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Critical review

LIFE CYCLE ASSESSMEN T OF ELECTRICITY PRO  DUCTION FROM AN ONSH ORE
V112 -3.45 MW WIND PLANT (MARK 3A)

Commissioned by : Vestas Wind Systems A/S
Randers, Denmark

Reviewer: Prof. Dr. Matthias Finkbeiner
Berlin, Germany

Reference: ISO 14040 (2006): Environmental Management - Life Cycle
Assessment - Principles and Framework
ISO 14044 (2006): Environmental Management - Life Cycle

Assessment 1 Requirements and Guidelines

ISO/TS 14071 (2014 ): Environmental management -Life cycle
assessment - Critical review processes and reviewer

competencies: Additional requirements and guidelines to ISO
14044:2006

Scope of the Critical Review
The reviewer had the task to assess whether

1 the meth ods used to carry out the LCA are consistent with the international

standards ISO 14040 and ISO 14044,

the methods used to carry out the LCA are scientifically and technically valid,

the data used are appropriate and re asonable in relation to the goal of t he study,
the interpretations reflect the limitations identified and the goal of the study, and

the study report is transparent and consistent

= =4 =4 =

The review was performed according to paragraph 6.2 of ISO 14044, because the study

is not intended to be used for comparative assertions intended to be disclosed to the

public. This review statement is only valid for this specific report in its final vers ion 1.1
received on 315t July 2017.

The analysis and the verification of individual datasets and an assessment of the life
cycle inventory (LCI) model are outside the scope of this review.

Review process

The review process was coordinated between Vestas and the reviewer. The review wa s
performed at the end of the study. As a first step  the draft final report of the study was
provided to the reviewer on 05 .06.201 7. The reviewer provided 56 comments of
general, technical and editorial natu re to the commissi  oner by the 12 .06.201 7.

The feedback provided and the agreements on the treatment of the review comments
were adopted in the finalisation of the study. The final version of the report was
provided on 31t July 2017. All critical issues were comprehensivel y addressed, and



basically all recommendations of the reviewer were addressed in a comprehensive and
constructive manner.

The reviewer checked the implementation of the comments and agreed to the final
report. The reviewer acknowledges the unrestricted ac cess to all requested information
as well as the open and constructive dialogue during the critical review process.

General evaluation

The current LCA builds upon a history of conducting LCAs of Vestas turbines since 2001.

As a result, the methodology has reached a high level of maturity and the study is
performed in a professional manner using state -of-the -art methods. The LCI modelling
used for the study is outstanding with regard to the level of detail and the amount of

primary data used. It covers arou nd 25,000 components representing over 99. 9% of the
total mass of materials of the product. For the manufacturing part, the study includes
information from over 100 sites. For plausible use phase scenarios, Vestas can rely on

real -time performa nce data of over 33 ,200 wind turbines around the world, which
covers 13 % of current worldwide installed wind capacity.

As a result, the report is deemed to be representative for a V112 -3.45 MW Mark 3a
WIND PLANT. The defined and achieved scope for this LCA study was f ound to be
appropriate to achieve the stated goals.

Conclusion

The study has been carried out in conformity  with 1ISO 14040 , I1SO 14044 and ISO/TS
14071 . The reviewer found the overall quality of the methodology and its execution to

be of a high standard fo r the purposes of the study. The study is reported in a
comprehensive manner including a transparent documentation of its scope and
methodological choices.

1y L) ((-j !
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Prof. Dr. Matthias Finkbeiner

01t August 2017
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Executive summary

The present Life cycle assessment (LCA) is the final reporting for the electricity produced from a
100MW onshore wind power plant composed of Vestas V112-3.45 MW turbines (Mark 3a). Vestas
Wind Systems A/S has prepared the report and the underlying LCA model.

The study has been critically reviewed by an external expert, Prof. Dr. Matthias Finkbeiner, according
to ISO TS 14071 (2014) paragraph 6.2 of ISO 14044 (2006a), as the study is not intended for
comparative assertions intended to be disclosed to the public.

Context

The current LCA builds upon a history of conducting LCAs of Vestas turbines since 2001 as part of
the Vestasd ongoing sustainability agenda.

This study represents an update to the environmental profile from previous studies of the same
onshore turbine conducted in 2014 of the V112-3.3MW turbine (Mark 2a) by Vestas (2014Db).

This LCA report presents the environmental performance of the latest V112-3.45 MW (Mark 3a)
turbine that was launched for sale in 2015. The Mark 3a turbine includes further product
improvements relating to optimised turbine design, improved electricity production, increase in power
rating to 3.45 MW and an increase in wind class for the turbine.

The scope of the V112 Mk3 design is to increase the turbine wind class and MW rating in order to
reduce the levelised cost of energy and to increase product competiveness within the higher wind
class.

This LCA of the V112-3.45 MW power plant has assessedthetur bi n e 6 s-ofenateriels e bi | |
accounting for around 25,000 parts that make up the turbine. The complete wind power plant is

assessed up to the point of the electricity grid, including the turbine itself, foundations, site cabling

that connects the turbines together and other site parts such as the transformer station.

This LCA has covered over 99.9% of the total mass of the turbine itself, and over 99.95% of the
entire mass of the power plant. Missing information relates to parts where the material was not
identified. Scaling of the turbine up to 100% of total mass has not been conducted.

Each part of the wind plant is assessed over the entire life cycle from cradle to grave. The potential
environmental impacts are calculated for each turbine component relating to the specific material
grade of the part, manufacturing processes, country of origin, part maintenance, and specific disposal
and recycling steps at end-of-life. This provides a comprehensive view of the environmental
performance. The figure below shows the generic turbine life cycle assessed in the LCA.

12



Life cycle of the wind power plant

Renewable energy

) Lgndﬁll/ Recycling REE LED Wind turbine operations
incineration transport

AAA

Raw materials . . Transport and
Suppliers —_— Transport —— Manufacturing —— . .
and resources installation

Turbine specification

The Table below gives an overview of the baseline wind power plant assessed in this life cycle
assessment.

Baseline wind plant assessed

Description Unit Quantity
Lifetime years 20

Rating per turbine MwW 3.45
Generator type - Induction
Turbines per power plant pieces 29

Plant size MwW 100

Hub height m 94

Rotor diameter m 112

Wind class - High (IEC1A)
Tower type - Steel
Foundation type ILe (:/v;llgérl_oc;l&/dl_\)/vater
Production @ 7.5 m/s (low wind) MWh per year -

Production @ 8.5 m/s (medium wind) MWh per year -

Production @ 10.0 m/s (high wind) MWh per year 15725

Grid distance km 20

Plant location - Europe

Vestas production location

Global average

Note: The above figure for electricity production includes all losses, assuming an availability of 98%, total plant electrical

losses up to grid of 2.5% and average plant wake losses of 6.0%.
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The functional unit

The functional uni t i s t he endirorarfereal perfomnanceuohthetwind u s e d
power plant, which is assessed according to the following:

The functional unit for this LCA study is defined as:

1 kWh of electricity delivered to the grid by a 100MW wind power plant.

The functional unit is based on the design lifetime of the power plant (of 20 years), along with the
total electricity produced over the lifetime based on average high wind conditions.

Benchmarking performance

Vestas turbines are designed to meet different functional requirements both in terms of onshore and
offshore locations, as well as the wind classes for which they are designed to operate. The wind
class determines which turbine is suitable for a particular site, and effects the total electricity output of
the power plant and the design of the turbine itself *.

When benchmarking a wind turbine performance from one wind turbine to another it is important that
this is made on an equivalent functional basis, and should only be compared within the same wind
classes. There are three wind classes for wind turbines which are defined by an International
Electrotechnical Commission standard (IEC 61400-1), corresponding to high, medium and low wind?.

The Vestas V112-3.45 MW wind turbine has been designed to operate under high wind conditions
and for this study, high wind conditions have been selected to evaluate environmental performance.

Additionally, this report presents in Annex H a proposed new benchmark in order further to improve
and more transparently assess and compare the environmental performance of a wind plant for
current and future turbine designs.

Environmental impacts

The Table below presents the total potential environmental impacts of a 100MW onshore wind power
plant of V112-3.45 MW turbines, covering the entire power plant over the life cycle, per kWh of
electricity delivered to the grid.

The results show that raw material and component production dominate the environmental impacts of
the power plant, followed by end-of-life recycling credits, and other phases to a lesser extent. Of
production the blades, nacelle, tower, site parts and foundations contribute most significantly to all
studied environmental impact indicators (ranging from 50% to 90% across all impact categories).

The next most significant components are the blades, gear & mainshaft and the hub. Vestas factories
contribute between 3% and 15% across all impact categories. Transport of the turbine components

1 Other site parameters are also important when establishing the performance of a wind power plant, such as, wind plant
size, turbine power output, distance to grid, availability, plant losses, etc.
2 Refer to Annex E of the report further details of wind class and Vestas turbines within each classification.
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contributes between around 1% and 38% across all impact categories, and 9% to the total global
warming potential impacts®.

The primary reason for changes in impacts versus the previous V112 assessment is due to
improvements in annual energy production, which has typically reduced impacts per kWh by around
20-30%. However, some impacts increase per kWh (such as MAETP and TETP) which is due to
changes in background datasets and data changes for the characterisation of impacts. Refer to
Section 5.4 for further details.

Whole-life environmental impacts of V112-3.45 MW plant (shown in g, mg or MJ per functional
unit of 1kWh)

Environmental impact categories: Unit Quantity per functional
unit of 1 kKWh

Abiotic resource depletion (ADP elements) mg Sb-e 0.10
Abiotic resource depletion (ADP fossils) MJ 0.06
Acidification potential (AP) mg SO2-e 21
Eutrophication potential (EP) mg PO4-e 2.4
Freshwater aquatic ecotoxicity potential (FAETP) mg DCB-e 38
Global warming potential (GWP) g CO2-e 53
Human toxicity potential (HTP) mg DCB-e 1032
Marine aquatic ecotoxicity potential (MAETP) g DCB-e 615
Photochemical oxidant creation potential (POCP) mg Ethene 26
Terrestrial ecotoxicity potential (TETP) mg DCB-e 31

Note: impact indicators are based on CML impact assessment method Version 2016 (CML, 2016)

The Figure below also presents the environmental impacts for different components of the power
plant for the production, maintenance and operation (i.e. all life cycle stages excluding end-of-life).

3 Transport refers to the aggregated impacts covering transport stages for incoming materials, supplier transport, project
transport to site and end-of-life transport for all wind plant components in the life cycle. Secondary transport included in
aggregated datasets is not shown separately.

15



Production and use-phase environmental impacts of V112-3.45 MW
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Other environmental indicators

The Table below shows the other environmental indicators assessed as part of the LCA, including
return-on energy of the wind plant. Return-on energy provides an indication of the energy balance of
power plant, showing the relationship between the energy requirement over the whole life cycle of the
wind plant (i.e. to manufacture, operate, service and dispose) versus the electrical energy output from
the wind plant. The payback period is measured in months where the energy requirement for the life
cycle of the wind plant equals the energy it has produced.

The breakeven time of the V112-3.45 MW is 5.4 months for high wind conditions. This may be
interpreted that over the life cycle of the V112-3.45 MW wind power plant will return 45 times (high
wind) more energy back than it consumed over the plant life cycle.

Due to design optimisations which result in reduced material requirements, the turbine recyclability
has been slightly decreased; driven primarily by savings of steel in the tower.

A new circularity indicator has been introduced to measure the material flows of the turbine in relation
to circular economy (EMF, 2015) considering

9 using feedstock from reused or recycled sources

1 reusing components or recycling materials after the use of the product

9 keeping products in use longer (e.g., by reuse/redistribution)

1 making more intensive use of products (e.g. via service or performance models)

Given this scope, it is evident that improving the MCI of a product or a company will not necessarily
translate as an improvement of the circularity of the whole system. Nonetheless, a widespread use of
this methodology could form part of such a systems improvement.
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It should be noted that this indicator does adopt a life cycle perspective but is calculated at the
product bill-of-material level. Refer to Section 5.3.6 for further description and indicator limitations.

For the V112-3.45MW turbine, this has been calculated as 0.63. This means that 63% of the turbine
product is managed according to circular economy principles mentioned above while 37% of the
product has linear material flows (refer to Section 5.3.6) for details.

Additionally, a new indicator is introduced called Product waste which supersedes the Recyclability
indicator and represents the amount of waste generated per kWh from the turbine components (refer
to Section 5.3.5 for details).

Whole-life environmental indicators of V112-3.45 MW (shown in g or MJ per functional unit of

1kWh)

Non-impact indicators: Unit Quantity per functional
unit of 1 kWh

*Primary energy from renewable raw materials MJ 0.01

*Primary energy from resources MJ 0.07

Water consumption g 46

**Return-on energy Number of times 45

***Turbine recyclability (not life cycle based, turbine only) % (w/w) 86%

***Product waste (not life cycle based, turbine only) g 0.16

**xxTyrbine Circularity (not life cycle based, turbine only) - 0.63

* Net calorific value

** Based on ONet energydé calculation defined in Section 6.

*** Rounded up or down to the nearest half percentage point.
*++x Refer to Section 5.3.5

**+kk Based on circularity indicator calculation defined in section 5.3.6

Study assumptions and limitations

In accordance with ISO standards for LCA (ISO 14040/44), the assumptions and limitations of the
study have been identified and assessed throughout the study. In general, there have been few
places of uncertainty, but where there has been, a conservative approach has been adopted, which
would have the tendency to overestimate the potential environmental impacts. The primary
parameters for the study relate to the following:

1 Power plant lifetime: the power plant lifetime is a dominant factor when determining the
impacts of the electricity production per kWh. This LCA assumes a turbine lifetime of 20
years which matches the standard design life. Nonetheless, the wind turbine industry is still
young (starting for Vestas in 1979), and few turbines have ever been disposed, with some
turbines reaching operational lives of 30 years and over, for other Vestas turbine models.
Al t hough variations occur, the design | iiseti me
considered reasonable and accurate. The sensitivity of this assumption is tested in the LCA.

17



§§ Electricity production: the electricity production per kWh is substantially effected by the wind

plant siting and site-specific wind conditions that the turbine operates under (i.e. low, medium
or high wind classes defined by the IEC). Vestas wind turbines are designed to match these
different wind classes and wind speeds, so it is not always the size of the rotor or the
generator rating (in MW) that determines the electricity production of the turbine; but wind
class is a dominant factor. Nonetheless, electricity production is very accurately measured for
Vestas turbines when the wind speed and conditions are known. The V112-3.45 MW turbine
assessed in this LCA is designed for the high wind class, and has been assessed for high

wind conditions, which fairly reflects a O0typi

Impacts of material production and recycling: the turbine is constructed of around 91% metal
(primarily iron and steel, and to a lesser extent aluminium and copper), and it is the
production-phase and end-of-life phase that dominate the studied environmental impacts.
Datasets for metal production are based on established and credible industry association
sources (such as those from worldsteel and the European Aluminium Association). End-of-
life recycling of metals in the power plant also provides environmental credits. This LCA uses
an iadved i mp a c aceduntirg@lporfon udns of input scrap of raw materials;
methodologically speaking, this is a consistent approach to environmental crediting for
recycling. Additionally, specific parts of the turbine and power plant are applied different
recycling rates dependent on their ease to disassemble and recycle. Furthermore, the effect
of using a O6recycled content é &ELopnpretoisatietothar s
main mass-flow material, which uses industry-specific production datasets accounting for the
concrete grade. Polymer materials also use established and credible industry datasets. The
impacts of electronics production have been evaluated at an individual component level.

Vestas operates sophisticated real-time diagnostic tools and sensors which measure individual

turbine performance, power output and health status (such as fatigue loading and turbine condition).
These systems operate on over 33,200 wind turbines around the world, correlating to over 66.5 GW
total capacity, which represents around 13 per cent of current worldwide installed wind capacity
(WWEA, 2016). This provides highly detailed and valuable data for specific turbine performance and
site operating conditions, which allows the above assumptions relating to the turbine to be carefully

understood and reflected in the LCA.

Updates over recent LCAs

Several updates have been made in the current LCA since the previous study of the V112 turbine
conducted by Vestas in 2014 (Vestas, 2014b). Most notably, there have been the following updates:

9 The turbine design reflects the complete bill-of-materials for the V112-3.45 MW turbine (Mark

3a) turbine, which has improvements in turbine design and optimisation relating to:

A nominal power rating of 3.45 MW, with an option for higher power mode of 3.6

MW,
increased energy production due power performance optimisation;

> >

repairs of major components have been included for the first time where

previously it was assumed that all service parts were replaced with new parts .

1 Two new indicators for wind turbine Circularity and Product waste are now included.
1 LCA model updates:
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design updates giving product cost-out and reduced material requirements;
Vestas production data has been updated to reflect production in 2015; and
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A CML impact method uses version 4.2 (CML, 2016);

A GaBi datasets updated to version 6.115 for secondary datasets (thinkstep,
2016); and

A Turbine annual energy production reflects IEC top-end wind speed (and not
mid-point wind speed as previous LCAS).

Conclusions and recommendations

Overall, the study represents a robust and detailed reflection of the potential environmental impacts
of a 100MW onshore wind power plant consisting of twenty nine V112-3.45 MW turbines. The LCA is
based upon accurate product knowledge and current state-of-the-art in the field of LCA, both in the
methodologies applied and datasets used to account for environmental impacts, as well as the LCA
tools and software applied. The LCA could further benefit by considering the following:

1 explore improvements in accounting methods for water flows; and

1 explore potential use of other impact assessment methods.

1 periodic and systematic updates of datasets and databases for consistent benchmarking
between product generations.
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Glossary

Abbreviation

Definition

3D CAD

AP

ADPeIements

ADPossil

AEP

BOM

CML

CNC

DCB

DfX

DFIG

EIA

EP

EPD

FAETP

GHG

GWP

HGWL

HTP

IEC

ILCD

ISO

ICT

JRC

KPI

kwh

LCA

LCI

LCIA

three-dimensional computer aided design

acidification potential

abiotic resource depletion (elements)

abiotic resource depletion (fossils)

annual energy production

bill of materials

Institute of environmental sciences (CML), Leiden University, The Netherlands.
computer numerical control

dichlorobenzene

DfX is a GaBi LCA software extension that allows automated import of an entire product bill of
materials (consisting of thousands of parts) into the software LCA model.

double fed induction generator

environmental impact assessment (a complimentary assessment technique to LCA)
eutrophication potential

environmental product declaration

freshwater aquatic ecotoxicity potential

greenhouse gas

global warming potential

high ground water level (referring to water level of turbine foundations)
human toxicity potential

International electrotechnical commission

international reference life cycle data system

International organization for standardization

information and communications technology

Joint research centre

key performance indicator

kilowatt hour

life cycle assessment

life cycle inventory

life cycle impact assessment
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LGWL low ground water level (referring to water level of turbine foundations)

MAETP marine aquatic ecotoxicity potential

MCI material circularity indicator

MVA megavolt amp

MW megawatt

MWh megawatt hour

PCB printed circuit board

POCP photochemical oxidant creation potential
T-CAT technology cost assessment tool

TETP terrestrial ecotoxicity potential

UNEP United nations environment programme
VOC volatile organic compound

Wind plant the wind power plant includes the wind turbines, foundations, site cabling (connecting the

individual wind turbines to the transformer station) and site equipment (e.g. transformer station)
up to the point of the existing grid.
Wind turbine the wind turbine refers to the turbine itself and excludes the foundation and other site parts.

wiw weight for weight
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1. Introduction

The present Life cycle assessment (LCA) is the final reporting for the electricity produced from a
100MW onshore wind power plant composed of Vestas V112-3.45 MW turbines. Vestas Wind
Systems A/S (hereafter called Vestas) has prepared the report and the underlying LCA model. This
study conforms to the requirements of the 1ISO standards for LCA (ISO 14040: 2006, ISO 14044:
2006) and has undergone an external critical review according to ISO TS 14071 (2014) to assure the
robustness and credibility of the results, conducted by Prof. Dr. Matthias Finkbeiner.

The 3MW turbine platform was first put into operation in 2010 as a 3.0 MW turbine (Mark 0) and is
currently at the Mark 3 version, with around 4200 turbines installed worldwide, representing around
13 GW of total installed capacity. Since the initial launch of the 3MW turbine platform there have
been significant improvements in design and turbine optimisation which are captured in the current
assessment of the Mark 3a version.

1.1 Background

As part of the V e s t oagoidg sustainability agenda, previous LCAs have been conducted for a
number of wind turbines. The current LCA builds upon a history of conducting LCAs of Vestas
turbines since 2001.

The present LCA represents an update to the previous studies (Vestas, 2014a, 2014b, 2014c, 2014d,
2015a) of the same onshore turbine. This LCA report presents the environmental performance of the
latest V112-3.45 MW (Mark 3a) launched in 2015.

Although LCA often is a comprehensive exercise, as is also the case for the present LCA, in general
it cannot stand alone in the assessment of technologies. Other environmental management
techniques like risk assessment, environmental performance evaluation and environmental impact
assessment are valuable supplementary tools in addressing other types of environmental aspects
(e.g. noise and impacts on fauna). Likewise, other tools may be used to address social and
economic aspects which are not included in environmental LCA.

1.2 Life cycle assessment

LCA addresses the environmental aspects and potential environmental impacts (e.g. use of
resources and environmental consequences of relea
material acquisition through to production, use, end-of-life treatment recycling and final disposal (i.e.

cradle-to grave) as shown in Figure 1.
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Figure 1: Life cycle of a wind power plant
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According to the International Organization for Standardization (1ISO) 14040/44 standards, a LCA

study consists of four phases: (1) goal and scope (framework and objective of the study); (2) life cycle
inventory (input/output analysis of mass and ener
chain); (3) life cycle impact assessment (evaluation of environmental relevance, e.g. global warming
potential); and (4) interpretation (e.g. optimisation potential) (ISO 14040, 2006 and ISO 14044, 2006).

This section introduces the goal and scope for the LCA of the onshore V112-3.45 MW turbine.

The V112-3.45 MW turbine is part of the 3MW platform of turbines which includes the V105, V112,
V117, V126 and V136. These five turbines share a significant number of common components
(around 90% of total weight), for example the nacelle, tower and all site parts (cabling, transformer,
etc). The primary difference between the turbines relates to the total diameter of the blades (i.e.
105m, 112m, 117m, 126m or 136m total diameter)and t he nbotecl n@®d mod hdse whi
some differences in construction. Additionally, the turbines operate with different tower heights
depending on the market and wind conditions that they are designed to operate within. The turbines
are built to meet specific wind conditions which range from low to high wind speeds (see Section
3.4.2 for further details). The size of the turbine (e.g. blade diameter and MW rating of generator)
does not alone determine the total amount of electricity production from the turbine, but the siting of
the turbine and the particular wind class that it is operating under (i.e. low, medium or high wind
conditions) is also a dominant factor.

The LCA model, which is developed in the GaBi 7 DfX software (Thinkstep, 2016), has been created
for the dMWnmpl atwhichdBudes many turbine options and design variants which can
be 6sel ecé¢-wpdnyparticulamabine configuration and wind plant setup.

The LCA reflects the complete bill-of-materials for the V112-3.45 MW turbine (Mark 3a) and the main
improvements in turbine design relate to increase in energy production due to increase in wind IEC
class versus Mark 2, as well as nominal generator rating increasing from 3.3 MW to 3.45 MW. Refer
Section 1.2.4 for further details.

1.2.1 Goal and scope phase

In general terms, the goal and scope phase outlines the: rationale for the study; the anticipated use of
the results of the study; the boundary conditions; the data requirements and assumptions made to
analyse the product system under consideration; and any other similar technical specifications.
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The goal of the study is to answer the specific questions that have been raised by the target audience
and the stakeholders involved, whil e considering

The scope of the study definesthe:sy st embés boundary in terms of tec
temporal coverage; attributes of the product system; and the level of detail and complexity addressed
by the study.

1.2.2 Life cycle inventory (LCI) and life cycle impact assessment (LCIA) phases

The life cycle inventory (LCI) phase qualitatively and quantitatively analyses the following for the
product system being studied:

9 the materials and energy used (inputs);

9 the products and by-products generated; and

91 the environmental releases in terms of non-retained emissions to specified environmental
compartments and the wastes to be treated (outputs).

The LCI data can be used to: understand total emissions, wastes and resource-use associated with
the material or the product being studied; improve production or product performance; and be further
analysed and interpreted to provide insights into the potential environmental impacts from the product
system being studied (i.e. life cycle impact assessment (LCIA) and interpretation).

1.2.3 Benchmarking wind turbine performance

Vestas turbines are designed to meet different functional requirements both in terms of onshore and
offshore locations, as well as the wind classes for which they are designed to operate within. The
wind class determines which turbine is suitable for a particular site, and effects the power output of
the turbine. Other site parameters are also important when establishing the performance of a wind
power plant, such as, wind plant size, turbine power output, distance to grid, availability and electrical
losses, amongst others.

The calculation of use-phase power output of the turbine is based on defined wind classes in this
study which allows for a more robust benchmarking of wind power plants.

There are three wind classes for wind turbines which are defined by an International Electrotechnical
Commission standard (IEC 61400-1), corresponding to high, medium and low wind. Each wind class
is primarily defined by the average annual wind speed (measured at turbine hub height), along with
turbulence intensity and extreme winds (occurring over 50 years).

When benchmarking a wind turbine performance from one wind turbine to another it is important that
this is made on an equivalent functional basis, and should only be compared within the same wind
classes for the wind turbine (Garrett, 2012). Annex E provides further details of the wind classes and
shows which Vestas turbines operate in different wind classes.

The current LCA (as with previous Vestas LCAs) has been performed in a way that makes it possible
to compare the impacts of electricity produced from a wind power plant with electricity produced from
power plants based on different technologies.

1.2.4 Improvements over recent LCAs

Several improvements were made in the LCA of the V112 turbine in 2015 compared to the
assessment of the V112 Mark 2 turbine in 2014 (Vestas, 2014b), which are also included in this
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assessment and summarised again below. Several further improvements are also made for this
2015 study, as outlined.

Data improvements:

§§ GaBi 2016 databases (including a software upgrade to GaBi 7) are included as updates in the
current LCAs. Additionally, CML has been updated to version 4.6, January 2016. Overall, these
updates cause relatively small increases or decreases overall in the inventory and impact
assessment results.

9 Vestas production: updates have been made to include Vestas production for year 2015 which
represents production for the entire year.

o Data for consumables at Vestas production units is no longer gathered from 2014 (this
from previous studies of the 3MW platform represents a minor amount (e.g. < 4% GWP of
Vestas production) when compared data for energy use, raw materials, wastes, water and
emissions as a whole.

1 V112 turbine bill-of-materials: the study assesses the latest turbine design for Mark 3a turbine
which includes all components within the turbine (i.e. almost 50,000 lines in the product-tree for
the complete platform) and the associated improvements and changes in product design, for the
latest turbine (Mark 3a), including for example, increased energy production due to power
performance optimisation at nominal power and design updates giving product cost-out and
reduced material requirements. Refer to Section 7 for further details of these changes.

1 Repairs and replacements: lifetime repairs of main components like gearbox and generator have
been included in this study, where a component is repaired or refurbished for a second use*.
Previous LCA studies only included lifetime replacement of parts which assumed all components
were replaced with new parts and there was no repair of components.

9 Electronics mapping: the electronics have been mapped at an individual component-level in this
study rather than at a generic total mass level, as with previous assessments. Vestas designs its
own controllers and holds details of nearly all components used in the turbine, representing for
this LCA around 9,500 lines in the product-tree for one turbine. All these components are
mapped in the current assessment.

Turbine operation improvements:

1 Annual Energy Production: as proposed in previous LCAs of V112-3.3 MW turbine (Vestas,
2015a) and 2MW Platform (Vestas, 2015b,c) there have been some updates to turbine
configuration and annual energy production to better reflect Vestasécommercial offering and
the functional design of the wind turbine. These are fully detailed in Annex H. As such, in
previous LCAs annual energy production was measured at mid-point of the wind class. In the
current LCA the top-end wind speed of the wind class is used which reflect the IEC standards
and functional design of the turbine. This has the effect to increase energy production.

1 Availability: the availability of the wind turbine has improved from 3% to 2% which has the
effect to increase energy production. Availability represents the energy production losses
when the turbine is not running (e.g. due to maintenance operations).

Method updates:

4 The improvement to include repaired/refurbished parts reduces impacts by around 10%-70% across all impact categories
versus assumption of 100% replacement.
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1 Water flows: updates made in 2013 and since to GaBi datasets account for water flows differently
from the previous GaBi databases published in 2006. Whereby water inputs and outputs are
aggregated, as well as inclusion of some nomenclature changes. This has had the effect to
dramatically increase water consumption per kWh generated by the wind plant. In the current
LCAs, adjustments have been made to remove both lake water and river waterfrom t he & non
i mpact 6 i ndi-usa(teferrto Section 5.3),ag welt as being removed from the complete
power plant inventory, shown in Annex G. These adjustments aim to give consistency with
previous LCAs using the 2006 GaBi databases, which reflect similar results as previous LCA
studies.

Indicator improvements:

1 Product waste: a new performance indicator is included in the report to indicate the amount of
materials that are not recyclable (or reusable) at turbine end-of-life. The indicator is quantified as
grams of (non- recyclable) material per kWh. It relates to the turbine-only. Part of the reason for
its introduction is to avoid the conflict that Recyclability indicator has with other impacts measured
per kWh (for example grams COz-e per kWh). For example, when optimising turbine design then
material weight is removed from components; however, if, for example, steel is saved from the
tower then all potential impacts per kWh improve, whilst recyclability is made worse. The Product
waste indicator essentially measures the non-recyclable material and avoids this conflict.
Additionally, when used for product improvement it encourages both more efficient utilisation of
materials per kWh, as well as selection of more recyclable materials. It should be noted that this
indicator does adopt a life cycle perspective but is calculated at the product bill-of-material level.

9 Circularity indicator: a new indicator is included to estimate the circularity or the restorative nature
of the product flows. This indicator relates to the turbine-only and has a value from 0-1; where 1
means a product is fully circular and 0 means a product is entirely linear. This indicator is based
on the Ellen MacArthur Foundation method (EMF, 2015) in the context of a circular economy. |t

is used for the first time in a LCA by Vestas with the aim to understand how to measure product-
level circular material flows considering::

9 using feedstock from reused or recycled sources

9 reusing components or recycling materials after the use of the product
9 keeping products in use longer (e.g., by reuse/redistribution)
1

making more intensive use of products (e.g. via service or performance models)

Given this scope, it is evident that improving the MCI of a product or a company will not
necessarily translate as an improvement of the circularity of the whole system. Nonetheless, a
widespread use of this methodology could form part of such a systems improvement.

It should be noted that this indicator does adopt a life cycle perspective but is calculated at the
product bill-of-material level. Refer to Section 5.3.6 for further description and indicator limitations.
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2. Goal of the study

The goal of this study is to evaluate the potential environmental impacts associated with production of
electricity from a 100MW onshore wind plant comprised of twenty nine V112-3.45 MW wind turbines
from a life cycle perspective. A 100MW plant represents a typical plant size for these turbines. This
assessment includes the production of raw materials, fabrication and assembly of the wind turbine by
Vestas and its suppliers, site parts (e.g. transformers, grid connections, cabling, etc.), use-phase
replacements, repairs, servicing and losses (e.g. transformer losses, etc.), end-of-life treatment and
transport. Thestudyas sesses a Ot ypi daes$ndtmake any compamativo ut and
assessments with other wind turbines or electricity generation methods. As a consequence, the

results of the study are not intended to be used in comparative assertions intended to be disclosed to
the public.

Nonetheless, since the initial launch of the V112 turbine there have been improvements in design
and turbine optimisation which are reflected in the current assessment, which primarily relate to
increased power rating from 3.3 MW to 3.45 MW resulting in higher electricity generation, increase in
wind class, design updates giving product cost-out and reduced material requirements and increase
in wind class for the turbine. Additionally, the turbine has an option to operate in 3.6 MW power mode
(which is analysed in Section 7 for sensitivity analysis).

The environmental impacts evaluated in this study include a range of commonly applied LCA impact
categories, such as global warming potential and abiotic resource depletion, as well as other, non-
impact indicators, such as recyclability and water-use. These are listed in Section 3.8 and further
explained in Annex A.

The wind plant size, power output and other site parameters (e.g. distance to grid, etc.) are chosen to
repr es e nt onshoré wind plantcansigting of V112-3.45 MW turbines. As mentioned in
Section 1.2.3, the calculation of use-phase power output of the turbine is based on wind classes,
which allows for a more robust benchmarking of wind power plants.

The results of the study will be used by Vestas to:

1 inform senior management involved in decision making processes;

1 identify optimisation and improvement areas for technology and product development
within Vestas;

9 to support environmental reporting at a product-level,

1 to develop a framework for product LCAs at Vestas to integrate environmental
considerations in product design, target setting and decision making: and

1 develop marketing materials to communicate environmental the environmental
performance of their products to their customers and other stakeholders.

Hence, the main audience for the study results will be:

1 customers of Vestas;

internal Vestas Wind Systems A/S;

investors of Vestas Wind Systems A/S; and

other stakeholders and members of the general public with interests in renewable energy
from wind and its associated potential environmental impacts.

=A =4 =4
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3. Scope of the study

This study is a cradle-to-grave LCA, assessing the potential environmental impacts associated with
electricity generated from a 100MW onshore wind power plant comprising of Vestas V112-3.45 MW
wind turbines over the full life cycle.

This includes extraction of raw materials from the environment through to manufacturing of
components, production of the assembled wind turbines, logistics, power plant maintenance, and
end-of-life management to the point at which the power plant is disposed and returned to the
environment (or is reused or recycled). Production and maintenance of capital goods (i.e. used for
manufacture of turbine components) have been excluded from the scope of this study, unless
specifically noted. However, power plant infrastructure itself is included in the study, i.e. those parts
relating to cabling, roads, etc. needed to construct a complete wind power plant. Figure 2 shows the
system boundary for the for the wind power plant system.

Figure 2: Scope of LCA for a 100MW onshore wind power plant of V112-3.45 MW turbines

Fuel, energy and raw Turbine components Transportation Wind power plant Wind power plant Wind power plant
material extraction manufacturing: set-up operation end-of-life
and processing.
- Vestas produced
i _, components | ! e |- = =
- Purchased :
components

T L1 T T

The following processes have been considered:

9 Production of all parts of the wind plant: (a description of main components can be found
in Annex B). This includes parts that are manufactur ed by Vestasdé factorie
supplier fabricated parts. Most of the information on parts and components (materials,
weights, manufacturing operations, scrap rates) was obtained from bills of materials, design
drawings and supplier data, covering over 99.9% of the turbine mass.

T Manufacturing pr oc e s:wkichindudes bothshe Hestds glebalt e s
production factories (i.e. for casting, machining, tower production, generator production,
nacelle assembly and blades production), as well as other Vestas activities (e.g. sales,
servicing, etc.)

1 Transport: of turbine components to wind plant site and other stages of the life cycle
including, incoming raw materials to production and transport from the power plant site to end-
of-life disposal,

1 Installation and erection: of the turbines at the wind power plant site, including usage of
cranes, onsite vehicles, diggers and generators;

i Site servicing and operations (including transport): serviced parts, such as oil and filters,
and replaced components (due to wear and tear of moving parts within the lifetime of a wind
turbine) are included;
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1 Use-phase electricity production: including wind turbine availability (the capability of the
turbine to operate when wind is blowing), wake losses (arising from the decreased wind
power generation capacity of wind a certain distance downwind of a turbine in its wake) and
transmission losses; and

1 End-of-life treatment: of the entire power plant including decommissioning activities.

3.1 Functional unit

The function of the wind power plant is the production of electricity including its delivery to the
electricity grid.

It is important to consider the wind conditions onsite when assessing the potential environmental
impacts from a wind plant. The Vestas V112-3.45 MW wind turbine has been designed to operate
under high wind conditions and for this study, high wind conditions (IEC 1A) have been selected as
the baseline scenario.

Refer to Section 3.4.2 for further details of turbine electricity generation.

The functional unit for this LCA study is defined as:

1 kWh of electricity delivered to the grid by a 200MW wind power plant.

The total electricity production of the 200MW wind power plant is 9121 GWh over a 20 year plant lifetime which results
in a reference flow of 1.09642E-10

The functional unit and reference flow have been derived on the design lifetime of the power plant (of
20 years), along with the total energy produced over the lifetime based on electricity production in
high wind conditions. Refer to Section 3.4.2 and Annex E for further details.

It is also worth noting that the functional unit could have been derived on the dotal electricity
productionbbasis (i.e. total electricity over the lifetime of the plant), but it has been chosen to define
the functional unit in this study on a @nit of electricity deliverybbasis (i.e. per one kWh).

Please also note that the functional unit is for electricity delivered to the electricity grid, as with other
Vestas LCAs, and not delivered to the consumer. If this study should be used for comparison with
electricity delivered to the consumer, then grid distribution losses should be considered.

3.2 System description

The wind power plant itself includes the wind turbines, foundations, cabling (connecting the individual
wind turbines to the transformer station) and the transformer station, up to the point of existing grid as
shown in Figure 3.

The boundaries of the wind plant are taken to be the point at which the electrical power is delivered to
the existing distribution grid.
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Figure 3: Scope of the power plant components

System boundary

Internal cables

Onshore wind power plant

Table 1 gives an overview of the baseline wind power plant assessed in this life cycle assessment,
which is further described in detail throughout Section 3.

Table 1: Baseline wind plant assessed

Description Unit Quantity
Lifetime years 20
Rating per turbine MW 3.45
Generator type - Induction
Turbines per power plant pieces 29

Plant size MW 100

Hub height metres 94

Rotor diameter metres 112

Wind class
Tower type

Foundation type

High IEC1A)*

Steel

Low ground water

level (LGWL)
Production @ 7.5 m/s (low wind) MWh per turbine per year -
Production @ 8.5 m/s (medium wind) MWh per turbine per year -
Production @ 10.0 m/s (high wind) MWh per turbine per year 15725
Grid distance km 20
Plant location - Europe

Vestas production location

Global average

Note: The above figure for electricity production includes all losses, assuming and availability of 98%, total plant electrical
losses up to grid of 2.5% and average plant wake losses of 6.0%.
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*The scope of the V112 Mk3 design is to increase the turbine wind class and MW rating in order to reduce the levelised cost
of energy and to increase product competiveness within the higher wind class.

3.2.1 Life cycle stages

The entire life cycle of a wind plant can be separated into individual life cycle stages, as shown in
Figure 4 used for this study.

Figure 4: Life cycle stages of atypical onshore wind plant including typical activities

Manufacturing } Wind Plant set up } Site Operation } End of Life

+ Production of turbine + Transport of components + Power production + Dismantling
components tosite + Servicing and maintenance + Scappage

+ Production of foundation + Installation of components + Replacement parts - Recycling
components including foundations, roads, . etc + Incineration

+ Production of site transformer and cabling . etc
transformer . etc

+ etc

The life cycle of the wind plant has been modelled using a modular approach corresponding to the
life cycle stages shown in Figure 4. This allows the various life cycle stages of the wind plant to be
analysed individually.

An overview of the modelling approach of each of the life cycle stages is presented in Section 3.7.

3.2.1.1 Manufacturing

This phase includes production of raw materials and the manufacturing of wind plant components
such as the foundations, towers, nacelles, blades, cables and transformer station. Transport of raw
materials (e.g. steel, copper, epoxy, etc.) to the specific production sites is included within the scope
of this study.

3.2.1.2 Wind plant set up

This phase includes transport of wind plant components to site and installation and erection of the
wind power plant. Construction work on site, such as the provision of roads, working areas and
turning areas, also falls under this phase. Processes associated with laying the foundations, erecting
the turbines, laying internal cables, installing/erecting the transformer station and connecting to the
existing grid are included in the scope of the study.

This study provides an update over previous LCAs for the power plant layout (i.e. of cable lengths
and specification of the high voltage cables used for inter-connecting the turbines in the wind plant).

Transport to site for installation of the wind power plant includes transport by truck and by sea vessel.
Vestas has established global production facilities that operate within their global region to service
that particular region. As such, transport reflects a reasonable description of the current supply
chain. The current LCA uses truck and sea vessel fuel consumption (and vehicle utilisation) with
specific data for the transport of the various turbine components (such as, tower sections, blades and
the nacelle).
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As part of the sensitivity (see section 7.2.4) analysis, a best-case and worst-case approach has been
assumed.

3.2.1.3 Site -operation

The site-operation phase deals with the general running of the wind turbine plant as it generates
electricity. Activities here include change of oil and filters, and renovation/replacement of worn parts
(e.g. the gearbox) over the life time of the wind plant. The transport associated with operation and
maintenance, to and from the turbines, is included in this phase and has been updated to reflect
typical vehicles and servicing.

3.2.1.4 End-of-life

At the end of its useful life the wind plant components are dismantled and the site is remediated to
the agreed state (which is usually specified as a condition of obtaining planning permission and may
vary from site to site). It has been assumed in this LCA that any land use change (e.g. resulting in
the removal of vegetation for set-up of the plant) is restored to original site conditions. This reflects a
common condition for site permits. The end-of-life treatment of materials is also considered in this
phase. Waste management options include: recycling; incineration with energy recovery; component
reuse; and deposition to landfill. The LCA model for disposal of the turbine accounts for specific
recycling rates of different components, depending on their material purity and ease of disassembly,
based upon industry data. Section 3.4.4 provides further details of end-of-life treatment and section
7.2.8 presents a sensitivity analysis on this issue.

3.2.2 Technology coverage

This study assesses the production of the Vestas V112-3.45 MW wind turbine, transportation of
components to site, erection of wind turbines/wind plant set up, site operations/maintenance, as well
as dismantling and scrapping of the wind plant components at end-of-life. These processes have
been modelled based on state-of-the-art technologies used by Vestas.

3.2.3 Temporal coverage

The reference year for this study is 2015 which was chosen as it is the most representative and the
most recent year for annual throughput of turbines. The time period for service/maintenance
represents the typical 20 year design life. The V112-3.45 MW (Mark 3a) turbine represents the most
recent model of turbine. For turbine production at Vestas facilities a global production for the
calendar year of 2015 is selected for this LCA study as it is deemed the most complete and
representative of the supply chain. Refer to Section 1.2.4.

3.2.4 Geographical coverage

For the purpose of this study atypicalivi rt ual 0 Wasbeabn gsdessatt Theaint ieto give
an overall picture of wind power production rather than to assess any particular location. The actual
electricity output is based on wind classes (described in Annex E). Nonetheless, specific sensitivity
analyses have been conducted to assess the importance on the overall impacts for both:

1 transport distances to the site; and
1 distance to the grid for delivered electricity.

The geographical C 0V e r a gpemaahf reldtes ® a Buvopeant scenario) forwi n d

example, relating to the following:
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9 the production of metals (iron, steel, copper and aluminium) uses European average datasets
(such as those from worldsteel), of which the wind turbine is constituted around 89% metals
by weight;

9 other material production datasets are European-focused, such as those used for polymer
and composite production (e.g. Plastics Europe), as well as concrete; and

1 end-of-life recycling also uses European datasets (such as those from worldsteel) for
crediting.

For Vestas operations, the following is assumed:

1 Vestas manufacturing of the turbine represents the weighted average of all Vestas global
production facilities in 2015;

1 turbine transport represents Vestas global footprint for transport i which is based on Vestasd
approachtofibe i n t he r e g,ioffering &regionatshpplyahangi on o

The above European data covers the majority of flows with environmental significance. Datasets
selected are considered the most comprehensive and representative of the supply chain and dataset
selection take a conservative approach to estimate impacts. This is further discussed in Annex D.

3.2.5 Data collection / completeness

Previous LCAs of Vestas turbines show that the most significant environmental impacts will typically
arise during manufacturing of the turbines and final disposal of the turbines. Conversely, the
operation of the turbine does not directly contribute in a significant way to overall environmental
impacts, except that electricity production and turbine lifetime are significant factors when assessing
the impacts per kWh of electricity produced (PE, 2011 and Vestas, 2006, 2011a, 2011b, 2011c,
2013a, 2013b, 2014a, 2014b, 2014c, 2014d, 2015a). Therefore, data collection has focused on
procuring as precise data as possible for the production and disposal stages of the life cycle.
Additionally, other areas have been updated for this LCA relate to the wind plant layout, the
composition of electronics and controls used in the turbine, and the recycling efficiencies at end-of-
life.

Primary data have been collected from Vestas and from their suppliers. These primary data have
been sourced through close co-operation with relevant functions at Vestas within their production
processes, taken from item lists, via technical drawings, from the 3D CAD system used for
component design, and from supplier declarations in the form of technical specification documents.

Instances where primary data have been used in this study include:

1 materials composition of Vestas produced wind plant components;

1 manufacturing process for Vestas produced wind plant components (e.g. casting and
machining);

9 utilities and materials consumption for Vestas production sites;

1 materials composition of larger purchased components of the wind plant, such as, the
gearbox and transformer, etc. (directly from suppliers);

1 transport of Vestas components to erection site (fuel and vehicle utilisation data from
suppliers);

9 utilities and materials consumption for wind plant site preparation, operation and
maintenance;
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electricity production of the wind plant based on measured data for turbine performance and
using the Vestas software that forecasts power output; and

electrical losses in the entire power plant (for transformers, site cables and turbine electricity
consumption, etc) from Vestas; and

recycling rates of specific components used in the turbine.

Where primary data have not been readily available from Vestas or component suppliers, secondary
data have been used to fill these gaps. Secondary data have also been used to account for
background processes that are upstream in the supply chain.

Instances where secondary data have been used in this study include:

= =4 -4 =4

T

country-specific electricity grid mix information;

production of primary materials (e.g. steel, iron, aluminium, fibre glass, plastic granulates);
transport processes for raw material inputs;

material composition of smaller standard purchased items (e.g. seals, washers, hex-nuts,
screws and bolts);

manufacturing processes for smaller standard purchased items (e.g. plastics injection
moulding, thread turning and stamping); and

end-of-life processes, for example, the landfill, incineration and recycling of steel.

Most secondary datasets are supplied by Thinkstep (2016) and also include secondary sources from
industry association, such as:

=A =4 =8 =4

worldsteel;

Eurofer;

European aluminium association; and
Plastics Europe.

Details of data source and discussion of data quality is shown in Annex D.

3.3 Cut-off criteria

The following cut-off criteria were used to ensure that all relevant potential environmental impacts
were appropriately represented:

1

T

Mass 1 if a flow is less than 1% of the mass at a product-level, then it may be excluded,
provided its environmental relevance is not of concern.

Energy i if a flow is less than 1% of the energy at a product-level, then it may be excluded,
provided its environmental relevance is not a concern.

Environmental relevance 1 if a flow meets the above criteria for exclusion, but is considered
to potentially have a significant environmental impact, it has been included. All material flows
which leave the system (emissions) and whose environmental impact is higher than 1% of the
whole impact of an impact category that has been considered in the assessment, shall be
included.

The sum of the neglected material flows shall not exceed 5% of total mass, energy or
environmental relevance, at a product-level.
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Over 99.9% of the total mass of materials in the V112-3.45 MW turbine (i.e. covering all parts of the
turbine-only, excluding foundation, site cables and site parts) has been accounted for, covering
around 25,000 components that make-up the entire turbine. Scaling of the turbine up to 100% of
total mass has not been conducted. Additionally, all site parts, foundations and cables are also
included in their entirety for the complete wind power plant. As such, the LCA includes all materials
and all components of environmental significance, with around 99.95% of the entire power plant
accounted for by mass. The cut-off-criteria applied in the secondary data is addressed in the
respective documentation (Thinkstep, 2016).

3.4 Assumptions

This section outlines the primary assumptions used in the LCA which affect the environmental
performance of the wind power plant.

3.4.1 Lifetime of turbine and site parts

The lifetime of the wind plant is assumed to be 20 years. This corresponds to the design lifetime of
the V112-3.45 MW turbine and applies to all components of the wind plant, except for certain
replacement parts. However, as the wind turbine industry is still relatively young (starting up in 1979)
the actual lifetime of a particular wind plant is uncertain and some variance around this assumed 20
year figure is expected. For instance, Vestas has direct knowledge of a number of its turbines
exceeding the design life time of 20 years. Additionally, other site components such as the site
cabling and foundations may have a significantly longer useful lifetime (around 50 years). The effects
of varying the lifetime of a wind plant on potential environmental impacts are discussed in Section 7.

3.4.2 Electricity production

A typical site for a V112-3.45 MW turbine with a high wind of 10 m/s with a 94m hub height is
assessed for the LCA, which represents, for example, a realistic site placement in Europe. Table 1
shows the electricity production from the power plant.

Based on typical high wind speed curves, the electricity production from a 200MW onshore wind
power plant of V112-3.45 MW turbines is 9121 GWh over 20 years (equivalent to 15725 MWh per
turbine per year).

All electrical losses are included up to the grid, including within the turbine, transformer station and
site cables. These are estimated to be 2.5% based on Vestas plant layout for medium voltage (MV)
of 36kV cables connecting between the turbines and a 20km distance to grid with a voltage of 110kV.
The wake losses (which result from turbine losses downstream of each other) are also included
within the above electricity production figures which represent an average 6% loss for this turbine and
power plant size. Turbine availability losses are also included which represent the time the turbine is
not operating (e.g. due to site maintenance), which represents 2.0% total loss. Previous LCAs
assumed average availability loss of 3.0%, but this has significantly improved due to improved
reliability.

Table 2 shows the electricity production, as delivered to the grid, for the V112 turbines.
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Table 2: Electricity production

Turbine Wind Wind Location Grid Per turbine Per 100MW plant
class speed distance per year (AEP) per 20 years
ms?t km MWh GWh
2@3{345 MW High 10 Onshore 20 15725 9121

Source: Vestas internal data for the electricity production of the wind turbine. This is based upon actual turbine test data for
a typical power production curve and using analysis software (based on T-CAT) of the specific turbine performance. The
annual energy production is reported in increments of 0.25 ms™* within the different wind classes and total electricity
production is determined over the range of 0 ms™ to 25 ms™ of the entire power curve for the specific turbine. Note: The
above figure for electricity production includes all losses, assuming and availability of 98%, total plant electrical losses up to
grid of 2.5% and average plant wake losses of 6.0%.

3.4.3 Materials Input

At the time that this study was carried out, it was not possible to obtain reliable data on the degree of
recycled content of materials used in the product system. As such, it has been assumed that all
materials entering the production system are sourced from primary material; however, for iron, steel,
aluminium and copper, the secondary (or scrap metal) inputs to primary production have been
adjusted to assign a burden to all secondary metal inputs (using primary production or worldsteel
6scrap val ued f Thisprovides a fair abhdureprsemadivie approach to assess the
impacts of metal production and recycling. See Section 3.4.4 for further details of recycling
approaches adopted in the LCA.

The V112-3.45 MW turbine does not use rare earth elements (i.e. neodymium and dysprosium) in the
turbine generator, but uses a Single Fed Induction Generator (SFIG) that is primarily constructed of
iron/steel and copper. There is some use of rare earth elements within the turbine tower for attaching
internal fixtures. The production of these materials is based on specific production datasets for their
sourcing from Europe and Asia.

3.4.4 End-of-life treatment

End-of-life treatment of the turbine is extensive and detailed. It is assumed that the entire turbine is
Acol | ec tendtd-lifea Howeverehe entire turbine is not recycled homogeneously; as further
explained below.

All large metal components that are primarily mono-material (e.g. tower sections, cast iron frame in
nacelle, etc.) are assumed to be 98% recycled. Other major components, such as generator,
gearbox, cables and yaw system parts are 95% recycled and all other parts of the turbine are treated
as shown in Table 3.
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Table 3: End-of-life treatment of turbine components not already mentioned in the text
Material Treatment Credited material datasets*

Steel 92% recycled + 8% landfilled Value of scrap from worldsteel.
No further distinction made between
material grades.

Aluminium 92% recycled + 8% landfilled Aluminium ingot mix (2010).
No further distinction made between
material grades.

Copper 92% recycled + 8% landfilled Copper mix (global) from Thinkstep
International.
No further distinction made between
material grades.

Polymers 50% incinerated + 50% landfilled No credit assigned.

Lubricants 100% incinerated (no energy No credit assigned.
recovery assigned)

All other materials (including concrete) 100% landfilled No credit assigned.

*Refers to the general datasets used for end-of-life crediting for these material groups for the entire turbine and wind plant

The information for recycling rates of turbine components comes from the full recycling of a nacelle of
a Vestas turbine (Vestas and Averhoff, 2012), along with expert judgement and data obtained from
previous LCA studies performed by Vestas. This represents an update from previous LCA studies of
this turbine platform. Material losses from the recycling process itself are calculated on top of these
recycling rates.

At end-of-life, full credits are given for the material recovered (i.e. relating only to metal parts made of

steel, iron, copper and aluminium), whi ch i s based upon an O6avoided
credits for recycldétng.app@grho ac @ v (elaok apgroachymplaed c | o s
supported by the metals industry (Atherton, 2007; PE International 2014), and is consistent with ISO

14044 and for purposes of environmental modelling, decision-making, and policy discussions

involving recycling of metals.

Additionally, the use of an avoided impacts approach provides a business measure to drive-up the
total recyclability of the wind turbine, which can be accurately measured using the LCA models;
allowing Vestas to promote business activities in this area, for example by focusing on
recycling/reuse of non-metallic parts, such as composite blade materials, controllers and polymers.
Details of turbine recyclability can be found in Section 5.3.4.

However, it is also recognised that, from a scientific perspective, that a decycled-contentéapproach

for crediting may also be applied to wind turbines (Garrett, 2012). As such, Section 7.2 presents the

LCA results if a o6recycl e derecapplied.eThis i®basepyponthac h f or
standard industry datasets (such as worldsteel) which contain average recycled content for metal

materials and therefore represent an estimate for the actual situation for a Vestas turbine, as the

exact recycled content of all the turbine parts is not known.

The datasets for landfill disposal relate to the material type being disposed to sanitary landfill, for
example, for generic polymers or steel and aluminium material for metals. The datasets for
incineration of lubricants does not include a credit for thermal energy recovery, while incineration of
plastics relates to a glass-filled nylon polymer type, also with credits for energy recovery.
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3.4.5 Sulphur hexafluoride (SFs) gas

Sulphur hexafluoride is a very potent greenhouse gas which is used in switchgears for medium- and
high-voltage applications. The gas acts as an electrical insulator for the operation of the switchgear.
Each turbine contains a switchgear and they are also used onsite for connecting the turbines and
transformer substation.

For the switchgear application this usually only becomes an issue if the gas is released into the
environment during a blow-out. Occurrences of blow-outs are extremely rare and have not been
modelled in this study. During normal operation the turbine switchgear may potentially release up to
0.1% w/w of the sulphur hexafluoride per year, accounting for a potential 2% w/w total release over
20 years of operation. The potential effect of a blow-out is assessed in the sensitivity analysis, as
shown in Section 7.2.7.

At end-of-life the switchgears are collected and the sulphur hexafluoride gas is reclaimed for reuse in
new equipment. Vestas has established procedures and is working in partnership with customers
and suppliers to assure the safe disposal of switchgears used in Vestas power plants. Based on
supplier data it is estimated that a maximum of 1% w/w of the SFs gas may be released to
atmosphere during the reclamation and recycling process at end-of-life. Vestas estimates that 95%
of all switchgears will be returned for reclamation at end-of-life. The remaining 5% are assumed to
have all the sulphur hexafluoride gas released to atmosphere at end-of-life.

3.4.6 Foundations

There are two basic kinds of foundations for onshore wind turbine towers depending on the ground
water level, as follows:

1 high groundwater level (HGWL): indicates a (maximum) groundwater level equal to the level
of the terrain, which requires more concrete and steel reinforcement; and

91 low groundwater level (LGWL): low ground water scenario (requiring less concrete and steel
reinforcement).

The low groundwater level case has been chosen as the base case as it is more representative of the
majority of wind power plant sites. The size of the foundation will also vary depending on the turbine
tower height and the wind class for the V112-3.45 MW turbine, which affects the mechanical loads on
the foundation. These variations are also accounted for in the study.

3.4.7 Electrical/electronic components in turbine

This study provides an update over previous LCA studies, whereby all individual electronic
components and printed circuit boards have been mapped much more accurately on an individual
part-by-part basis. All controllers on the turbine were mapped specifically for component types, such
as, resistors, capacitors, integrated circuits, etc according to component size and specification.
Vestas designs the electronic controllers and components on the turbine and as such it was possible
to map all component types on the turbine, covering around 9500 parts for the entire platform.

3.4.8 Transport

Transport steps that have been included in this study are described below:
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1 Transport associated with incoming raw materialst o Vest aso6 suppliers i
600km by truck, except for foundation concrete materials where 50km is assumed. This
covers the transport from raw material manufacturers to Vestas suppliers.

1 Transport associated with incoming large components to Vestas production sites is
assumed to be 600km by truck. This accounts for 90% of turbine mass (excluding foundation)
and covers the transport of the components fro

1 Transport associated with moving wind plant componentsf r om Vest atwthe f act o
site are given in Table 4 below.

Table 4: Transport of wind plant components from Vestas to the wind plant site

Component Truck (km) Ship (km)
Nacelle 800 0
Hub 800 0
Blades 800 600
Tower 500 6200
Foundation 50 0
Other site parts 600 0

Note: transport distances assume a German plant location and the supply chain distances are based on average sales for
2015. Foundations and other site parts are estimated distances by Vestas. Refer to Section 7.2.4 for a sensitivity analysis
of another transport scenario.

1 Transport associated with end-of-life recycling or disposal assumed to be 200km to a
regional recycling or disposal operator, except for foundation concrete materials where 50km
is assumed.

1 Transportation of maintenance crew to and from the site during servicing operations is
updated based on servicing data and is estimated to be 2880 km per plant per year.

The current LCA also uses truck and sea vessel fuel consumption (and vehicle utilisation) with
specific data for the transport of the various turbine components (such as, tower sections, blades and
the nacelle). These are based on measured data and specific distances with actual wind turbine
transports. A scenario analysis on the transport of components to the wind plant has been carried
out to determine the significance of these activities in the context of the full life cycle, assuming a
likely best-case and worst-case approach.

3.4.9 Vestas-owned wind plants

As part of its corporate profile and as a means of reaching both company and product specific
environmental targets, Vestas in 2015 achieved the 100% WindMade (2015) accreditation. As part of
reaching the 100% WindMade accreditation Vestas made significant investment in and retained
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credits from Vestas-owned wind plant located in Romania with the intent of balancing out non-
renewable electricity consumed elsewhere in Vestas.

From a business perspective, this LCA aims to provide an important tool to both measure and
incentivise the respective product-level and business-unit-level environmental targets; and to
demonstrate traceability across these levels for improvements achieved.

Assuch,Vestas intended to show how itds ambitious

sourcing 100% renewable electricity) extends to also impact upon its products performance, from a
life cycle perspective in the current LCA study. However, according to the definitions in the ISO

14000 series(e.g. 14040 and 14067) this credit is essent.i

co

al

standard for carbon footprinting, thisi s a fimechani sm for compensating

carbon footprint through the prevention of the release of, reduction in, or removal of an amount of
greenhouse gas emissions in a process outside
Footprint Standard 1SO 14067 clearly states that these offsets cannot be calculated into the baseline
result, but only reported separately.

From the perspective of ISO 14040, to which the assessment is reviewed against for ISO conformity,
a similar constraint applies, requiring that fdouble-counting has to be avoidedq which is clearly
recognised by the authors as essential in conducting any assessment.

Nonetheless, Vestas intends to take a robust and transparent approach in conducting life cycle
assessment and the credit for investing in Vestas-owned wind plants is not included in the baseline
LCA results; however, a sensitivity analysis is presented in Section 7.2 which includes this credit.

3.5 Allocation

Wind turbines have electricity as the single appreciable product output. However, since Vestas
produces several models of turbines and production data were collected at a factory level for all
global production facilities, allocation was required to assign the correct production burdens (from the
different manufacturing locations) to the particular wind turbine model. Similarly, allocation is used to
assign the proportion of credits from Vestas-owned wind plants to the particular turbine model, based
on a MJ per MJ basis. This is described in Annex C. Also refer to Annex F.3 for information on
allocation procedures in the secondary datasets.

3.6 Inventory analysis

This LCA study follows an attributional, process-based approach, which focuses on quantifying the
relevant environmental flows related to the wind power plant itself and describes the potential impacts
of the power plant based on physical material and energy flows®.

The life cycle inventories generated for each product are compiled from the inputs and outputs of the
component processes. All environmentally relevant flows of energy and materials crossing the

he

Note: in contrast, a oO6consequenti al approachd to conducting

not aim to describe the i mpacts of the actual wind powe
deci si on sitdrise from instattingdghe wind power plant. For example, how will electricity consumers react to
purchasing the quantity of available of wind energy, et
study.
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system boundaries have been accounted for (e.g. energy, material resources, wastes and
emissions). These flows are recorded for each unit process and summarised across the entire wind
power plant system.

The GaBi LCA software and databases together with GaBi DfX were used to model the scenarios
and to generate the life cycle inventories and impact assessments on which the study conclusions
are based. The DfX software extension allows import of a complete product bill-of-materials (BOM)
into a LCA model, which represents a state-of-the-art tool for carrying out LCAs (Thinkstep, 2016).

3.7 Modelling the life cycle phases

Modelling of the life cycle begins with a bill-of-materials (containing a part-tree of the entire turbine).

Each part is associated with a material, manufacturing process and country of origin. This is

extremely extensive, where a selected BOM (i.e. excluding all turbine options) for the V112-3.45 MW

turbine accounts for around 25,000 parts. Modellingthismany components AclCAvent.i
is not practicable. However, using GaBi DfX allows this BOM to be imported into the LCA software

where materials and manufacturing processes are mapped to individual components in the complete

BOM.

Vestasd manufacturing pr oanlytheenargy dnd tcossunzables linked®at e d
these life cycle inventories (as turbine parts are already included in the BOM). Site operations are
modelled similarly.

The LCA software generates a @roduct modeléthat includes all the material and energy resources
involved in the production of the turbine, including material losses from the production processes and
possible internal recycling loops.

The DfX software also provides the functionality to disassemble the entire turbine (or parts of it) into
its source components. This allows for an extremely detailed end-of-life model to be created that is
part-specific. This feature is used for the end-of-life treatment of the turbine where certain parts that
can be more easily dismantled and recycled will receive higher efficiencies than the rest of the
turbine.

3.8 Impact assessment categories and relevant metrics

The selection of the impact categories assessed in this study is representative of those impacts that
are likely to arise from a wind plant system, based on the CML (2016) baseline characterisation
factors for mid-point potential impacts. For example, the selected impact categories cover those
associated with metal production, fabrication and recycling (of which the turbine itself is constituted of
around 89% metals), as well as other materials contained with the turbine and power plant, such as
concrete, polymers and composite materials. Ozone depletion potential (ODP) has been omitted
from the selected impact categories as this is not considered to be a significant issue since the
introduction of the Montreal Protocol in 1987 which has drastically reduced both the consumption and
emission of ozone depleting substances (UNEP, 2007). Previous LCAs (published from 2010 to
2015) used the CML 2009 version.

The following environmental impact categories and non-impact indicators are evaluated in the LCA:

Environmental impact categories (based on CML method):
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Abiotic resource depletion (ADP elements)
Abiotic resource depletion (ADP fossils)
Acidification potential (AP)

Eutrophication potential (EP)

Freshwater aquatic ecotoxicity potential (FAETP)
Global warming potential (GWP)

Human toxicity potential (HTP)

Marine aquatic ecotoxicity potential (MAETP)
Photochemical oxidant creation potential (POCP)
Terrestrial ecotoxicity potential (TETP)

=4 =4 =4 4 -4 -4 4 - -8 A

Non-impact indicators (not based on CML method):

Primary energy from renewable raw materials (net calorific value)
Primary energy from resources (net calorific value)

Water consumption

Turbine recyclability (not life cycle based, turbine only)

Product waste (not life cycle based, turbine only)

Turbine Circularity (not life cycle based, turbine only)

=A =4 =4 4 -4 4

The impact modelling method used is that developed and maintained by the Centre for
Environmental Science, Leiden University (CML, 2016) and which is incorporated into the GaBi LCA
software tool. The chosen CML-method has been used in the current and previous LCAs by Vestas
to give robust results for mid-point potential impacts. It is noted that CML contributed to the more
recent ReCipE impact assessment method; and it is recognised that other impact assessment
methods may be beneficial as they develop or become appropriate. However, a recent
harmonisation whitepaper of 16 industry associations still recommends CML as an equally proper
choice, as well as ReCiPe (PE, 2014).

Annex H describes in full detail the assumptions to establish the baseline to assess wind turbine
performance, including the datasets and impact methods, as well as turbine and wind plant
configuration. The results presented in Annex H include the following updates:

9 impact assessment using the Product Environmental Footprint (EC, 2012).

In relation to the indicator for water-use, adjustments have been made to the Thinkstep 2016
datasets in order to give a consistent approach used with previous LCAs (PE 2011, Vestas 2011a,
2011b, 2011c, 2013a, 2013b, 20144, 2014b, 2014c, 2014d, 2015a), where in the 2006 datasets river
water and lake water were treated differently.

The CML impact categories focusontheso-c al | ed @A mi d p o i-effecschaino This ménes
that they aggregate data on emissions (the starting points in the cause-effect chain) and characterise
their potential impacts in various categories (e.g. global warming, acidification, etc.), but do not go as
far as to assess the endpoints, such as loss of biodiversity, damage to human health, etc. caused by
these impacts. As such, the impact assessment results generated are relative expressions and do
not predict impacts on category end-points, the exceeding of thresholds, safety margins or risks.

These impact categories occur on different geographical scales, ranging from global impacts (such
as GWP) to regional impacts (such as acidification potential) and local impacts (such as, aquatic
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toxicity or human toxicity potential), and the relevance of the point of emission becomes more
important the more localised the impact that is being considered. For example, one kilogram of
carbon dioxide emitted anywhere in Denmark will give the same contribution to global warming as
one kilogram of carbon dioxide emitted anywhere else in the world; whereas for more regionally
confined impact categories, only emissions that occur in that location will have a measurable impact.
As such, results generated using these impact categories should be considered to be worst-case
potential impacts rather than actual impacts on the environment. Further details on the impact
indicators can be found in Annex A.

For t hiemplarmitators assessed in the LCA some additional comments should also be noted
in relation to water use and water footprinting. There is a new standard to provide the framework for
internationally harmonised metrics for water footprints: 1SO 14046, Water footprint i Requirements
and guidelines (ISO, 2014). This complements existing standards for life cycle assessment (i.e. ISO
14040/44), as well as others for product carbon footprints and greenhouse gas (GHG) accounting
and verification.

At present, an LCA study only accounts for freshwater consumption - meaning the net balance of
water inputs and outputs of freshwater for production and disposal processes. However, for this to
be treated more thoroughly further consideration should be made regarding types of water used,
inclusion of local water scarcity, as well as differentiation between watercourses and quality aspects
(Berger, 2010), which will aid more accurate decision making.

Also, in general, a life cycle assessment does not address some other environmental concerns, such
as the potential impacts of land use, noise and local impacts on flora and fauna. In general, a LCA
should not stand alone in the assessment of technologies; but other environmental management
techniques, such as risk assessment and Environmental Impact Assessment (EIA), are valuable tools
that address these environmental concerns. These types of assessments are normally conducted as
part of the local permitting and planning process for installation of the wind power plant.

Additionally, it is noted that guidance already exists for preparing an Environmental Product
Declaration (EPD) based on ISO 14025 (2006b) for electrical energy via the Product Category Rules
(Envirodec, 2015) for electricity generation and distribution. In general, those rules align with the
current LCA in terms of functional unit, system boundaries and general data quality requirements.
Although the current LCA has not adopted the EPD approach, but is in conformity with ISO 14040/44
(2006). Some differences in approach arise where end-of-life and recycling credits are excluded from
the EPD boundary (but a recycled-content approach is adopted in the EPD), as well as the reporting
of results, for example, where the EPD includes reporting of potential impacts both to the point of
existing grid (as this LCA does), as well as to the point of the consumer (i.e. defined by voltage
delivered). Some additional indicators are also reported within the EPD, such as waste generation,
noise, land-use, impacts on biodiversity, as well as environmental risk assessment, which are not
included in the LCA.

No normalisation, grouping, ranking or weighting have been applied to the results.

3.9 Interpretation

The interpretation stage of the LCA has been carried out in accordance with the main steps defined
in ISO (20064a) for life cycle assessment, which includes an assessment of the significant
environmental flows and environmental impacts based upon the results of the life cycle inventory
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(LCI) and life cycle impact assessment (LCIA). The most significant turbine components, life cycle
stages and inventory flows (substance extraction and emissions to/from the environment) are
identified and assessed.

An evaluation of both the completeness and consistency of datasets and assumptions has been
qualitatively evaluated in the LCA. The LCI datasets have been qualitatively assessed based on the
requirements shown in Table 5.

Table 5: Data quality requirements for inventory data

Parameter

Description

Requirement

Time-related coverage

Desired age of data and the minimum
length of time over with data should be
collected.

Data should represent the situation in 2015 and
cover a period representing a complete calendar
year.

Geographical coverage

Area from which data for unit processes
should be collected.

Data should be representative of the Vestas global
supply chain.

Technology coverage

Technology mix.

Technology (for manufacture, product usage and
end-of-life management) should be representative
of global supply conditions and technology.

Precision

Measure of the variability of the data
values for each data category expressed.

No requirement specified.

Completeness

Assessment of whether all relevant input
and output data are included for a certain
data set.

Specific datasets will be compared with literature
data and databases, where applicable.

Representativeness

Degree to which the data represents the
identified time-related, geographical and
technological scope.

The data should fulfil the defined time-related,
geographical and technological scope.

Consistency

How consistent the study methodology

The study methodology will be applied to all the

has been applied to different components components of the analysis.

of the analysis.

Reproducibility

Assessment of the methodology and data, The information about the methodology and the

and whether an independent practitioner
will be able to reproduce the results.

data values should allow an independent
practitioner to reproduce the results reported in the
study.

Sources of the data

Assessment of data sources used.

Data will be derived from credible sources and
databases.

Sensitivity analyses have also been conducted to better understand the scale and importance of
uncertainties in data and of the modelling assumptions for the wind power plant system. The
following sensitivity analyses have been carried out for this study:

44



variation in wind power plant lifetime: + 4 years;

variation in frequency of parts replacement;

operating the 100MW wind plant under 3.6 MW power mode;

varying the transport distances for components to wind plant erection site;

varying the distance of the wind plant to the existing grid taking into account corresponding

cable losses;

1 changing the type of foundation used from low ground water level type to high ground water
level type;

1 incidence of a potential turbine switchgear blow-out; and

1 potential effects of method used for crediting recycling of metals.

= =4 =4 4 =4

Additionally, the major conclusions and recommendations for improvement have been identified
(refer to Section 7). The study limitations are highlighted throughout the report, where relevant.

As part of the interpretation of the study, reference has also been made to recent LCA guidance and
documents, including:

9 ILCD handbook: General guide for life cycle assessment (EC, 2010); and
1 UNEP Global Guidance Principles for Life Cycle Assessment Databases (UNEP, 2011).

3.10 Report type and format

This report will be made available electronically via the Vestas website.

3.11 Critical review

The outcomes of this LCA study are intended to support external communication. In order to assure
the rigour of the study and robustness of the results, an independent critical review of the study
according to ISO TS 14071 (2014) has been conducted.

The goal and scope of the critical review is defined in accordance with ISO 14044, paragraph 6.1.
Following ISO 14044, the critical review process shall ensure that (ISO, 2006b):

the methods used to carry out the LCA are consistent with this International Standard;
the methods used to carry out the LCA are scientifically and technically valid;

the data used are appropriate and reasonable in relation to the goal of the study;

the interpretations reflect the limitations identified and the goal of the study; and

9 the study report is transparent and consistent.

= =4 -8 =

Prof. Dr. Matthias Finkbeiner has been nominated by Vestas based on his expertise in the field of
sustainability and his experience of reviewing technical LCA studies. The review is performed as a
critical review by an external expert according to paragraph 6.2 of ISO 14044 (2006a), as the study is
not intended for comparative assertions intended to be disclosed to the public. The review is
performed at the end of the study and excluded an assessment of the life cycle inventory (LCI)
model, as well as an assessment of individual data sets.
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4  Material breakdown of V112-3.45 MW wind power plant

Table 6 and Table 7 present the material breakdown for the complete onshore 200MW wind power
plant of V112-3.45 MW turbines. The entire power plant is included in the presented inventory, with
the exception of replacement parts. Additionally, Figure 5 shows the percentage breakdown of wind
turbine-only and Figure 6 shows the material breakdown for the entire wind power plant by mass.

The complete life cycle inventory results for the power plant is shown in Annex G, divided into
substance flows and reported per main life cycle stage.

Figure 5: Material breakdown of V112-3.45 MW turbine-only (% mass)

Steel and iron materials (87%)
‘l Aluminium and allovs (1%}
\ W Copper and alloys (0.7%)
Pobymer materials (4%)
M Glass and carbon composites (6%)
m Concrete (0%)
Electronics / electrics (1%)
m Qil and coolant (0.4%)

m Mot specified (<0.1%)

Figure 6: Material breakdown of 100MW power plant of V112-3.45 MW turbines (% mass)

Steel and iron materials (24%)
Alurninium and allowvs (0.5%)
B Copper and alloys (0.3%)
Polymer materials (1.8%)
B Glass and carbon composites (1.2%)
m Concrete (72%)
Electronics / electrics (0.2%)

m Qil and coolant (0.1%)

m Mot specified (<0.1%)
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Table 6: Material breakdown of 100MW power plant of V112-3.45 MW turbines (units shown in tonne or kg per total wind plant)

Material classification Unit Turbines Foundations Site cables Site Site
switchgears  transformer
Steel and iron materials (total) tonne 11072 2616 0 6 32
Unalloyed, low alloyed tonne 7985 2407 0 0 0
Highly alloyed tonne 1054 209 0 5 32
Cast iron tonne 2033 0 0 0 0
Steel and iron materials (unspecified) tonne 0 0 0 0 0
Lights alloys, cast and wrought alloys (total) tonne 130 0 166 0 0
Aluminium and aluminium alloys tonne 130 0 166 0 0
Nonferrous heavy metals, cast and wrought alloys (total) tonne 93 2 43 2 8
Copper tonne 91 2 43 2 8
Copper alloys tonne 2 0 0 0 0
Polymer materials (total) tonne 485 2 373 0 1
Process polymers (total) tonne 21 0 0 0 0
Lacquers tonne 21 0 0 0 0
Adhesives, sealants tonne 0 0 0 0 0
Other materials and material compounds (total) tonne 760 40457 1 0 4
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Modified organic natural materials tonne 3 0 0 0 3
Ceramic / glass tonne 752 0 1 0 1
Concrete tonne 0 40457 0 0 0
SF6 Gas kg 234 0 0 42 0
Magnets tonne 5 0 0 0 0
Electronics / electrics (total) tonne 95 0 0 0 0
Electronics tonne 25 0 0 0 0
Electrics tonne 70 0 0 0 0
Lubricants and liquids (total) tonne 54 0 0 0 13
Lubricants tonne 38 0 0 0 13
Coolant / other glycols tonne 16 0 0 0 0
Not specified tonne 5 0 0 0 0
Total mass tonne 12706 43078 584 8 58
Total number of pieces 29 29 1 6 1
Mass of piece tonne 438 1485 584 1 58

Not e: the materi

al

b r ebaukidlotwon

m aespsr  ecs fand Exdedasphmeduetioa wpskes ar parts for servicing.
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Table 7: Material breakdown of 100MW power plant of V112-3.45 MW turbines (units shown in mg or pug per kwWh)

Material classification Unit Turbines Foundations Site cables Site switchgears Site transformer
Steel and iron materials (total) mg per kWh 1214 287 0 1 4
Unalloyed, low alloyed mg per kWh 876 264 0 0 0
Highly alloyed mg per kWh 116 23 0 1 4
Cast iron mg per kWh 223 0 0 0 0
Steel and iron materials (unspecified) mg per kWh 0 0 0 0 0
Lights alloys, cast and wrought alloys (total) mg per kWh 14 0 18 0 0
Aluminium and aluminium alloys mg per kWh 14 0 18 0 0
Nonferrous heavy metals, cast and wrought alloys (total) mg per kWh 10 0 5 0 1
Copper mg per kWh 10 0 5 0 1
Copper alloys mg per kWh 0 0 0 0 0
Polymer materials (total) mg per kWh 53 0 41 0 0
Process polymers (total) mg per kWh 2 0 0 0 0
Lacquers mg per kWh 2 0 0 0 0
Adhesives, sealants mg per kWh 0 0 0 0 0
Other materials and material compounds (total) mg per kWh 83 4436 0 0 0
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Material classification Unit Turbines Foundations Site cables Site switchgears Site transformer
Modified organic natural materials mg per kWh 0 0 0 0 0
Ceramic / glass mg per kWh 82 0 0 0 0
Concrete mg per kWh 0 4436 0 0 0
SF6 Gas Hg per kWh 26 0 0 5 0
Magnets mg per kWh 1 0 0 0 0

Electronics / electrics (total) mg per kWh 10 0 0 0 0
Electronics mg per kWh 3 0 0 0 0
Electrics mg per kWh 8 0 0 0 0

Lubricants and liquids (total) mg per kWh 6 0 0 0 1
Lubricants mg per kWh 4 0 0 0 1
Coolant / other glycols mg per kWh 2 0 0 0 0

Not specified mg per kWh 1 0 0 0 0

Total mass mg per kWh 1394 4723 64 1 6

Note: the materi al b r ebakidlotwin mnaespsr eosfe ntthse tphoew edra sp | aar partsdan skrviging.c | ude s
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5 Impact assessment

5.1 Summary of results

Table 8 presents the total potential environmental impacts associated with an onshore 100MW wind
power plant of V112-3.45 MW turbines, covering the entire power plant over the life cycle. An
additional breakdown of the results is shown in Section 5.2, which provides an assessment of each
impact category by life cycle stage. Annex A contains a description of the impact categories

assessed in the study.

Table 8: Whole-life environmental impacts of V112-3.45 MW plant (in g, mg or MJ per kWh)

Environmental impact categories: Unit Quantity per functional
unit of 1 kWh

Abiotic resource depletion (ADP elements) mg Sb-e 0.10
Abiotic resource depletion (ADP fossils) MJ 0.06
Acidification potential (AP) mg SO2-e 21
Eutrophication potential (EP) mg POs-e 2.4
Freshwater aquatic ecotoxicity potential (FAETP) mg DCB-e 38
Global warming potential (GWP) g COz-e 5.3
Human toxicity potential (HTP) mg DCB-e 1032
Marine aquatic ecotoxicity potential (MAETP) g DCB-e 615
Photochemical oxidant creation potential (POCP) mg Ethene 2.6
Terrestrial ecotoxicity potential (TETP) mg DCB-e 31

Non-impact indicators:
“Primary energy from renewable raw materials MJ 0.01
*Primary energy from resources MJ 0.07
Water consumption g 46
“Return-on energy Number of times 45
"Turbine recyclability (not life cycle based, turbine only) % (w/w) 86%
"Product waste (not life cycle based, turbine only) g 0.16
***** Turbine Circularity (not life cycle based, turbine only) - 0.63

* Net calorific value

**Basedon6 Net energyd calculation defined in Section 6.

*** Rounded up or down to the nearest half percentage point.
**** Refer to Section 5.3.5

*++* Based on circularity indicator calculation defined in section 5.3.6
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Figure 7 presents the potential environmental impacts for raw material and component production
stages of the life cycle, inducing servicing, maintenance during operation (i.e. all life cycle stages
excluding end-of-life). The results show that for the turbine components, the nacelle, tower, site parts
and foundations contribute most significantly to all environmental impact indicators. The next most
significant components are the blades, gear & mainshaft and the hub. Vestas factories contribute
around 3% t015% across all impact categories. It should be noted that transport, where this occurs,
is included for each part and has not been disaggregated.

Figure 7: Production and use-phase environmental impacts of V112-3.45 MW
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5.2  Analysis of results: impact categories

The results for each impact category are described in further detail in the following sections,
identifying the potential impacts by life cycle stage of the wind power plant, and major contributing
components and substances. Table 9 shows the results for each impact category, for the following
main life cycle stages:

manufacture: includes raw material extraction through to factory gate and transport to site;
plant set-up: includes roads and onsite installation equipment (e.g. cranes, generators, etc);
operation: includes power plant maintenance, servicing and transport; and

end-of-life: includes decommissioning, recycling and waste disposal.

= =4 =4 4

Annex A contains a description of the impact assessment methods and impact categories evaluated
in this LCA.
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Table 9: Whole-life environmental impacts of V112-3.45 MW by life cycle stage (units shown in g, mg or MJ per kWh)

Impact category Unit Manufacture Plant setup Operation End-of-life Total
Abiotic resource depletion (ADP elements) mg Sb-e 0.17 0.00 0.01 -0.07 0.10
Abiotic resource depletion (ADP fossils) MJ 0.08 0.00 0.00 -0.03 0.06
Acidification potential (AP) mg SO2-e 28 0 0 -8 21
Eutrophication potential (EP) mg POs-e 25 0.1 0.0 -0.2 2.4
Freshwater aquatic ecotoxicity potential (FAETP) mg DCB-e 38 1 1 -2 38
Global warming potential (GWP) g COz-e 7.5 01 01 24 5.3
Human toxicity potential (HTP) mg DCB-e 3547 6 26 -2549 1032
Marine aquatic ecotoxicity potential (MAETP) g DCB-e 1686 4 9 -1084 615
Photochemical oxidant creation potential (POCP) mg Ethene 3.8 0.1 0.0 -1.3 2.6
Terrestrial ecotoxicity potential (TETP) mg DCB-e 30 0.1 0.7 -0.1 31

Non-impact indicators:

“Primary energy from renewable raw materials MJ 0.01 0.00 0.00 0.00 0.01
“Primary energy from resources MJ 0.09 0.00 0.00 -0.02 0.07
Water consumption g 67 1 1 -23 46

* Net calorific value
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5.2.1 Abiotic resource depletion (elements)

Abiotic resource depletion (elements) provides an indication of the potential depletion (or scarcity) of
non-energetic natural resources (or elements) in the earthd s ¢ suah sigiron ores, aluminium or
precious metals, and it accounts for the ultimate geological reserves (not the economically feasible
reserves) and the anticipated depletion rates. It is measured in mass of antimony equivalents.

Figure 8 shows the potential impacts by life cycle stage for abiotic resource depletion (elements) per
kWh of electricity produced by the power plant. The manufacturing stage dominates the life cycle.
This is primarily driven by use of metals, such as silver (32%), lead (29%), zinc (11%), copper (9%)
and molybdenum (9%). This potential impact mainly relates to copper usage, along with use of high-
alloy steels in the nacelle parts, such as generator and gearbox, etc. Silver consumption is
principally driven by copper usage and to a small extent by electronics. The end-of-life phase also
has a significant overall contribution, providing an environmental credit for the recycling of metals
(around -43%), where production of these materials is avoided. The end-of-life stage is dominated by
the recycling of copper and steel. The impact from operation relates primarily to replacement parts
over the lifetime of the turbine.

The contribution of rare earth elements (such as neodymium and dysprosium) used in the magnets
for tower fittings, make a negligible contribution to total resource depletion. The turbine generator
does not use permanent magnets or rare earth metals.

Figure 8: Contribution by life cycle stage to Abiotic resource depletion (element) per kWh
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5.2.2 Abiotic resource depletion (fossil)

Abiotic resource depletion (fossil) provides an indication of the potential depletion (or scarcity) of non-
renewable resources (except for nuclear power resources) that are non-living, measured in terms of
energetic value (as MJ.

Figure 9 shows the potential impacts by life cycle stage for abiotic resource depletion (fossil) per kWh
of electricity produced by the power plant. The manufacturing stage dominates the potential impacts
for the abiotic resource depletion (fossil), which is primarily driven by production of the turbine (74%),
followed by the foundations (11%) and site cables (6%). Within production, the tower, nacelle and
blades contribute most significantly to this impact category. Overall, the impacts relate to the
consumption of oil (37%), natural gas (32%) and coal (23%) for the production of metals and
polymers. End-of-life also provides significant environmental credits relating to avoided resource
depletion associated with recycling of metals (of around -30%).

Figure 9: Contribution by life cycle stage to Abiotic resource depletion (fossil) per kwh

0.1
0.08
0.06
0.04

MJ

0.02

-0.02 @

-0.04 N
&

55



5.2.3 Acidification potential

Acidification potential provides a measure of the decrease in the pH-value of rainwater and fog, which
has the effect of ecosystem damage due to, for example, nutrients being washed out of soils and
increased solubility of metals into soils. Acidification potential is generally a regional impact and is
measured in mass of sulphur dioxide equivalents.

Figure 10 shows the potential impacts of acidification per kWh of electricity produced by the power
plant. The manufacturing stage of the power plant dominates this impact category, which primarily
relates to production of the tower (48%), nacelle (10%), foundations (11%) blades (9%) and site
cables (5%). The emissions to air of sulphur dioxide (62%) and nitrogen oxides (35%) associated
with the production of iron and steel are the primary contributing substances.

The end-of-life phase also has a significant overall contribution, providing an environmental credit (of
around -28%) for the recycling of metals, which avoids production of these materials. Similarly, the
substances driving the environmental credit for end-of-life relate to the avoidance of sulphur-dioxide
and nitrogen-oxide emissions to air.

Figure 10: Contribution by life cycle stage to Acidification potential per kWh
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5.2.4 Eutrophication potential

In general terms, eutrophication potential provides a measure of nutrient enrichment in aquatic or
terrestrial environments, which leads to ecosystem damage to those locations from over-enrichment,
and is measured in mass of phosphate equivalents.

Figure 11 shows the potential impacts of eutrophication per kwWh of electricity produced by the power
plant. As with other impact categories, it is the manufacturing stage of the power plant that
dominates the overall life cycle. The environmental credits associated with end-of-life are relatively
small for this category. The principal turbine components contributing to eutrophication potential are
the tower (44%), nacelle (8%), blades (14%), foundation (10%) and gear and mainshaft (5%).
Additionally, installation and decommissioning processes contribute around 3%, as well as shipping
transport of the towers (28%). Over the complete life cycle, the primary substances contributing to
eutrophication are the emissions to air of nitrogen oxides (79%), nitrous oxide (3%) and inorganic
emissions to fresh water (10%). The relatively low credit at end-of-life for this impact category (in
comparison to other impact indicators) relates to the relatively lower contribution of steel production
to this impact category which corresponds to lower credits for steel recycling.

Figure 11: Contribution by life cycle stage to Eutrophication potential per kWh
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5.2.5 Freshwater aquatic ecotoxicity potential

Freshwater aquatic ecotoxicity potential, in general terms, refers to the impact on fresh water
ecosystems, as a result of emissions of toxic substances to air, water and soil, and is measured in
mass of dichlorobenzene equivalents.

Figure 12 shows the potential impacts of freshwater aquatic ecotoxicity per kWh of electricity
produced by the power plant. The manufacturing stage dominates the life cycle impacts, with the
production of site parts (mainly cables) (30%), nacelle (13%), gear and mainshaft (5%), hub (5%),
blades (8%), foundation (13%) and tower (13%). For the cables, it is the production of polymer
materials (polyvinylchloride and polyethylene), which results in the emission of polychlorinated
dibenzo-p-dioxins to fresh water, that contributes around 30% of total life cycle impacts. While other
contributing substances relate to the release of heavy metals (45%) to water and to air, such as
molybdenum, nickel, vanadium and copper. These heavy metal releases result from the production
processes for metals used in the turbine and anchor cage of the foundation. The environmental
credit for end-of-life is also associated with the avoidance of heavy metal release to air and water
(around -3%) from recycling.

Figure 12: Contribution by life cycle stage to Freshwater aquatic ecotoxicity potential per kWh
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5.2.6 Global warming potential

Global warming potential impacts result in a warming effectoft he ear t hdés surface dt
of greenhouse gases into the atmosphere and is measured in mass of carbon dioxide equivalents.

Figure 13 shows the potential impacts of global warming per kWh of electricity produced by the
power plant. As with other impact categories, it is the manufacturing stage that dominates the life
cycle, with the production of the tower (33%), nacelle (11%), gear and mainshaft (9%), foundations
(17%), blades (12%) and cables (4%), being the primary components contributing to this impact
category. Vestas production and operations contribute around 5% of the global warming impacts.
The end-of-life phase also has a significant contribution (-32%), providing environmental credits
associated with avoided metal production of iron, steel, copper and aluminium. The emission to air of
carbon dioxide (92%) is the primary contributing substance, which results from the combustion of
fuels in production of the turbine raw materials, as well as methane (6%) resulting from steel
production. Other lesser contributing substances to global warming potential include the release of
sulphur hexafluoride gas to air (1%) from improperly disposed switchgears, and nitrous oxide (1%)
from various production processes, including glass fibre production used in the blades.

Figure 13: Contribution by life cycle stage to Global warming potential per kWh
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5.2.7 Human toxicity potential

Human toxicity potential, in general terms, refers to the impact on humans, as a result of emissions of
toxic substances to air, water and soil, and is measured in mass of dichlorobenzene equivalents.

Figure 14 shows the potential impacts of human toxicity per kwh of electricity produced by the power
plant. The manufacturing stage dominates the life cycle impacts, with the production of site parts
(40%), nacelle (20%), gear and mainshaft (3%), hub (3%) and towers (21%) being the principal
contributing components. The end-of-life phase also provides a large environmental credit (around -
71%) from the recycling of metals. The main contributing substances to human toxicity are the
release to air of heavy metals (38%), such as arsenic and nickel, which result, for example, from the
production of stainless steel materials. The emissions of hon-methane volatile organic compounds to
air contribute around 41%, while the emission to fresh water of molybdenum (2%) and
polychlorinated dibenzo-p-dioxins (5%) also contribute to this impact category.

Figure 14: Contribution by life cycle stage to Human toxicity potential per kWh
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5.2.8 Marine aquatic ecotoxicity potential

Marine aquatic ecotoxicity potential, in general terms, refers to the impact on marine water
ecosystems, as a result of emissions of toxic substances to air, water and soil, and is measured in
mass of dichlorobenzene equivalents.

Figure 15 shows the potential impacts of marine aquatic ecotoxicity per kWh of electricity produced
by the power plant. As with the other toxicity impacts presented the LCA, it is the manufacturing
stage dominates the life cycle impacts. The potential impacts for marine aquatic ecotoxicity are
primarily due to emissions of hydrogen fluoride to air (83%) from both aluminium and steel production
processes, where the aluminium is used in the site cables, and steel throughout many parts of the
turbine. The remaining impacts primarily result from emissions of heavy metals to air (9%), fresh
water (3%) and sea water (2%), which result, for example, from the production of stainless steel
materials. The end-of-life stage also offers substantial environmental credits (around -64%), which is
mainly associated with the avoided emissions of hydrogen fluoride to air from aluminium and steel
production.

Figure 15: Contribution by life cycle stage to Marine aguatic ecotoxicity potential per kWh
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5.2.9 Photochemical oxidant creation potential

Photochemical oxidant creation provides a potential indication of low level oxidant formation, also
known as summer smog, which damages vegetation and in high concentrations is toxic to humans.

Figure 16 shows the potential photochemical oxidant creation per kWh of electricity produced by the
power plant. The results show that manufacturing stage dominates the life cycle, which is primarily
related to the tower (38%), nacelle (8%), gear and mainshaft (6%), foundation (12%), blades (12%)
and hub (4%). The main contributing substances are carbon monoxide (18%), nitrogen oxides
(16%), sulphur dioxide (20%) and VOCs (47%) from steel and aluminium production processes.
End-of-life recycling provides a credit of around -34% of potential impacts. Vestas production and
operations contribute about 10% overall to this impact category.

Figure 16: Contribution by life cycle stage to Photochemical oxidant creation potential per
kwWh
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5.2.10 Terrestrial ecotoxicity potential

Terrestrial ecotoxicity potential, in general terms, refers to the impact on terrestrial ecosystems, as a
result of emissions of toxic substances to air, water and soil, and is measured in mass of
dichlorobenzene equivalents.

Figure 17 shows the potential impacts of terrestrial ecotoxicity per kWh of electricity produced by the
power plant. As with other impact categories in the LCA, the results show that the manufacturing
stage dominates the life cycle which is primarily driven by the release of heavy metals to air (93%)
which relates mainly to chromium, mercury, vanadium and arsenic, as well as heavy metal emissions
to soil (4%), . These emissions result from the production of metals used in the turbine, particularly
production of steel and stainless steels in the nacelle (21%), gear and mainshaft (28%), hub (15%),
foundations (9%) and tower (11%). End-of-life recycling provides an overall impact (of around 0.4%)
due to the steel recycling scrap value causes an overall detrimental impact. Vestas production and
operations contribute around 3% in total to this impact category.

Figure 17: Contribution by life cycle stage to Terrestrial ecotoxicity potential per kWh
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5.3 Analysis of results: non-impact indicators
This section provides an analysis of the non-impact related indicators for the life cycle assessment.

5.3.1 Water consumption

Water consumption provides an indication of the net balance of water inputs and outputs of

freshwater throughout the life cycle of the power plant, presented in grams per kWh. This does not
correspond to a water footprint, but represents the net balance of water inputs and outputs of

freshwater for production and disposal processes from the LCI datasets used in the study. Itis

recognised, however, for O6waterd to be treated more thor
regarding types of water used, inclusion of local water scarcity, as well as differentiation between
watercourses and quality aspects (Berger, 2010), in order to aid more accurate decision making.

Refer to Section 3.8 for some further discussion on water footprint metrics and the 1SO standards.

Figure 18 shows the water consumption per kWh of electricity produced by the power plant, which is
primarily related to the manufacturing phase of the life cycle. Within manufacturing, the production of
the tower (25%), foundation (16%), nacelle (11%), gear and mainshaft (10%), blades (14%) and site
cables (4%) are the most significant contributors. The end-of-life stage provides a credit of around -
34%. Water consumption is primarily driven by the production of iron and steel used in the wind
power plant.

Figure 18: Contribution by life cycle stage to Water consumption per kWh
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5.3.2 Primary energy from renewable raw materials (net calorific value)

Primary energy from renewable raw materials gives a measure of the quantity of renewable energy
consumed from hydropower, wind power, solar energy and biomass, measured in MJ.

Figure 19 shows the consumption of primary energy from renewable raw materials per kWh of
electricity produced by the power plant. As with other results in the LCA, the manufacturing stage
dominates the life cycle, with end-of-life also providing a significant credit for this indicator. Within the
manufacturing stage, the most significant components are the site cables (10%), nacelle (14%), gear
and mainshaft (19%), foundation (9%), blades (9%) and Vestas production (around 18%), while end-
of-life also provides around -5% credit. The contributions to this indicator mainly arise from wind
energy, hydropower and solar energy.

Figure 19: Contribution by life cycle stage to Primary energy from renewable raw materials
(net calorific value) per kWh
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5.3.3 Primary energy from resources (net calorific value)

Primary energy from resources provides a measure of the consumption of non-renewable energy
over the life cycle, for example, from coal, oil, gas and nuclear energy, measured in MJ.

Figure 20 shows the consumption of primary energy from resources per kWh of electricity produced
by the power plant. As with other results in the LCA, the manufacturing stage dominates the life
cycle, with end-of-life also providing a significant credit for this indicator.

Within the manufacturing stage, the most significant components are the tower (27%), nacelle (16%),
gear and mainshaft (5%), foundation (8%), blades (16%) and site cables (6%), while end-of-life
provides a -26% credit.

Vestas production contributes around 5% to the total life cycle. The contributions to this indicator
mainly arise from oil (34%), natural gas (30%), coal (21%) and uranium (9%).

Figure 20: Contribution by life cycle stage to Primary energy from resources (net calorific
value) per kWh
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5.3.4 Recyclability (not life cycle based, turbine only)

Recyclability provides a measure of the proportion of the turbine that can be usefully recycled at end-
of-life. It accounts for specific recycling rates of various components within the turbine (refer to
Section 3.4.4) and is measured as a percentage of total turbine mass. The measure only relates to
the turbine itself and excludes the foundations, site parts and other components of the wind plant.
The following equation is used to calculate this indicator:

Turbine recyclability (%) = [sum for all turbine parts] metal recycling rate (%)% x metal part mass (kg)
total part mass (kg)

The overall recyclability of the V112-3.45 MW turbine is 86.0%’. The components contributing to
recyclability relate to metal parts manufactured from iron, steel, aluminium and copper. Overall, the
V112-3.45 MW turbine is constructed from around 89% metals.

Other components within the entire wind power plant (i.e. the non-turbine parts, such as foundations,
site cables, transformer station) are not included in the above indicator. From a LCA modelling
perspective these parts are recycled at varying rates, such as the site cables receive a 95% recycling
rate (as described in Section 3.4.4); however, these non-turbine components are not included in the
6recyclabilityé indicator.

Theuseofa Or ecycl ab i.d usihgyad avoidedlimpadstagproacli to crediting) provides a

very O6busablebd business measure to drive isp the to
accurately measured using the LCA models. This in turn drives business activities, for example by

focusing on recycling/reuse of non-metallic parts, such as composite blade materials, controllers and
polymers.

6 Refer to Section 3.4.4 for the recycling rates for the different metal parts of the turbine.
7 Note: recyclability is rounded up or down to the nearest half percentage point
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5.3.5 Product waste (not life cycle based, turbine only)

Product waste is a new indicator included in this LCA report which provides a measure of the amount
of non-recycled material contained in the turbine at the end-of-life. It accounts for the wind-turbine
bill-of-materials only and is measured as grams of (non-recycled or non-reusable) material per kWh.
The following equation is used to calculate this indicator:

Product waste (g/kwh) = non-recycled material mass (kq)
lifetime energy production of the turbine (MWh)

The overall recyclability of the V112-3.45 MW turbine is 0.16g per kWh. The components
contributing to Product waste relate to all non-metal parts contained in the wind turbine. Overall, the
V112-3.45 MW turbine is constructed from around 11% non-metal components.

This indicator has been introduced to supersede the Recyclability indicator. Recyclability on its own
provides a good measure of the recycled content of the turbine; however, it also presents a conflict
with other impact indicators that are measured per kWh. For example, when optimising turbine
design then it is usually beneficial to reduce quantity of materials needed for a component design;
however, a reduction in the metallic content of the turbine reduces Recyclability but improves other
impacts per kWh. As such, the Product waste indicator avoids this conflict and at the same time
increases focus on strategies to reduce material waste and select more recyclable materials.
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5.3.6 Circularity indicator (not life cycle based, turbine only)

This section presents a new indicator to measure the Circularity of the present Mk3 turbine which is
Vestasé first attempt to measure this new indicat
restorative nature of the material flows of a product in the context of a Circular Economy, giving an

indication of the circular flow of material resources.

The method applied follows the approach published by the Ellen Mc Arthur Foundation (EMF, 2015)
with Granta Designandco-f unded by LI FE, European Uniondés fina

This method aims to indicate the potential utilisation of materials relating to material flows into the
product (i.e. virgin/recycled/reused content), the product lifetime and, lastly, the utilisation of materials
at disposal (i.e. unrecovered/recycled/reused outputs). The indicator contains several aspects and is
built on the following principles:

using feedstock from reused or recycled sources

reusing components or recycling materials after the use of the product

keeping products in use longer (e.g., by reuse/redistribution)

making more intensive use of products (e.g. via service or performance models)

=A =4 -4 =

Indicators covering these drivers aspects are aggregated into a single score, which is not
straightforward to interpret. Given this scope, it is evident that improving the Circularity Indicator of a
product or a company will not necessarily translate as an improvement of the circularity of the whole
system. It should be also noted, that the indicator is not covering the full life cycle of a product and a
product with a better circularity score might be worse in terms of environmental impact.

Specifically, the indicator is developed from the following four main flows:

1. Material input: aim is to maximise input of recycled and reused material content in the product
bill-of-materials

2. Product lifetime: aim is to maximise lifetime measured against industry average

Material output: aim is to maximise recycling and reuse of material at disposal stage

4. Disposal efficiency: aim is to minimise disposal of materials directly to landfill or energy
recovery and minimise leakage of materials from recycling or reuse processes that go to
landfill (i.e. to minimise unrecovered materials)

w

A formulae has been developed (EMF, 2015) which provides a score ranging from 0 to 1, where 1
indicates a maximum circularity (refer to Section 7.1). For this wind turbine, the indicator has been
calculated for the turbine-only and excludes site parts, such as the foundations, site cables, site
switchgears and the balance of plant as well as the other upstream and downstream elements of the
product system according to LCA. This limited scope is consistent with turbine Recyclability and
turbine Product waste indicators (shown in Sections 5.3.4 and 5.3.5).

5.3.6.1 Circularity formula

The Material Circularity Indicator (MCI) is calculated using the following formula as described below
and in Figure21.
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Figure 21: Diagrammatic view of the Material Circularity Indicator based on Ellen Mc Arthur
Foundation (2015)
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Figure 21 identifies the basic product flows which are:

1 Amounts of virgin (V), reused (FuM) or recycled (FrM) feedstock on the input side
1 Amounts of reusable (CuM), recyclable (CrM) and waste fractions (W) on the output side
9 Utility of the product (X)

The Circularity indicator is calculated through the following steps:

1 The linear flow index measures the proportion of material flowing in a linear fashion. These
materials are sourced from virgin materials and finish as unrecoverable waste.

Linear flow index, LFI =

9 Utility measures the duration and the intensely of the product use.

Utility, X = z

1 Material circularity indicator, MCI = 11 LFI * F (X)
This indicator holds a value from 0 to 1 where 1 means a product is fully circular.

Calculation of circularity index of the V112 turbine has been carried out as shown in Table 10.
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Table 10: Circularity index of the V112 turbine

Unit Formula Values
Turbine weight M tonne 438
Virgin feedstock \Y, tonne 0 &8 &B 297
Recycled feedstock Fr.M |tonne | YOI 8¢ 0608 QOMIE NE EAADD I OQE Q | 142
Components reused Fu.M | tonne | Aot included 0
Components collected for | Cu.M | tonne | Not included 0
reuse
Material collected for CrM | tonne | 100% of the turbine is collected for recycling 438
recycling
Material going to Wo tonne |0 @ 'QoG&E OEHMO 61 ©QE Q 49
landfill/lenergy recovery
Waste from recycling WEe tonne | . P 0"'ooY 4
process v 00

Fraction of feedstock from recycled sources, FR:0.32

Efficiency of recycling process used to produce recycled
feedstock for a productEF.0.97

Utility X a QA AW DD 1
Q¢ Q0 DD QM 6 VYA &KAI®DI i

Unrecoverable waste from | Wc¢ tonne P OY 2a QO @HE OETEMO 61 OVEQ 12
recycling
Total waste w tonne | WorWer+Wc 65
Linear flow index LFI 0 0.41
cd w0 wo
C
Material circularity index MCI e (o 0.63
@
5.3.6.2 Discussion and analysis

The data used to calculate recycled material inputs to the wind turbine are based on recycled content
of metals-only in the turbine using global average datasets from GaBi databases (2016). This gives a
recycled input of about 32% of total turbine weight. Reused or repaired components are not currently
included in the measure. The amount of recycled material after turbine-use relates to recycling of
metals-only based on the same assumptions as the Recyclability indicator (see Section 5.3.4 and
3.4.4) which estimates recycling efficiency and losses by major turbine component. This indicates
that 89% of the turbine total weight is usefully recycled at end-of-life. The wind turbine lifetime is
evaluated to be the same as the industry average of 20 years design lifetime.

Based on the method outlined in Section 5.3.6, the Circularity score for the V112-3.45 MW turbine is
0. 63. As such, this estimates that 63% of t he
circular nature, while the remaining 37% of materials act in a linear manner.

Overall, the Circularity indicator calculates a theoretical estimate of circular flows of materials within
the turbine product system.
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Turbine components having a high metal content like towers and bearings are also high in circularity
score because they have a high recyclability at end-of-life, as well as a recycled-content in the input
raw material. However, components heavy with polymers, glass fibres, etc. like blades are generally
low in circularity as they are often made of virgin materials and do not always have viable recycling
processes at end-of-life.

In order to improve Circularity performance the following options may be applied:

1 increase the recycled-content of metals within the turbine;

1 increase recycled-content of other materials in the turbine and select higher recyclable
materials;

9 increase the repairability or reuse of service components;

1 extend or optimise turbine lifetime; and

1 improve efficiency of recycling processes.

As an example, if it were possible to 100% recycle a wind turbine blade then the Circularity indicator
for the V112-3.45 MW turbine would improve from 0.63 to 0.66; or for example, increasing the
recycled-content of steel to 60% (from 37% baseline) would also improve the Circularity score quite
significantly from 0.63 to 0.72.

When considering the boundary of the Circularity indicator it is the same as the non-impact indicators
for Recyclability and Product waste and accounts for the turbine-only. Nonetheless, important
material flows also exist for replaced and repaired components during turbine operation which would
also be relevant to capture in a circularity indicator. Additionally, there are many resource flows in
other parts of the supply-chain, for example up-stream activities for production, where this also may
be potentially relevant.

Data availability would also need to be improved if improvements are to be measured, for example, if
recycled content of metal components is increased then Vestas would need its suppliers to report
specific data, rather than using industry average datasets as currently. Additionally, if (recycled)
material quality were to be measured then this may increase difficulty in data availability.

Although not explored in this LCA, a potential application to wind could be to adopt a circulatory
measure that indicates amount ocfi réccuilracrulnaart enraitaelroi
This would then align the indicator with other environmental impacts per kWh, as well as aligning with
reducing levelised cost-of-energy.

Adopting a circular approach involves taking a systems viewpoint to resource flows rather than only
at a product-level; thus requiring new ways of thinking and wider collaboration to achieve such goals.

Overall, the Circularity of the turbine should be assessed in conjunction with other potential
environmental impacts, such as global warming potential, resource depletion, toxicity impacts, as well
as indicators for return-on energy or water-use, and should not be evaluated in isolation.
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5.4  Analysis of changes compared to previous studies

Section 5.4 presents a general description of the drivers affecting change in environmental
performance of the V112 Mk3 turbine compared to the previous V112 Mk2 model.

Overall, the Mk3 turbine has been designed for a higher wind class (from medium wind to high wind)
which increases plant-level annual energy production by around 23% for the life cycle assessment
(Vestas, 2014b). This has the effect to similarly reduce impacts per kWh. Nonetheless, increasing
wind class also increases wind loading on the turbine requiring a new design and higher material
requirements to accommodate these higher loads. For example, the turbine mass and foundation
mass increase by around 38% at plant-level, which will increase overall impacts per kWh. The
balance-of-plant equipment, installation and decommissioning remain unchanged, with the only
exception that 29 turbines rather 30 turbines are needed for the 100MW reference plant size.
Additionally, there have been data updates to the background datasets (from GaBi 2014 to GaBi
2016 databases), as well as updating the CML impact method (from CML version 3.6 2009 to CML
version 4.2 2016). These data changes have the effect to leave overall results relatively unchanged,
with the exception of several toxicity-related impact categories which increase due to specific
background database updates (e.g. there is an increase in MAETP due to the increase in the
emission of hydrogen fluoride from aluminium manufacture and TETP is increased due to the
increased emission of chromium from cast iron production).

When evaluating the drivers for changes to global warming potential the following overall summary
may be made:

9 increased AEP leads to a 23% reduction in GWP while increase in turbine mass causes
around a 17% increase in GWP. Updates in Vestas production leads to around 1.3% increase
in GWP.

91 the main inventory datasets were checked for changes over the previous LCA model on a per
kg basis e.g. GWP for concrete reduces by 0.1%, GWP for steel plate increases by 0.7%,
GWP for the changed aluminium dataset in plant cables decreases by around 11% and GWP
for cast iron increases about 15%. This has the effect to increase GWP at plant level by
around 2%.

9 the characterisation factors for CML 4.2 (2016) were compared with the previous LCA that
used CML 3.6 (2009). For GWP, there is a 12% increase in the characterisation factor for
methane, 11% decrease in the characterisation factor of nitrous oxide and 3% increase in the
characterisation factor of sulphur hexafluoride. This has the effect to reduce GWP less than
0.6%.

Overall, the primary driver for change in results versus the previous LCA is the increase in AEP due
to increasing turbine wind class and increased generator rating, as well as changes to turbine
material requirements.

A similar trend to GWP is apparent for all other impact categories with exception of TETP and
MAETP, which increase due to data changes resulting in increased emissions of chromium (for cast
iron production) and increased emissions hydrogen fluoride (for aluminium production), respectively.
The HTP impacts change due to change of aluminium dataset versus previous LCA, which now has
higher PAH emissions. Also, some impacts reduce more significantly, for example, for ADP elements
the copper production datasets are changed resulting in reduced impact.
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In summary, the above changes indicate a general overall improvement in turbine design for most
impact categories, with the exception of TETP and MAETP (which increase due to data changes).

However, it should be noted that turbine performance should only be compared within the same wind
class and not from a product-to-same-product perspective (as presented above), because the turbine
is functionally designed for the specific wind class (see Section 1.2.3). Nonetheless, the description
above is provided to give the reader greater transparency of the changes in results compared to
previous life cycle assessments.

Annex J provides an update to Vestas corporate product improvement targets of the Mk3 turbine
which compares different turbines within the same wind class.
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6 Return-on-energy from V112-3.45 MW wind power plant

Section 6 presents the environmental performance of the wind power plant in terms of return-on-
energy over the life cycle of the plant. This provides an indication of the energy balance of power
plant, showing the relationship between the energy requirement over the whole life cycle of the wind
plant (i.e. to manufacture, operate, service and dispose) versus the electrical energy output from the
wind plant. The payback period is measured in months where the energy requirement for the life
cycle of the wind plant equals the energy it has produced.

There are two approaches that have been taken to measure this indicator:

1. Net energy: the energy requirement for the whole life cycle of the wind plant is divided by the
electrical energy output from the wind plant and then multiplied by the power plant lifetime in
months. This is an absolute indicator, as follows:

Net energy payback (months) = life cycle energy requirement of the wind plant (MJ) x 240
electrical energy output from the wind (MJ)

2. Primary energy: the second approach, is to conduct the same equation but to convert the
electrical output from wind into the equivalent primary energy requirement from an example
electricity grid (for example European average grid). This is a relative indicator, as follows:

Primary energy payback (months) = life cycle energy requirement of the wind plant (MJ) x 240
primary energy input of EU average grid (MJ)

Following the net-energy approach, as defined above, the breakeven time of the onshore V112-3.45
MW is 5.4 months for high wind. This may be interpreted that over the life cycle of the V112-3.45
MW wind power plant, the plant will return 45 times (high wind) more energy back than it consumed
over the plant life cycle.

The results of the second approach estimates a theoretical return on primary energy, based on
typical electrical grid mix for different world regions. The approach accounts for the efficiency of the
electricity power stations when determining the primary energy. There is no distinction made here as
to whether base-load energy mix or marginal-load energy mix should be assessed. Nonetheless, the
results show an estimated breakeven point for the V112-3.45 MW wind plant of 2 months for high
wind conditions, for this indicator when assessing example electricity mixes for Europe, Australia and
the United States. The results differ slightly for each region which is a reflection of the primary fuels
used for the particular electricity grid mix, as well as the electricity generation efficiencies of the
power plants in those regions.

Overall, it may be concluded that the det return-on energy approachddoes not include any relative

conversions, which are required for the primary energy approach (as defined above), and therefore
the det return-on energybprovides an absolute indication of performance (Garrett, 2012) and would
be seen as the preferred indicator of energy-investment indicator.
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7 Interpretation

7.1 Results and significant issues

The results described in this report show the environmental profile for the production of electricity
from a wind power plant comprising of twenty nine V112-3.45 MW wind turbines. This LCA is a
comprehensive and detailed study covering over 99.9% of the total mass of the turbine itself, and
over 99.95% of the entire mass of the power plant. The missing mass relates to components in the
power plant where the material was not identified.

Both the life cycle inventory data (presented in Annex G) and the life cycle impact assessment
(shown in Section 5) clearly show that the production phase of the life cycle dominates all potential
environmental impacts and inventory flows for the V112-3.45 MW power plant. Additionally, the
avoided potential impacts associated with end-of-life recycling also provide substantial environmental
credits, which represents the second most important phase in the power plant life cycle. Operation,
maintenance, installation and servicing are much less significant stages in the life cycle.

The impacts of transport of the turbine from Vestas production locations to the wind plant erection
site are also reasonably significant (between 1% and 38% depending per impact category).
Transport includes specific fuel use (and vehicle utilisation) data for the transport of specific turbine
components (for towers, nacelles and blades). These are based on measured data and specific
distances with actual wind turbine transports. These specific datasets result in higher fuel
consumption compared to default containerised-transport models used in previous LCAs of Vestas
turbines (PE 2011 and Vestas 2006, 2006a). Additionally, a sensitivity assessment shows that the
transport of the wind turbine components from their Vestas production locations to a wind plant
erection site, where Vestas does not have regional production facilities, results in reasonably
significant life cycle impacts.

In general, the parts of the turbine that contribute most significantly to the LCI and LCIA results are
the largest metal parts within the power plant (both for the manufacturing and end-of-life phases). In
particular, this relates to the turbine tower, nacelle, blades, site cabling and foundations. Previous
LCA studies of Vestas turbines (PE, 2011, Vestas 2011a,b,c, Vestas 2013a,b, Vestas 2014a,b,c,d,
Vestas, 2015a,b,c) have shown similar results.

When considering Vestas production facilities, the results show that the impacts of fuels, electricity
and consumables contribute around 3% to 15% of all potential environmental impacts. This is similar
in scale to previous LCA studies of Vestas turbines. The LCA is temporally representative of 2015.

In 2015 Vestas achieved the 100% WindMade (2015) accreditation, whereby Vestas invested and
purchased credits in Vestas-owned wind plants located in Romania. However, this electricity
consumption has not been included in this life cycle assessment as it conflicts with the 1ISO standards
for LCA (ISO 14040/44, 2006) and carbon footprint printing (ISO14067, 2013). Refer to Section 3.4.9
for further discussion of this assumption. Nonetheless, the inclusion of this renewable electricity
benefit has been evaluated in a sensitivity analysis.

The contribution of specific substance releases and extractions to/from the environment are not listed
specifically here (refer to Section 5.2); however, the consumption of iron, steel, aluminium and
concrete (in the turbines, site cabling and foundations) are the primary contributors to almost all
elemental flows to and from the environment, and the resulting potential impacts. The careful LCA
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modelling of these materials, both in terms of datasets used for production and recycling, as well as
accurately reflecting the grades of the material used (for example with high alloy steels), is essential
for producing a reliable and accurate study. These assumptions have been accurately reflected in
this life cycle assessment.

The results of the life cycle assessment also indicate the importance of wind plant siting and wind
conditions that the turbines operates under (i.e. medium or high wind classes) which has a
considerable effect on the overall impacts of the power plant, when referenced to the functional unit
of 1 kWh of delivered electricity to the grid. The wind turbine is functionally designed to match the
different wind classes and wind speeds, so it is not always the size of the rotor or the generator rating
(in MW) that determines the electricity production of the turbine; but wind class is a dominant factor.
These effects have been assessed in the sensitivity analysis. For this LCA, the IEC top wind speed
has been chosen for the wind-classes (i.e. high wind speed), which representsat y pi cal oOvi r t
power plant and is a reasonable assumption. This is a change from previous LCAs which used a
mid-point average wind speed per wind class. Nonetheless, higher or lower wind speeds will affect
the LCA results for a specific plant location operating under different conditions.

The power plant lifetime is also a dominant factor when determining the impacts of the electricity
production per kWh from the wind plant. The LCA assumes a lifetime of 20 years which matches the
standard design life; however, the wind turbine industry is still young (starting for Vestas in 1979),
and few turbines have ever been disposed, reaching operational lives of 30 years and over, for other
Vestas turbine models. It is often wear or fatigue of the load-bearing components of the turbine (such
as tower fatigue) which limit the overall turbine lifetime. Many components can be routinely replaced
as part of maintenance, except for the fixed parts (such as the tower, foundation and cables, etc)
which are generally not replaced and may limit the physical lifetime of the plant. Vestas operates
sophisticated real-time diagnostic tools and sensors which measure individual turbine performance
and fatigue and it is possible to predict lifetime of specific components for specific site conditions.
These systems operate on over 33,200 wind turbines around the world, equivalent to around 66.5GW
of global installed capacity, providing Vestas with detailed information. These assessments are also
conducted in the permit and planning phase of a new power plant, which are used accurately to
predict component lifetime for specific site conditions. The plant lifetime, based on these
assessments, informs the business case and contractual arrangements for the development of a new
wind plant. For example, the LCA of the Roaring 40s wind power plant of V90-3.0 MW turbines in
Australia (PE, 2011a) calculated lifetime of the turbine to be 24 years, based on such assessments.
Although these variations occur, the design lifetime for this study of 20yearsf or a t ypi cal 0
plant is considered to be a reasonable and accurate estimate.

The current assessment does not consider the potential impacts of land use change, for example, of
the clearance of vegetation when erecting the turbines or laying cables to connect the wind plant to
the electricity grid. In a site specific study of the Musselroe wind plant in Australia consisting of V90-
3.0 MW turbines (PE, 2013a) the removal of vegetation for overhead lines was included in the
assessment, which indicated a potential maximum worse-case scenario, that contributed around 14%
to the total global warming impacts for that particular wind plant.

Overall, when comparing the scale of environmental impacts, per 1 kWh for the V112-3.45 MW wind
plant, the results are very similar to that of previous LCAs of Vestas turbines. The study, in general,
is considered to be in alignment with LCAs of other Vestas turbines; and it also includes some
additional updates which improve the robustness and accuracy of the overall assessment.
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7.2  Sensitivity analyses

Sensitivity analysis provides a purposeful evaluation of the underlying assumptions, parameters and
methodological choices of the LCA, which aims to provide an understanding of the importance and
scale of the choices made in the LCA. Section 7.2 shows the results of the sensitivity analyses,
which assess the following eleven scenarios:

variation in wind power plant lifetime: + 4 years;

variation in frequency of parts replacement;

operating the 200MW wind plant under 3.6 MW power mode;

varying the transport distances for components to wind plant erection site;
varying the distance of the wind plant connection to the existing grid;
changing the type of foundation used to high ground water level type;
potential incidence of turbine switchgear blow-out;

potential effects of method used for recycling; and

potential effects of Vestas renewable electricity consumption.

© NGO LDNE

These scenarios represent the most significant assumptions made in the LCA study. One new
sensitivity analysis is added to assess the 3.6 MW power mode.

7.2.1 Wind plant lifetime

The lifetime of a wind power plant is designed for 20 years; however, this may vary depending on the
specific conditions of operation, and could be up to 30 years lifetime or over, when considering
performance of other Vestas turbines. Power plant lifetime is an important assumption in the LCA
because environmental impacts are amortised over the lifetime of the turbine per kwh of electricity
generated. As such, changes in lifetime have a substantial overall effect on impacts per kWh
produced by the power plant.

This sensitivity analysis presents the results for a variance of £4 years in lifetime of the power plant.
No account is made for changes to replacement parts and servicing for this variation in plant lifetime,
but this is shown as a separate sensitivity analysis in Section 8.2.2 to indicate the significance of that
assumption.

Table 11 shows that all potential environmental impacts either increase by around 25%, for reduced
lifetime of 4 years, or decrease by around 17%, for an increased lifetime of 4 years. As the results
indicate, the impacts per kWh directly correspond to the power plant lifetime.
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Table 11: Whole-life environmental impacts of varying power plant lifetime (units shown in g,
mg or MJ per kWh)

Environmental impact categories: Unit Reduced lifetime  Baseline Increased lifetime
(16 years) (20 years) (24 years)

Abiotic resource depletion (ADP elements) mg Sh-e 0.12 0.10 0.08
Abiotic resource depletion (ADP fossils) MJ 0.08 0.06 0.05
Acidification potential (AP) mg SO2-e 26 21 17
Eutrophication potential (EP) mg POs-e 3.0 2.4 2.0
Freshwater aquatic ecotoxicity potential (FAETP) mg DCB-e 48 38 32
Global warming potential (GWP) g COz-e 6.6 5.3 4.4
Human toxicity potential (HTP) mg DCB-e 1290 1032 860
Marine aquatic ecotoxicity potential (MAETP) g DCB-e 769 615 513
Photochemical oxidant creation potential (POCP) mg Ethene 3.2 2.6 2.2
Terrestrial ecotoxicity potential (TETP) mg DCB-e 38 31 26

Non-impact indicators:

*Primary energy from renewable raw materials MJ 0.01 0.01 0.01
"Primary energy from resources MJ 0.09 0.07 0.06
Water consumption g 57 46 38

* Net calorific value

7.2.2 Replacement parts

There may be variation in the level of maintenance and the need for replacement parts for any
particular wind turbine power plant. Based on both monitored and calculated data, a typical rate for
the replacement of parts is included in the LCA for the V112-3.45 MW turbine.

This sensitivity analysis evaluates the effects of doubling the frequency of replacement parts, which
represents an extremely conservative estimate, as well as halving replacement parts.

Figure 22 shows the results of the sensitivity analysis which shows that doubling of replacement parts
has the effect of increasing all impact categories in the range of 1% to 4%. The impact category
effected most significantly is abiotic resource depletion elements (+4%), while most other impacts
increase by around 1% to 2%. For abiotic resource depletion elements the increase generally relates
to increased use of high alloy steels, relating to the alloying elements in the steel, such as
molybdenum and chromium.
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Halving the replacement parts has the effect of reducing all impacts between -1% to -2%.

Figure 22: Whole-life sensitivity assessment of doubling or halving replacement parts
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7.2.3 3.6 MW power mode

The nominal power rating of the V112 turbine generator is 3.45 MW. However, the V112 Mark 3a

turbine has a new power mode to operate at 3.6 MW for some operating conditions, which may be
restricted, for example, by wind speed, ambient temperature or reactive power. The V112-3.6 MW
turbine operates at the same maximum wind speed of 10m/s as the nominal power mode.

This sensitivity analysis evaluates the effects of the increased power rating at high wind. There are
no major changes made to the turbine as the 3.6 MW power mode is primarily implemented through
software updates. The primary changes are that the annual energy production increases by around
3% due to higher power mode. The results are presented in Table 12 below. Also as a consequence
of increase to 3.6 MW power mode, only 28 turbines are needed to make a 100 MW power plant
size.

Table 12 presents the results of the assessment which indicate an increase of around 2% to 3% for
all impact indicators per kWh of electricity produced which is a direct result of increased annual
energy production in the 3.6 MW power mode.
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Table 12: Whole-life environmental impacts of 3.6 MW power mode (units shown in g, mg or

MJ per kWh)
Environmental impact categories: Unit Baseline: High Sensitivity:
wind High wind
3.45MW @ 10m/s 3.6 MW at 10 m/s**
Abiotic resource depletion (ADP elements) mg Sb-e 0.12 0.11
Abiotic resource depletion (ADP fossils) MJ 0.08 0.07
Acidification potential (AP) mg SO2z-e 27 25
Eutrophication potential (EP) mg POs-e 3.0 2.8
Freshwater aquatic ecotoxicity potential (FAETP) mg DCB-e 44 42
Global warming potential (GWP) g COz-e 6.4 6.0
Human toxicity potential (HTP) mg DCB-e 1191 1124
Marine aquatic ecotoxicity potential (MAETP) g DCB-e 765 720
Photochemical oxidant creation potential (POCP) mg Ethene 3 2.9
Terrestrial ecotoxicity potential (TETP) mg DCB-e 37 34

Non-impact indicators:

*Primary energy from renewable raw materials MJ 0.01 0.01
“Primary energy from resources MJ 0.09 0.08
Water consumption g 54 51

* Net calorific value

7.2.4 Transport distance from production to wind plant site

The baseline case for transport represents Vestas
global region to service that particular region, reflecting the supply chain in 2015 for a European wind
power plant site location, such as Germany or the UK.

This sensitivity analysis evaluates the significance of the transport of the wind turbine components
from their production locations to the wind plant erection site. A Long distance scenario is assumed
where the wind power plant is erected in a continent where Vestas does not have full production
facilities, such as Australia, as well as a Regional supply scenario with all production facilities in the
same region, such as manufacture and supply in the North American market which assumes baseline
transport without shipping of towers. Table 13 shows the transport distances and modes. It should
also be noted that the current LCA uses truck and sea vessel fuel consumption (and vehicle
utilisation) with specific vehicle data for transport of the tower sections, blades and nacelles, which
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results in significantly higher fuel consumption per tkm for the transport of turbine parts compared to
the GaBi default containerised transport datasets.

Table 13: Transport distances for sensitivity analysis of wind plant components

Component Baseline Long Regional
distance supply
Truck (km) Ship(km) Truck (km) Ship (km) Truck (km) Ship (km)
Nacelle 800 0 300 11700 1200 0
Hub 800 0 300 11700 1200 0
Blades 700 110 300 10410 1200 0
Tower 500 5787 1070 0 1200 0
Foundation 50 50 50 0 50 0
Other site parts 600 600 600 0 600 0

Figure 23 shows the results of the scenario analysis which indicates that for the Long distance
scenario most impact category results increase by around 6% or less compared to the baseline, with
the exception of potential impacts for acidification, eutrophication and photochemical ozone creation,
which increase in range of 11% to 12%?8. For the Regional supply scenario most impact category
results reduce by around 3%, with the exception of potential impacts for acidification, eutrophication
and photochemical ozone creation, which reduce in range of -25% to -30%. These larger changes
are primarily driven the by the impacts from shipping operations which substantially increases
emissions of sulphur dioxides and nitrogen oxides to air, from the combustion of fuel.

When evaluating global warming potential only, the baseline transport scenario (covering all transport
stages within the LCA model) contributes around 9% to the life cycle impacts for this category, while
in this sensitivity analysis the Long distance scenario contributes around 10% and the Regional
supply scenario around 7% to total global warming impacts.

8 Towers were supplied locally within Australia in 2015 thus the transport of towers via shipping in the long
distance scenario is actually only a short distance.
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Figure 23: Whole-life sensitivity analysis of increased transport
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7.2.5 Distance of wind plant to electricity grid

The distance of the wind plant from the existing grid is another variable that will change depending on
the site location. The baseline scenario for this study assumes that the wind plant is located 20km
from the existing grid and includes electrical loss of 2.5% for the entire power plant.

This sensitivity analysis evaluates two alternative scenarios of the power plant being located either
10km or 40km from the existing grid, which results in an estimated electrical loss of 2.0% and 3.5%,
respectively. The analysis also accounts for the differences in amounts of 110kV high voltage
electrical cable that connects the power plant to the grid.

Figure 24 shows the results of the analysis which indicates that the impacts do not change
significantly with changing grid distance. A doubling of the distance to grid, from 20km to 40km,
increases all environmental impact indicators from 1% to 13%, with freshwater aquatic ecotoxicity
most notably affected, which primarily results from greater use of copper and polymers in the high-
voltage cable. While halving the grid distance, from 20km to 10km, reduces all potential impact
indicators in the range of -1% to -6%. An exception is observed with the ADP elements category
which shows an 8% decrease when cable length is doubled and a similar increase when cable length
is halved. This is due to inconsistency between the scrap burden and end-of-life datasets.
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Figure 24: Whole-life impacts for doubling and halving distance to grid to 40km
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7.2.6 High ground water level type foundations

The baseline assessment assumes a low ground water level (LGWL) foundation for the turbine which
has been chosen as the base case as it is more representative of the majority of wind power plant
sites. This sensitivity evaluates the use of a high groundwater level (HGWL) foundation which
indicates a (maximum) groundwater level equal to the level of the terrain, which requires increased
guantities of concrete and steel reinforcement.

Figure 25 shows the results of the analysis for the use of the high groundwater level foundation which
indicates that this does not significantly change the environmental impacts, increasing the potential
impacts between 2% to 5% across all indicators. The increase in potential impacts directly correlates
to the increased use of steel and concrete for this foundation type.

Figure 25: Whole-life impacts for changing from LGWL to a HGWL foundation
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7.2.7 Potential incidence of turbine switchgear blow-out

The baseline assessment does not include potential switchgear blow-outs as part of the overall
analysis of the wind plant, as these occurrences are rare. If a blow-out does occur then sulphur
hexafluoride gas (SFe) is released to atmosphere, which is a highly potent greenhouse gas. This
sensitivity estimates the contribution of blow-out to the potential global warming impacts.

Based on estimates made by Vestas, it has been assumed for this sensitivity estimation that 1 in
2000 switchgears may have an incidence of a blow-out over a 20 year operating period. For a power
plant containing twenty nine V112-3.45 MW turbines, this would result in a release of approximately
100 grams of SF¢ over the lifetime, which equates to below 0.01% of the total global warming
potential impacts.

7.2.8 Potential effects of recycling method

The baseline assessment uses an avoided-impacts approach to credit the recycling of metals at end-
of-life, as described in Section 3.4.4.

An alternative approach is to use a recycled-content approach, whereby environmental credits are

received for the incoming raw-materials used to manufacture the wind-plant based upon the actual

recycled material content of the wind turbine. For this approach no credit is given at end-of-life, but
received by the incoming raw materials only.

Around 89% of the wind-turbine itself is constructed from metal components (primarily iron and steel,
as well as copper and aluminium). However, the exact recycled content of all the turbine
components is not known. As such, an estimate is made based upon the standard industry datasets
(such as worldsteel) which contain average global recycled content for iron and steel materials.
Therefore, this sensitivity provides an estimate for using the recycled-content approach for
environmental crediting.

In LCA modelling terms for this sensitivity analysis, the end-of-life credits are removed from the LCA
models, as well as removing the burdens associated with input scrap (for iron, steel, copper and
aluminium), which were added to the LCI datasets for the avoided-impact approach (see Section
3.4.3).

Figure 26 shows the results of the assessment which indicate that across all impact categories these
increase between 2% and 60% compared to the baseline, with the exception of the potential toxicity
indicators for marine aquatic ecotoxicity (+145%) and human toxicity (+240%). For the marine
aguatic ecotoxicity potential, this primarily increases due to the reduced end-of-life recycling credit
associated with both aluminium and steel production which is driven by hydrogen fluoride emissions
to air. The increase to human toxicity potential mainly relates to reduced credits for stainless steel
recycling which is driven by heavy metal emissions (to air and water). The global warming potential
increases by 27%.
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Figure 26: Whole-life impacts using a recycled-content approach for metal recycling credits
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7.2.9 Potential effects of Vestas renewable electricity consumption

The baseline assessment excludes the 100% WindMade (2015) accreditation, whereby Vestas
invested and purchased credits in Vestas-owned wind plants located in Romania in 2015. In this
sensitivity analysis, this electricity consumption has been included by giving a credit for the average
grid mix per MWh for the specific country and energy generated of wind plant location. This
sensitivity estimates the additional contribution if this credit were included in the baseline LCA results.

Figure 27 shows the results of the analysis which indicates that this has a relatively small to
moderate effect on the environmental impacts, reducing the potential impacts generally in the range
between -0.05% to -6% across all indicators. For global warming potential, this credit has the total
effect to provide around -0.1 grams CO;-e per kWh, equivalent to around 2% of total potential global
warming impacts.
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Figure 27: Whole-life impacts of including Vestas renewable electricity consumption
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7.3 Data quality checks

As indicated previously, there are certain stages of the life cycle where study assumptions and
inventory datasets that will dominate the environmental impacts of the wind plant. It is these

important areas that have been focused upon when conducting checks for data completeness,
consistency and representativeness. The following important areas are identified for this LCA:

9 production LCI datasets for iron, steel, aluminium, concrete, copper, composites and
polymers;

end-of-life crediting method and LCI datasets used for crediting;

power plant lifetime;

power plant electricity production;

transport datasets; and

coverage of LCIA characterisation factors.

=A =4 =4 4 A

Refer to Annex D for a summary of results for each of the above areas in relation to the original
requirements set in the goal and scope. The following text provides an overall summary.

In general, all foreground data supplied by Vestas is representative of 2015, which includes the data
for all Vestasoglobal production units and all other business functions (such as sales), consisting of
over 100 sites. This accounts for material, energy and fuel inputs, as well as product outputs, wastes
and recycled materials (refer to Section 1.2.4 for further details).

Other foreground data from Vestas relates to the material breakdown of the turbine which has
accounted for the entire bill-of-materials for the specific turbine model, which consists of around
25,000 components. Each component is assessed in terms of specific material grade (such as
stainless steel grades), production processes and country of production. Country of production is
used to define country-specific electricity production mix for materials and processing, where
relevant. Where components in the turbine are not designed or manufactured by Vestas (such as the
site transformer or turbine gearbox), then the manufacturer of these items has provided a specific
material composition of these items, or the data has been collected from published EPDs.
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For background datasets for material production, these have been obtained from various established
and credible published sources, such as, worldsteel, Eurofer, Plastics Europe, as well as Thinkstep
(2016) generated datasets. These are, in general, considered to be of good or high quality. The
updated Thinkstep datasets seem generally to be in alignment also with previous datasets from 2014.
Checks have not been conducted for the entire wind power plant; although, some spot checks have
been made relating to the environmentally significant datasets, such as metals and concrete.

Overall, these are in alignment with previous datasets since 2006 from an environmental impacts
perspective for the complete power plant, with an estimated difference of below 5%, across all impact
categories with exception of ecotoxity impacts which are about 15%.

The accounting of 6 wa t e r hag chamged, both in terms of method and some nomenclature

changes in the latest GaBi databses (PE, 2015). The primary change is in relation to accounting

method of flows, whereby input- and output-water flows for a process (e.g. hydro power or metal

production) appear to be aggregated rather than subtracted to obtain water-consumption. Vestas

has made adjustments to the water flows (refer to Section 1.2.4) in order to maintain reasonable

consistency with the previous accounting method. Nonetheless, it may be stated that in general, the

LCI accounting for water-flows is still in relatively early level of maturity in terms of LCA data

availability, as well as methods at an international level (such as, recently published ISO 14046,

Water footprint i Requirements and guidelines), as such,the6 wa-tee i ndi cator é wi l |l
improvements with recognised best-practice.

In relation to the recycling methodology used,t hi s LCA uses an Oavdortdeed i mp
crediting, accounting also for burdens of input scrap from primary production of metals;

methodologically speaking, this is a consistent approach to crediting and is a fair representation.

Additionally, specific parts of the turbine and power plant are applied different recycling rates

dependent on their ease to disassemble and recycle. A sensitivity analysis was also conducted for a
recycled-content approach from crediting.

As discussed previously in Section 7.1, two important assumptions in the LCA relate to power plant
lifetime and electricity production. These have, potentially, a very significant effect on the overall
results and environmental performance of the turbine (relative to 1 kWh of production). The
assumptions made for both these parameters are considered representative and robust.

Transport includes specific fuel use (and vehicle utilisation) data for the transport of specific turbine
components (for towers, nacelles and blades). These are based on measured data and specific
distances with actual wind turbine transports. These specific datasets result in higher fuel
consumption compared to default containerised-transport models used in previous LCAs of Vestas
turbines and considered representative data.

Based on a check of the completeness of the characterisation factors used in the CML method (for
the impact categories assessed in this LCA), it is considered that all relevant substances have been
characterised that are of relevance to the turbine life cycle. There are also no unusual or special
elements or substances that have been identified in the data collection stage which require special
account.

The general conclusion is that the robustness of the important data is considered, overall, to be
complete, consistent and representative of the system being assessed.
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7.4 Conclusions and recommendations

Overall, the study represents a robust and detailed reflection of the potential environmental impacts
of the 100MW wind power plant consisting of V112-3.45 MW turbines. The LCA is based upon
accurate product knowledge and current best-practice in the field of life cycle assessment, both in the
methodologies applied and datasets used to account for environmental impacts, as well as the LCA
tools and software applied.

The study has been critically reviewed by an external expert, Prof. Dr. Matthias Finkbeiner, according
to paragraph 6.2 of ISO 14044 (2006a), as the study is not intended for comparative assertions
intended to be disclosed to the public.

The life cycle assessment could further benefit from considering the following:

1 explore improvements in accounting methods for water flows; and

1 explore potential use of other impact assessment methods.

1 periodic and systematic updates of datasets and databases for consistent benchmarking
between product generations.
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