycling efficiency (ref:90%, min:67%, max:100%)

Fig. 3. Change (%) of climate change impact of the D6 p
Comparing to studies assessing systems similar to the ones in
Table 1: (i) for onshore, Martinez et al. find 6.6 g CO2-eq/kWh
(2 MWGamesa turbine with 80 m rotor blade and 70 m hub height
for Spanish conditions) [64]. Garret and Ronde find 7–10 g CO2-eq/
kWh for various 2 MW Vestas onshore turbines [65]. Regarding the
EPBT, Haapala et al. report values between 5.4 and 6.2 months for a
2 MW turbine [32], (ii) for offshore the results are consistent with
Dolan [66] who reviews 2 empirical and 3 theoretical offshore
studies and reports average values between 9.4 and 14 g CO2-eq/
kWh. The critical meta review by Nugent and Sovacool [34]
includes only one study for UK with a contribution to 13.4 g CO2-
eq/kWh [67].
3.2. Environmental hotspots and contribution analyses

LCA results were used to identify hotspots in two dimensions:
across the life cycle of the product and within each life cycle stage
to the maximum resolution level according to the available data.
As Fig. 4 shows for climate change, most of the impacts are due
to extraction and production of materials (hereafter called ‘‘mate-
rials”). This stage contributes more than 79% and 70% to the cli-
mate change impact onshore and offshore respectively. These
results are in line with the 78% material contribution to climate
change impacts reported by Haapala and Prempreeda and the
84% contribution reported by Guezuraga et al., both referring to
-30% -10% 10% 30% 50%
% change of climate change impact

Best case Worst case

lant due to change in assumptions ceteris paribus.



Fig. 4. Percent contribution of life cycle stages to the total impact for the four assessed wind energy plants: onshore (G2, D3) and offshore (G4, D6).
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2 MW onshore wind power [32,68]. Likewise the results are consis-
tent with IPCC conclusion that capital infrastructure is the most
determining factor for the systems’ environmental performance
which is the case for most renewable energy sources [59,69].

Given the domination of materials in the overall impacts, their
treatment and recycling at the EoL of the plants is consequently
important and leads to environmental savings due to the avoided
production of materials (mainly metals) through system expansion
(Fig. 1) (see Tables S2 and S3 of SI). These savings need to be inter-
preted in relation to the assumptions made on the future treat-
ment of the turbine components (Table 2). For example,
assuming economic allocation for the substitution of steel based
on secondary steel price (67%) instead of the reference assumption
(90%) there is approximately 11% change in the LCA results for cli-
mate change (see Fig. 3).
3.2.1. Impacts from infrastructure materials
Figs. 5 and 6 focus on the LCA results for ‘materials’ for all ILCD

recommended impact categories [55]. Cut off is set to 1% contribu-
tion to climate change. With the exception of the impacts related
to land use, where installation stage is most relevant due to the
road construction, impacts from ‘materials’ prevail across impact
categories (see also Tables S2 and S3 of SI).

The figures allow to see differences between technologies (gen-
erators) and markets (onshore/offshore). Looking at the relative
importance of the components within each plant, the nacelles with
direct drive generators have a higher impact share compared to the
geared ones. In the context of this study a comparative assessment
on a mere component level (e.g. direct drive generator versus
geared) cannot be done since system equivalency between the
Fig. 5. Contribution (%) of ‘materials’ to life cycle impact
two components is not established. However, product developers
can use the results to better understand the environmental profile
of alternative technologies and can combine results from design to
those from service in order to minimize the environmental impacts
from the whole life cycle. Across the two markets, differences can
be seen in terms of the relevant component contributions. Mono-
piles and cables are the most impactful for offshore plants com-
pared to the tower which dominates the component impacts
onshore. The impacts from components are further discussed in
Section 4 in relation to the corresponding materials in them.
3.3. Relevant environmental impacts beyond climate change

Even though ‘materials’ is the most relevant life cycle stage
across impact categories, distinguishing the most environmentally
relevant components remains a strenuous task. Figs. 5 and 6 show
that relevant importance of the plant components changes from
one impact category to another as it can explicitly be observed
for the case of the blades.

To identify which environmental impacts are most relevant,
Fig. 7 shows the results from modelling the impacts at an endpoint
level. This view allows to see that climate change might be the
most important but is not the only relevant impact. For human
health respiratory inorganics (particulate matter) and toxic
impacts are also worth considering. The latter is in line with Lau-
rent et al. who argue that shifting from a fossils-based European
mix to wind power significantly reduces carbon footprint but
might leave the human toxicity impacts at the same or even higher
level [69]. The systems’ contribution to ecosystems damages are
available in Fig. S1 of SI.
s and relative contribution of components-onshore.



Fig. 6. Contribution (%) of ‘materials’ to life cycle impacts and relative contribution of components-offshore.

0% 20% 40% 60% 80% 100%

G2

D3

G4

D6

Climate change Human Health Human toxicity Respiratory inorganics

Fig. 7. Relative results per impact category for damages to human health.
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4. Using LCA results in decision making

4.1. Selecting environmental KPIs

To initiate environmental improvements decision makers need
to choose criteria and set corresponding targets based on KPIs, e.g.
for minimisation of carbon footprint or toxicity-related impacts.
However, choosing the environmentally most relevant KPI based
on the LCA results can be a challenge. For instance, different impact
categories come with different uncertainties. Indicatively the
Monte Carlo analyses for quantifying the uncertainty due to inven-
tory data in D3 plant (representative for all plants) resulted to a
coefficient of variation 6% for climate change, 12% for respiratory
inorganics and more than 200% for non-carcinogenic toxicity
(Fig. S2 of SI). On top, Fig. 7 includes methodological biases since
uncertainties from the impact assessment phase as stated in Sec-
tion 2.2 are not accounted for. Challenges are not only due to
methodological uncertainties but also due to exogenous factors
such as policy and legislation. For example, climate change is in
political focus which gives an incentive to use carbon footprint
as a KPI. In addition, some impacts can potentially be monitored
within parallel initiatives, e.g. SWP complies with European legis-
lation in relation to hazardous substances and also has internal
standards in relation to declarable substances [70]. Although they
both deal with the issue of toxicity, such initiatives/tools have a
different scope than LCA and can only be regarded as
complementary.

In the context of this research, although all impact categories
were assessed, environmental target setting was based on climate
change. This choice rather than optimizing overall environmental
performance it aimed to operationalize LCA in the applied setting
of SWP. It also addressed the need SWP stakeholders expressed
for a balance between scientific robustness and simplicity. Climate
change (i) was easier to communicate due to the current political
focus, (ii) was proved adequate for identifying overall hotspots.
Indeed, the inventory items contributing more than 1% to climate
change are given in Table 5. Altogether these contribute more than
90% to the total climate change impact. The same items are also the
ones mostly (>75%) contributing to each of all other environmental
impact categories as well (see Tables S2 and S3 of SI).

Table 5 also reveals the issue of shared responsibility (and
therefore accountability) for the corresponding impacts beyond
organizational boundaries across the value chain. Regarding ‘mate-
rials’, which is the main contributor to the systems’ life cycle, each
of the plants’ components requires decisions from multiple manu-
facturers. For example, all design and manufacturing of blades
occurs within SWP with several company internal stakeholder
groups contributing to product development. For the nacelles,
design and assembly occur in SWP but all manufacturing occurs
at suppliers. Foundations and towers, even though designed by
SWP, are accordingly manufactured and delivered to the power
plant site by region-dependent suppliers. Responsibility for the
cables, particularly relevant to offshore plants as seen in Fig. 6, lies
beyond SWP. All components further rely on market-dependent
volatile supply chains. External bodies such as regulators or peers
also affect the entire system.

The rest of this section uses climate change as KPI and addresses
the second aim of this paper (see Section 1) which is to exemplify
how LCA can inform the product development and system plan-
ning if integrated.

4.2. Materials – LCA can be used for eco-design and product
development

Shifting the focus from components to the materials that com-
pose them, Fig. 8 shows the relationships between the consumed



Table 5
Inventory items that together contribute more than 75% in all the assessed
environmental impact categories. Contribution (%) to climate change (CC) is given.
The EoL is expressed as percentage of the other life cycle stages.

LC stage Inventory items % contribution to CC

Onshore G2-D3 Offshore G4-D6

Materials Tower 26–24% 9–11%
Foundation 18% 29%
Nacelle 11–13% 9–10%
Blades 11–12% 7%
On/re cables 5% 2–1%
Off/re cables – 10–13%
Hub 4–5% 3–5%
Transformer unit 1% <1%
Power unit 1% <1%

Manufacturing Tower 2–1% <1%
Nacelle & hub 2% 1%
Cables <1% 2%
Waste mgmt. <1% 1%–2%

Installation Gravel road 4–3% –
Cable laying 1% 3%
Vessel use – 4%
Foundation setting <1% 4–3%

Operation Service <1% 1%
Dismantling Vessel use – 3%

Foundation removal <1% 3–2%
Cable removal <1% 1%

End of Life Tower recycling �(19–18%) �(6–8%)
Foundation recycling �4% �(11–10%)
Nacelle recycling �(6–5%) �4%
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quantity and the corresponding impact for the materials in the
infrastructure of the onshore D3 and the offshore D6 plants. The
materials presented cover more than 98% of infrastructure weight
(i.e. turbines, foundations substations, cables). This view allows
seeing whether the impact is driven by the type of material or
the quantity used, e.g. in the D3 plant epoxy and concrete have
similar impact. For concrete this is driven from the weight while
for epoxy it is due to the impact density of the material (epoxy is
48 times more impactful per kg compared to concrete). This view
enlightens material improvement potentials and can be used by
different engineering groups across the product development, e.g.
similar analysis has been done to suggest meaningful target setting
for blade design [71].

Fig. 8 shows the importance of the metals found mostly in tow-
ers, cables and monopiles. The figure also shows that materials
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Fig. 8. Material consumption and corresponding GHG emissions for the materials used i
the diagonal imply a ratio kg CO2-eq/kg >1. Values are given per plant and not per FU.
used for the blades are impact-dense. The results can set the focus
to investigating alternative advanced structural designs, e.g. com-
paring between monopiles, tripods, jackets and floating offshore
foundations as discussed in [59]. Regarding the vast concrete quan-
tities the results direct the research to concrete recycling technolo-
gies and an optimization of these since, based on LCA studies, they
currently do not provide net environmental benefits [72].

4.3. Manufacturing – LCA can inform supply chain management and
collaborative action

The LCA results provided insights for the impacts related to sup-
ply chain. Alternative suppliers were mapped and environmental
impacts due to transport and partly due to production at their site
were calculated. Towards a collaborative supply chain manage-
ment suggested by literature [73] environmental actions can in
the future be initiated with suppliers both in terms of data collec-
tion, target setting and compliance with company requirements. So
far 58 SWP suppliers have committed to such a program [74].

The near-negligible contribution of the manufacturing in SWP,
i.e. less than 1% of the life cycle impact (see also Section 4.2), puts
in perspective the importance of broadening the scope of environ-
mental initiatives beyond organizational boundaries where typi-
cally companies set targets. Currently SWP has the strategic
target to lower the manufacturing impact by 50% by 2020 [75].
This would lead to less than 0.5% reduction of the total impact from
the life cycle. Therefore, conventional environmental target setting
risks setting targets that have little influence on the overall life
cycle impact.

4.4. Installation/operation – environmental improvement and
optimization of logistics

LCA results for installation and service show that environmental
impacts are primarily related to transport. Environmental
improvement is therefore synergetic to optimization of logistics,
which has high priority particularly to the offshore plants due to
the high costs [76]. Within SWP when planning such operations,
LCA results were used to inform about the environmental rele-
vance of alternative business cases, i.e. alternative modes for trans-
porting the crew to the site. Across organizations, inventory data
collection for the LCA study has helped the company to map all
related operations. Indicatively SWP has decision power in only 5
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n infrastructure (turbines, foundations, substations, cabling). Materials at the left of
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out of 14 identified offshore installation activities. The correspond-
ing LCA results have been used to explore sustainability-related
targets together with other stakeholders such as energy service
companies.
4.5. End of life – a significant yet most uncertain life cycle stage

The EoL is currently outside the operational boundaries of SWP
and its inclusion in ecodesign initiatives is challenged by uncer-
tainties on a temporal, technological and business level such as
the long lifetime, the lack of treatment technologies (e.g. for the
blades) and the lack of established take-back systems [47]. There-
fore, LCA results have not had any direct intra-organizational
implications. Rather they have been used to initiate discussions
with project managers and engineers within SWP in investigating
the transition towards more circular business models such as the
ones established for waste electronics in the context of extended
producer responsibility [77].
5. Conclusions and further research

The objectives of this applied research were (i) to provide an
understanding of the environmental impacts of state of the art
wind power technologies, and (ii) to showcase how LCA results
can inform technology and system planning. The first objective
contributes to a currently small pool of studies addressing life cycle
environmental impacts of wind turbines, especially off-shore. The
second objective addresses the questions of how LCA results can
feed into planning and decisions making in real life applications
of wind energy systems.

Four representative European power plants onshore and off-
shore with 2015 state of the art technology provided by Siemens
Wind Power were assessed. The energy payback time was found
to be less than 1 year for all plants. The GHG emissions are less
than 7 g CO2-eq/kWh for onshore and 11 g CO2-eq/kWh for
offshore.

The higher impact of offshore is mainly due to more material
requirements for capital equipment (monopiles, cables). Offshore
also requires more resources (fuel and transport) for installation
and maintenance. Overall material and energy requirements do
not counterbalance the benefits of higher energy output compared
to the onshore market. In both markets the bigger turbines with
more advanced direct drive generator technology perform better
than the smaller geared ones.

In all plants, capital infrastructure accounts more than 79% and
70% in climate change impacts onshore and offshore, respectively.
In the manufacturing stage most of the impacts are due to opera-
tions at suppliers’ sites while the impacts due to operations at
SWP do not exceed 1% of the impacts. In the installation stage,
impacts are shared among supply chain actors, while the EoL stage
could lead to environmental savings reaching 20–30% due to high
recycling potentials. The system’s performance is highly sensitive
to wind speed, life time and efficiency. Climate change was a good
KPI for overall hotspot identification. However, endpoint results
showed that the assessed systems have also significant contribu-
tion to human toxicity and impacts from respiratory inorganics.

The usefulness of the LCA results was discussed on the basis of
real life examples from across the life cycle of the plants. LCA can
be used in product development for eco-design applications, e.g.
for understanding the environmental impacts of materials, there-
fore supporting the selection of more sustainable alternatives. In
manufacturing, LCA can be used for more sustainable supply chain
management. Regarding installation, environmental improvement
is synergetic to optimization of logistics. End of life is a significant
yet most uncertain life cycle stage. The potential savings from
recycling at the EoL could feed the discussion around transitioning
to more circular business models. The approach followed during
the analysis can give a more systemic perspective to wind power
technology planning in terms of environmental management
[78]. The results also highlight the shared responsibility across
multiple stakeholders. Extending across organizations collabora-
tive efforts can be initiated for environmental management across
the value chain, e.g. through data sharing, increased transparency
and development of common environmental KPIs.

In light of these findings, the study has however revealed needs
for future research:

� The EOL is the second more crucial and the most uncertain part
of the system. Lack of data around existing end-of-life treat-
ment technologies, and lack of recycling technologies for the
composite materials such as the blades constitute a future
research focus point. Consequently, there is a need for investi-
gating alternative business models within the context of circu-
lar economy giving evidence of life cycle thinking integration
into planning of future systems and technologies

� Extending the boundaries and the scope would enhance the
understanding of true life cycle emissions of wind power, e.g.
Wiedmann et al. show that hybrid and I/O approaches could
double the assessed impact [67]. Also the impacts due to
backup systems and energy storage requirements that the cur-
rent studies exclude from the system boundaries should also be
investigated. Such aspects can also be accounted for in cconse-
quential LCAs, which aim to capture the impacts of renewable
energy policy implementation.
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