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Summary abstract

In life cycle assessments of wind turbines and,emg@nerally, of Renewable Energy Systems (RES)ramental
impacts are usually normalized by electricity prctitin to express their performance per kilowattshéior most RES,
manufacture and installation dominate the impadenice, results are sensitive to parameters gowghuoth impacting
phases and electricity production. Most availaliledies present the environmental performance ofgerwind
turbines with assumed fixed values for sensitivepeeters (e.g. electricity production) that oftemybetween studies
and fail to reflect specificities of wind farm peajts. This study presents an approach to build rposhensive
parameterized model that generates unique windintirtife cycle inventories conditioned by technatadly,
temporally and geographically-sensitive parametditis approach allows for the characterization ldé ttarbon
footprint of five sets of turbines in Denmark, whexind power is highly developed. The analysis shaolgparities
even between turbines of similar power output, tgoskplained by the service time, load factor amenponents
weights but also by background processes (evolutioalectricity mix and recycled steel content)oject-specific
inventories with technologically, temporally andogeaphically-sensitive parameters are essentiasdipporting RES
development projects. Such inventories are espeamportant to evaluate highly-renewable electyighixes, such as

that of Denmark.

Keywords: wind turbine, parameterized model, life-cycleesssnent, spatio-temporal variability, carbon foiotpr
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1 Introduction

Increasingly competing with conventional energyrses, Renewable Energy Systems (RES) offer a waypfdiossil
fuels dependency and allow to reduce greenhousergasions (GHG) associated with the generatiogiagdtricity [1].
The latter, together with heat production, stipnesents 42% of the world GHG emissions in 2015petnternational
Energy Agency. The importance of RES is visibletlas installed capacity of these systems increase®d86
worldwide in the last 40 years. However, their depment must be intensified and combined with epaficiency
measures to reduce the GHG emissions at a glolsl| Ence the electricity demand has more tharbmliduring that

same period [2].

In parallel to this development, numerous Life @yAlssessment (LCA) studies analyzed the performah&ES and
their increasing role in regional and national &leity mixes — see [3] in the context of Denmarlas well as at
worldwide level — see [4]. LCA has proven to beetevant tool to analyze the performance of differelectricity
generation systems [5-8]. LCA includes all the mmwinentally-relevant phases of the value chain le€tacity
production system: from the capture and conversioorimary energy, via the construction, mainteraand disposal
of the plant to transform it, down to its distrilmut. As highlighted by Asdrubali et al. [9], theclasion of all the phases
of an energy system is important. Unlike for corti@ral fuel-based technologies, the highest coutign to
environmental impacts of most RES corresponds ¢arténufacture andinstallation phases, while direct emissions

during theuse phase (i.e. electricity production phase) reminitéd.

Given the rapid deployment of RES as well as thabishment of LCA as an adapted tool for assessimergy
systems, this article suggests an approach to omerccurrent methodological issues in LCA appliedRiBS by

generating tailored life cycle inventories (LCl)wind turbines.

As the supply share of RES becomes significant imational energy mix — as illustrated, for examyilg, recent
statistics on gross electricity production and $ypp Denmark [10] —, it seems paramount to useciseeand correct
data for modeling thenanufacture andinstallation inventory as well as the production output durihg use phase.
Both elements strongly influence the end-resultthasenvironmental performance of RES is usuallyressed as the
sum of the impacts of the manufacture, installatioraintenance and end-of-life inventories normaliz®y the
electricity production. Zimmerman highlighted tmepiortance of site specific parameters that camgtydnfluence the
environmental performance of wind turbine [11]. et reason, there is a need to move away frorargeimventories
and assumptions as they induce uncertainty ingbelts and fail to consider the diversity of desigmd the effect of
time and geography on the environmental performmamdeRES on the market. Among RES, tailored windbine

inventories are notably worth to be developed, mitlee important spectrum of the market for the nedhgy — for
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3
example, more than 1,500 different wind turbine miechave been marketed as of today — and the tamnpod
geographical span over which they have been degloyiis diversity ideally calls for a differentiati in inventory
modeling for each plant within the fleet of a stdiarea, as differences in technologies and mistersad may lead to
different end-results for some impact categorieBis Trelates to the issue of parameter variabilifecting the
modeling of product systems that have differenhtetogical and geospatial parameters. Padey §t2lhave shown
that such variables can have a considerable irdkien the outputs of the LCA model of a wind tuebiim their review
of LCA studies on wind turbines, Lenzen and Munksda[13] underline the contribution of variablelsiuas the
country of manufacture, the technology and thetlonaof use on the overall energy intensity of thebine. As they
point out, the country of manufacture and the usetinology indirectly affect the content of recythmetals in the
turbines and its disposal options while the locatid use (e.g. onshore or offshore) can affectetimected production
output. Another study from 2004 from Lenzen and Wéacann [14] confirms this outcome showing thatedéhces in
the background systems of two geographically-disteconomies (in this case, Germany and BrazilJdctead to a

fivefold difference in environmental impacts foetmanufacture of a same wind turbine.

In addition to variability-related issues at tmanufacture andinstallation phases, the environmental performances of
RES are also strongly influenced by the servicalitioms during theituse phase. Indeed, the characterized emissions
are normalized over the electricity production otvere. This relates to the issue of parameter uaicgy, which results

of the lack of knowledge on the conditions of usat @affect the electricity production. Typical urteén parameters for
RES during their use phase would be their serime &ind their capacity factor [12,13]. The sentioge of a RES can
be limited by harsh conditions of use. The capafagtor is generally function of wind speed disttibn and the
corresponding power curve for wind turbines. LCAidsés and other Environmental Product Declarati{#iBD)
sometimes “guesstimate” the true value of such miaice parameters and/or consider them fixed ovemeti For
example, studies such as [14-17] assume a theadretitue for the capacity factor of wind turbinehkil@ Schleisner
[18] leaves it simply unspecified. This can expltie spread in results found in meta-LCA studiegether with the
uncertainty due to methodological choices [9,19,20]also leads to a misalignment between the enwiental
footprint theoretically calculated and the one obseé a posteriori. The review work of Arvesen and Hertwich [21]
concludes that real conditions of use are diffefearh the theoretical ones used in most LCAs ard tioth capacity

factors and service time of wind turbines are ostmeated when characterizing their environmentalgsmances.

Eventually, the use of simplifying assumptions $ensitive parameters at the different phases ofiftheycle of the
RES inevitably leads to ignore the influence ohteaogy, time and geography on the LCI and assedisfe cycle
impact results. The environmental performancesutatied from generic inventories and production nedigely

contrast with what is observed. Moreover, as astiomp considered in generic inventories may diffem one study

3
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4
to another, generic studies cannot really offemia lhasis for comparison. Their usefulness for sleni support is
limited in the context of, for example, wind farnrofect development. In such case, knowing precigbky
environmental gains expected from several alteraatior a project can foster its acceptance btinmunding society

and authorities.

This article presents a parameterized model abeberate tailored wind turbine LCI. By differeniigy the inventory
of each single RES according to the technologitahporal and geographical context of the produstesy, the
approach allows first to tackle the issue of uraiaty in inventories, and second to consider vdiighn plant designs

and in their electricity production over lifetime.

The LCI modeling approach presented in the nextimeallows for estimating the general materialergy and
environmental performance of a whole fleet of wintbines while keeping an important level of detdihlso accounts
for the changes over time and space of certaindrackd processes in the LCI, such as the evoliutiomaterial
recycling rates or the changes in the electriciixes at the manufacture phase. The benefit of machmeterized
inventories is illustrated with the analysis of Al4cradle-to-grave LCI of wind turbines. Groupedanr categories of
nominal power output with a subdivision for offshoinstallations, these wind turbines belong to edédht
manufacturers, operate in distinct locations aredd@ployed at different points in time in Denmarkeir respective

environmental performances are thereafter analirmedigh their carbon footprint.

Several comparable wind turbines with a similar mahpower output may have significantly differentvironmental
performances when the influence of technology, gty and time are considered in the LCI. The rfeetlfe cycle

practitioners and energy project developers to naway from generic models could thereby be justifie

2 Method

This section describes the method used to generdieidual cradle-to-grave LCI through a parameted model
following a four-step sequence. The applicabilifytiee parameterized model is demonstrated with §igts of wind

turbines in Denmark that have been operated befouatil 2016.

The finality of the parameterized model developedhis study is to build wind turbine-specifitventories: it entails
the definition of the total material and energyuiegments of each phase of the wind turbine lifeleyfrom its

manufacture down to itsdisposal phase. As a first step, the method requires theisitign of a fleet registry of wind
turbines including key information such as the biramodel and coordinates of wind turbines thatlacated in the
studied area, as well as their respective eletstrimioduction during their service time. Then, thés an attempt to

match the information from such fleet registry withanufacturers specifications to obtain mass amdedsion

4
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115 ‘attributes. If a wind turbine cannot be matchedhvahy manufacturer data, the method uses regressialysis to
116  approximate mass and dimension attributes. As ansestep, knowing the location of each wind turbitiee method
117  can detect if the wind turbine is onshore or offghé-or offshore wind turbines, cartography tooksased to obtain the
118 sea depth and distance to shore. These parametersquired to size the wind turbine foundation #ma length of
119 cables to connect to the national electricity gfiithird, knowing the size and mass attributes of wled turbine, a
120  specific supply, manufacture, installation, maimtere and disposal inventory is generated with #uidround support
121  processes adjusted to the geographical and temponétxt of the value chain, based on statisticthefappropriate
122  geographical scope of analysis (i.e. regional, omati or continental). At the last step, the methettieves the
123  registered electricity production and service tiimethe wind turbines already dismantled. For wintbines currently
124  in operation, their remaining service time is estiéd based on the historical service time expegtaf@ast wind
125 turbines (see Section 2.3). Additionally, their esied yearly electricity production is projecteddih on past registered
126  production. The inventory of each wind turbine ¢endivided by the production output registered tigtmut itsuse
127  phase to obtain its environmental burden in refatma kWh of electricity produced. This four-stgruence adopted

128 by the model is graphically summarized in Figure 1.

129
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131 Figure 1: Graphical representation of the 4-step approach used to estimate the life cycle inventory of a given wind turbine.
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6
The approach has been applied to a selection ofidhuéil wind turbines grouped into five sets thavé been operated

in Denmark until 2016 as per the national wind itvels registry [22]:

e A "100-kW” set that comprises 543 onshore wind toels with a nominal power output of [90-110] kW,

e A “500-kW"” set that comprises 230 onshore wind toels with a nominal power output of [450-550] kW,

e A"1-MW” set that comprises 370 onshore wind tudsirwith a nominal power output of [0.9-1.1] MW,

e A“2-MW” set that comprises 154 onshore wind tudsrwith a nominal power output of [1.8-2.2] MW.

e And a “2-MW offshore” set that comprises 104 offghevind turbines with a nominal power output ofgfL.

2.2] MW.

These five sets, totaling 1,401 wind turbines aedcdbed in Table 1, include different manufactsirand turbine
models. These models have been manufactured ataiiff points in time and operated in distinct lmoet. Their
respective electricity production and service tiare entirely or partially known, depending on wieetithey still

operate in 2016.

Table 1: Sets of studied wind turbines.

Set 100 kW 500 kW 1 MW 2 MW 2 MW offshore

Number of wind 543 230 370 154 104

turbines

Number of 20 (including 1 7 7 (including 1 3 >

manufacturers unidentified) unidentified)

Number of 15 models 28 models 27 models 13 models

models (including 3 (including 2 (including 2 (including 3 3
unidentified) unidentified) unidentified) unidentified)

tsutr?: of service | 1980 to 2004 1989 to 2013 1993 to 2005 1996 to 2016 2000 to 2003

ggféa“”g in 3.5% 95% 98% 93% 100%

A tailored cradle-to-grave LCI is built for each thfese wind turbines with the parameterized modkbwing the
above-mentioned steps. These steps are detail¢ldeimext sub-sections. The inventories are stomed Python
dictionary and the material and energy requiremangssolved thereafter using the LCA framework Bfigay [23].
Finally, each inventory is characterized regardihg global warming impact category with a hundred-year time
horizon and expressed as GHG emissions (mass séems$ of C@eq.) using the characterization factors provided b

the Intergovernmental Panel on Climate Change [24].

2.1 Modeling the foreground processes

The following sub-sections describe the inventondeling of foreground processes included in theufeaiure,

installation, use, maintenance and disposal phasbe life cycle.
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2.1.1 Components specifications: manufacturers data esdthg models

The model considers onshore and offshore wind netbias a group of components to be assembledower,tthe
nacelle, the rotor (including the hub and the bé&adéhe transformer and the connection to the atibst Onshore
plants have a concrete-based foundation while ofésiplants are assumed to be connected to theeskhyba steel-
made monopile foundation — which equips 70 to 8d%he offshore installations in Denmark [25] — &aransition

piece.

Almost all the wind turbines in the studied setsehdeen identified and linked to manufacturers ,ditam which
precise dimensions and weights of the different poments are obtained. The dimensions of the rengifgéw wind
turbines that the model could not identify arereated using a set of scaling models based on atimet between

attributes of the turbine components that are prtesbelow.

2.1.2 Scaling models: from wind turbine nominal powentass and size attributes

The approach described in [12] is adapted to kusdries of scaling models for onshore and offshtanets against the
mechanical and physical specifications of 1,52%ua@imodels provided bihe Wind Power database [26]. Based on
observed physical correlations between compon#msscaling models estimate a set of dimensionsvaasses for the
foundation, tower, nacelle and rotor using the mahirated power of the wind turbine as input. Dstan the
correlations between the nominal power output dreddifferent components of a wind turbine are add in the
Supporting information document. To illustrate ilea behind the correlations used by the scalingeatsop Figure 2
shows the sequence used to obtain the rotor wefgrt unidentified wind turbine. The rotor diametefirst estimated
based on the nominal power output of the wind nebsince the correlation between the two paramétestatistically
significant (i.e. a Pearson correlation coefficisaperior to 0.75). Once the rotor diameter is kmoitvcan be used to

obtain its mass.

Scaling model: Rotor diameter - Rated power Scaling model: Rotor weight - Rotor diameter
300
1 o ® Onshore wind turbine data
175 8 - 5eq . — Onshore wind turbine model
- o ‘ = ,,2——"""' ® “Y" @ Offshore wind turbine data
D L = $ r= Offshore wind turbine model
e © b oo
51 [ ] r. L =
] g
E 100 5 150
5 é 100
é ™ ® Onshore wind turbine data o%
i —— Onshore wind turbine model 50
e Offshore wind turbine data
Offshore wind turbine model
2000 4000 6000 8000 10000 % 50 75 100 125 150 175
Rated power (kW) Rotor diameter (m)

Figure 2: Correlation between nominal power and rotor diameter (left)
and correlation between rotor diameter and rotor weight (right).
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2.1.3 Sizing the offshore foundation

For offshore wind turbines, the parameterized modek an additional model built from a technicalget description
report on offshore installations in Denmark [25]séhematic representation of an offshore instalfasis considered in
this study is available in the Supporting inforroatidocument. The scaling model returns the material energy
requirements for the supply and installation ofeeekmade monopile foundation with the transitiaecp, including the
grouting between the foundation and the transigitatform, the casting of concrete at the bottom @reduse of rocks
to prevent degradation from scouring. The overahapile height is modelled as being equal to th¢ ipaerted in the
sea bed (conditioned by the nominal power outpuhefwind turbine and its weight), the part betwdensea bed and
the surface (a cartographic tool is used to retioensea depth for the location of each offshortailadion) and the part
between the surface and the transition platfornsuim&d to be 9 meters above the surface, regardfessher

parameters).

2.1.4 Sizing the electric connection to the national &leity grid

Additionally, the model estimates the amount ofemnats necessary to connect wind turbines to ttiema electricity
grid considering both cables and power transformées offshore wind turbines, the amount of cabéeeassary to
connect to the coast is calculated consideringpay grid connection scheme found in Horns Revdwierms, off the
western coast of Jutland (Denmark) with a 33 k\érirgirray cabling voltage and a shore connectiotagel of 150 kV
— or directly at 33 kV if the wind farm power outgs lower than 30 MW [27]. The assessed cablé@esare based
on the transport capacity of Nexans 33 kV and 18&&pper-based product range [28,29]. The cablgtledepends
on the distance between the wind turbine and timraletransformer of the farm (which is roughly as®ed to be
positioned at the centroid of the farm) and theatise between the farm and the coastline. Basesuon distance,
requirements in terms of copper for cabling andehergy for laying the cable — with ship consumpfiigures from
the company [30] — are approximated. It is impdrtamote that this estimation may differ from rgafor at least two
reasons. First, there is a tendency to use higbkkage or HVDC technology when distance increaSezond, the
inter-array cabling and the central transformeatmn also strongly depend on topology and alumiiased cables
are sometimes used instead of copper. Additiontillymodel considers a medium voltage power tranmsfofor each
wind turbine to reach the intra-array voltage ofk®3and a high voltage power transformer for theadvfarm to reach
the shore connection voltage of 150 kV. Inventofspower transformers are based on ABB Enviroraleroduct
Declarations [31,32]. Fugitive emissions of sulhexafluoride, an extremely potent greenhouse geenaised in
circuit breakers for its exceptional electricalulaion properties, have not been accounted ftinénrmodel. This choice
is justified by the fact that even if SEmissions are strongly underestimated, the impattslimate change remains

negligible compared to the GHG emissions from wimver as detailed in the SI document. Moreovertettare
8
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9
important uncertainties regarding the nature ofdghe used with some alternatives being developd43 and the
amount of gas used in circuit breakers and thealgakate over the lifecycle have been strongly cedwver time
[35,36]. The size of each medium power transfordeggends on the corresponding wind turbine nomiowlgp, while
the size of the high-voltage transformer dependshertotal nominal power of the wind farm. In cadere with the
EPD, the lifetime of the shore connection infrastiwe is 35 years for the power transformer andydérs for the
cables. Regarding onshore wind turbines, they atintee the national grid at medium voltage. For thésison, a
medium voltage power transformer associated to ¢adiine is also considered, as well as a cablé witength

conditioned by the nominal power output of the winxbine it connects to.

2.1.5 Estimating mass distribution of wind turbine comeots according to the nominal

power

The detailed material and assembly inventoriesxofvind turbine models (33 kW, 150 kW, 600 kW, 80¥ and two

2 MW) provided by [37] are used to obtain the materpercentage distribution by mass for the défferwind turbine
components (e.g. ratio glass fiber-epoxy in thelé$. The calculated mass ratios are used by theltm estimate the
unknown quantities of the different materials nseeg to produce the wind turbine components. Tlgsatities are
obtained by interpolating between the known ratiesr the material and energy flows that are nonifiantly

correlated to the mass of the components, the mededpolates their quantities based on the nongiaaler output of
the wind turbine. For example, based on the pravideentories, 0.5 kWh of electricity per kg of maal is needed to
assemble the wind turbine components together. @tdbe quantities for the different flows of maat and energy
are calculated, they are linked to correspondimplumarket datasets in the ecoinvent 3.3 LCI dadal{38]. Market
datasets in ecoinvent provide “cradle-to-supplyVeintories for commodities for a specific regionaka The
environmental burden that relates to the geographiariation in production technology and modesdistribution

within that area is considered based on the reispentarket share of countries that supply thesencodities. The
specific mapping between inventory flows and theimeent market datasets can be consulted in th#set.4 of the

Supporting information document.

2.1.6 Installation, maintenance and disposal

Requirements for specific activities such as roadstruction for onshore installations or sea batlirdy and the
hammering of the monopile for offshore installaticare interpolated based on the nominal power tdwtpthe wind
turbine which correlates rather well with its massl dimensions. Background processes associatié tassembly
operations are provided by the ecoinvent 3.3 LQhloase [38]. Furthermore, regular maintenance nisidered with

the change the lubrication oil in the gearbox aadgport of technicians. However, exceptional nesiahce involving

9
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material replacement has not been accounted dileckoof data. Finally, different disposal option® aonsidered
depending on the nature of the materials. Whilecoetl, fiberglass and aggregates are disposecdhdfilla, steel
(excluding reinforcing steel), thermoplastics ammgmer cables are supplied to the corresponding stiakets. This
study follows thepolluter pays principle: the environmental burden associatethtotreatment of waste materials is

accounted for. These operations are further desttiilbthe Supporting information document.

2.2 Adjusting background processes

The model also adjusts the background processi® imventory of the wind turbines in function dktlocation and
time of manufacture. This was relatively simplethirs case study since all the wind turbines havenbmanufactured
by medium and large manufacturers in Denmark tblgt on supplies from neighboring countries, for ethdata and

background inventory datasets are abundant.

2.2.1 Geographically-adjusted supply markets

The model is designed to be as location-specifigaagsible, resorting to global supply markets Igsst, the supply of
energy and materials is geographically-adjusteectstity and heat are supplied by the Danish ntarfieerous and
non-ferrous metals are supplied by the German nagplastics components by the European market la@dniaterials

that cannot be supplied by a local market are exdigtsupplied by the global market.

2.2.2 Time-adjustment of the background electricity syppl

To reflect the influence of time on the manufactared assembly inventories, the model adapts speeifergy-
intensive background processes to the year of matwre. It is the case with electricity. Danish+age electricity mix
datasets with supplying technologies, imports aetvark losses are built to the year of manufacbfreach wind
turbine. The electricity mixes are based on histrtime series provided by the Danish MinistryEwfergy [10]. The

time series of electricity supply mix are availaliehe Supporting information document.

2.2.3 Time-adjustment of the background steel supply

The provision in primary and secondary (recycledy-blloyed steel for the manufacture of the towsd the different
components inside the nacelle is also adjustedn&my, the main supplier of steel in Europe, has lsedected as the
primary supplier of steel, since Denmark does retehany domestic production. As secondary steelahfsver
embodied energy than primary steel, the recyclatg for steel has been adjusted to the year of faetume of the
wind turbine to reflect the evolution in terms etycling in the steel industry over time [39]. Tthree series of primary

and secondary steel supply mix are available irStingporting information document.

10
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2.3 Modeling the electricity production

The two following sub-sections describe the apphnazed to model the electricity production during life cycle use

phase of the wind turbines.

2.3.1 Estimation of the service time for operating tudsn

There are no clear correlations between the semiise observed on dismantled wind turbines and ahyheir
technical specifications (brand, model, nominal pgwnstallation date, etc.). Also, the 40 yearsdafa from the
Danish wind turbines registry did not suffice tdet# a statistical pattern in that regard. Theisertime of a turbine
seems to be conditioned by the relation betweenntheginal cost of maintenance and the electriciigepof the
supplied area, as indicated by a report commisdidryethe Danish Ministry of Energy on the topic J4Uhe plant
owner tends to operate the wind turbine if the rimaigcost of maintenance is inferior or equal te tharginal income
of production. Variable maintenance costs for tmbinhes are not known to the authors and futuretiédéty prices
remain difficult to predict. Regardless of the @weristics, the wind turbines still in operation2016 are given a
service time in line with what has been observedthen 3,121 turbines that have been decommissiomathte: a
random value comprised within a normal distributcentered around 18-19 years with a standard dewiaf 4, see

Figure 3.

Life time distribution of decomissioned
wind turbines in Denmark (1977-2016)

- Modeled lifetime
Observed lifetime

u=18.42
median =18
o=4

Nb. of turbines

10 20 v
Life time [year]

Figure 3: Distribution of the service time of deaaissioned turbine in Denmark up to 2016.

2.3.2 Estimation of the remaining production for opergtiarbines

The electricity production registered for the winatbines that are already decommissioned is ussddescribed in
Table 1, it is worth underlining that most of thénds turbines in the studied sets are still opegaiim 2016. The
parameterized model needs to estimate the remaélewricity production of the wind turbines stittive in 2016.

With a service time estimated as per Section 2tBelpverall electricity production during thse phase is obtained by
11
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adding the product between the median value ofdbistered production and the estimated remaing@agsy/of service
time to the production that has already been regidt The median annual production value is ussttand of the
average value to avoid considering the first ydgroduction. Indeed, the first year of productimay return a much

lower production figure than the following year$h& wind turbine started operating towards thedrttie year.

3 Results and discussion

Thanks to the parameterized model generating &all@nshore and offshore wind turbines LCI, it isvrmossible to
analyze the environmental performances of the 1Wibt turbines studied in regard to the global wiagnimpact

category as presented in Figure 4 hereunder.

12
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a) 100 kW set ' b) 500 kW set

CO; [g] per kWh produced CO> [g] per kWh produced
® 59 e 10g e 20g e 309 ® 40g e 50g e 100g ® 5g ® 10g ® 20g e 30g ® 40g ® 509 e 100g
c) 1 MW set d) 2 MW set (onshore and offshore)

o

CO; [g] per kWh produced CO; [g] per kWh produced
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Figure 4: Map of the studied wind turbines and associated GHG emissions per kWh. Wind turbines with GHG emissions per kWh
above 100 grams are not displayed (27 wind turbines of 100 kW)

The GHG emissions of wind turbines are conditiobgdheir material and energy requirements all alttvaglife cycle.
These requirements are particularly dependent enntiminal power output and dimensions of the windbihe.
Figure 5.a shows economies of scale where GHG @misare marginally decreasing as the nominal paivdre wind
turbine increases: progress in terms of designtacknology allowed reaching higher nominal powetpats while
increasing the energy and material efficiency. \@ile nominal power output is multiplied by 20 bedw the wind

turbines that belong to the 100-kW and 2-MW sdis, median GHG emissions per life cycle are onltifdes as
13
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307 ‘important. For 2-MW systems, offshore wind turbieesit slightly more GHG than most onshore wind ioels during
308 the manufacture and installation phase due to keémiindations. However, some 2 MW onshore windih@s have a
309 larger rotor to increase the turbine productionjcivHeads to a higher impact than that of the affshones. This
310 increased impact is associated with the higherheadier tower required to support the larger rotdrese aspects are

311  further discussed in Section 3.1.

a) GHG emissions per wind turbine installed

2000
=
1750 - |p=132 p=379 p=1765
median=135 median =386 median =732 %'
1500 - 0=9.64 0=31.0 0=182.2
. n=>543 n=230 n=370 —T
@ 1250
S
ot SR §=1560 §=1650
= 7Ep. median = 1410 median = 1650
S 0=222 0=42
n=154 n=104
500
[=————
250
0 , ) , ’ )
100 kw 500 kW 1 MW 2 MW 2 MW offshore
b) GHG emissions per kWh generated
140
u=49.4 u=195 p=221 u=17.8 u=127
median=45.3 median=19.1 median=21.6 median=17.3 median=11.7
120 0=39.40 0=5.02 0=583 0=4.79 o=341
n=542 n=230 n=370 n=154 n=104

100

60 -

40 -

- = = = =

100 kw 500 kw 1MW 2 MW 2 MW offshore

g CO2-eq. per kWh produced

312 Figure 5: Satistical distribution of wind turbines GHG emissions per power category expressed as. a) emissions per life cycle and
313 b) emissions per kwWh produced. The blue horizontal line is the median value. Vertical rectangles represent 50% of the distribution.

314  Vertical black intervals represent 90% of the distribution. Outlying values are computed but not displayed.

315  When considering GHG emissions per kWh of eledsriproduced, there are two combined effects: onotie hand,
316 increased power output leads to increased eldggtrigioduction and, on the other hand, material amergy
317  requirements per kW decrease for wind turbines Witiner power output (that is, material and enesguirements do

318 not increase linearly with power output). Accordiogthe results shown in Figure 5.b, these effisatd to a reduction
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of the GHG emissions per kWh produced as the ndnpioaer output of the wind turbine increases. Hoerethe
GHG emissions reduction between the sets is mdlgithacreasing as the nominal power output increagéhile such
reduction is significant between the 100-kW and-E@0 sets, it is less so between sets of wind t@biwith larger
nominal power outputs. The statistic relation betwaominal power output and electricity product®fater discussed
and graphically described in Figure 8. A lower carliootprint for offshore wind turbines explaineg & better wind

resource is observed, as described in Section 3.3.

There is a high variance in the results of the R@0set due to an important variability of electygproduction that can
be partly explained by technological improvemerdstizese turbines where the first to be develop iasthlled in
Denmark. Additionally, some wind turbines with gutly performances heavily weight on the averagelevaf the
100-kW set distribution that exceeds 3,000 grams- & per kWh. This is not representative of thei@gberformance
of the set (i.e. unfairly high, in that case) abhdsidue to wind turbines that have served as ppé&s and have
produced very few electricity or that presentedoser defects. The median value, unaffected by mglyalues, is a
more useful statistic in this case. The distributi® narrower for the four other sets, but theandtird deviation values
remain important: at best, the standard deviatamloe/represents a fourth of the average valuehbitMW set, with a
min-max interval going from 10 to 56 grams of £&8. per kWh produced. As wind power can compat@nfestment
with other “low-carbon” technologies (e.g. hydralas, nuclear), such spread in the results is nmgdnii and
understanding its cause is important. The variasckelieved to find roots in the model parametdrat tare of

technological, temporal and geographical naturéhasext subsections discuss.

3.1 Technological influence

This section looks at how the choice of design sewhnology affects the material and energy-efficjenf wind
turbines. In this case, GHG emissions are exprepsed&W of nominal power output for each set of dvinrbines
produced at a given year of manufacture. Settifigesl year of manufacture in reference to a kW ofmmal power
output, as opposed to a kWh of electricity prodyadbbws testing the influence of technological graeters while
keeping spatial and time-related parameters fiRedameters that relate to technological aspeath, &sithe design and
the intended application (onshore, offshore) of wied turbine seem to affect the use of materiald anergy and
consequently, the amount of GHG emissions per k\powafer output. Average and median GHG emissionkpéfor
each set of turbines are shown in Figure 6. Theltseseem very sensitive to technological paramsetestably for the

smaller wind turbines contained in the 100-kWset.

As the wind turbine industry developed, the modwmisthe Danish market became fewer along with th@bar of

producers. But the models increased in power azel $ihis led to less material required and lesi@mae in terms of

15
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349 "impacts associated to th@nufacture phase per kW of nominal power output. Indeed, ffectof design and material-
350 intensity is visible on early models with a low nioal power output, explained by a wider spectrundesigns and
351 technologies. For example, the amount of low-aliteel needed for the wind turbines in the 100-kWisabout 150
352 kg per kW of nominal power output, with large véinas around that value. For the wind turbineshim 2-MW set, this
353 value decreases down to approximately 100 kg ef ger KW on average. It is also the case in retatte design of
354  blades and the amount of glass fiber-reinforcedtigla required for their manufacture: while an ager of 9 kg of
355 reinforced plastics are needed per m2 of swept aneaind turbines from the 100-kW set (with a tagalept area of
356  320-350 m2), that figure goes down to 5.5 kg fa wind turbines that belong to the 2-MW set (witbveept area of
357 5000-7000 m?3). As illustrated by Figures 5.a an@ /W wind turbines show a relatively wider dispersthan 500
358 kW and 1 MW wind turbines that is explained by eli#fnces of rotor size and tower height within @t Two thirds
359  of those turbines have rotor diameters of 70-8@omer heights between 60-80 m weighting about 1&8dtimpacts of
360 1400 tCQ-eq, approximately. Wind turbines belonging to titeer third have larger rotor diameters of 85-100 m
361  which logically involve higher tower heights of 230 m weighting between 200-270 t and higher inpatise to
362 1800 tCQ-eq. This higher impact is compensated by a highad factor when expressing the environmental

363  performance in terms of gGe@qg/kWh produced (see Section 3.3).

364 Regarding offshore wind turbines, they have a higjtebal warming impact per kW of nominal power muit during
365 the installation phase and the supply of the fotindathan equivalent onshore wind turbines (i.ethv@imilar rotor
366  dimension). For instance, the characterized LCihef offshore version of the VESTAS V80 model resitt higher
367 GHG emissions per kW of nominal power output thas onshore counterpart (0.83 t&€n/kW against
368 0.70 tCQ-eq/kW, on average). These assertions are discirssled next sections where the environmental irtgare
369 expressed in relation to the effective productibrelectricity to reflect the influence of wind alahility and service
370 time. The material and energy requirements relédednderwater foundations (between 130 and 190 tdrsteel
371  supply for the monopile foundation mostly) bearighkr environmental burden than the onshore alteé350 cubic
372  meters of in-situ concrete, 27 tons of reinforcgtgel, 8,000 meter-year of road and associatedlihgnoperations).
373  This difference becomes increasingly importanthessea depth increases. In relation to a sea dét@ meters, the
374  GHG impact of an offshore VESTAS V80 installed e tHorns Rev wind farm would approximately increbgel %
375 per additional meter of sea depth. Upcoming flaaphatforms may in the future further increase thitserence with
376  onshore installations, despite better wind resaufeend away from the coastline, according to [#Idwever, floating

377 platforms will be less sensitive to sea depth dlmvanstallation of wind turbines in deeper seas.
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g, Influence of technology on the carbon footprint per kW of nominal power
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Figure 6: Satistical distribution of wind turbine carbon footprint per kW of nominal power per power category. The
blue horizontal line isthe median value. Vertical rectangles represent 50% of the distribution. Vertical black intervals
represent 90% of the distribution. Outlying values are computed but not displayed.

3.2 Temporal influence

3.2.1 The year of manufacture

In this section, the influence of adjusting the kzaound processes (electricity and steel) atnthaufacture phase to
the year of manufacture on the GHG emissions oflwimbines is assessed. To do so, the GHG emissioasinique
wind turbine model are plotted in reference to a &\ominal power output for different years of méacture. This
allows disregarding the influence of technology ¢ady one model is considered) or location of usel avind

availability (as the GHG emissions are expressedroing one kW of nominal power output). Figure gt@ws the
GHG emissions per kW of nominal power output otediaccording to the parameterized model for the ME5V80,

produced from 1995 to 2015 with the same manufadiwentory. In parallel, the figure also showshadt base 100
Index in 1996 the relative change in the GHG enoissifor the supply of Danish electricity and Gerrsgeel used for
the manufacture of the wind turbine. The GHG ernoissiper kW of nominal power output decreased by #ifing

the analyzed period, exclusively due to the evolutif electricity and steel background processhs. GHG emissions

associated with Danish electricity decreased irstimae period by almost 80% and the German stegVhy
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a) Relative evolution of the Danish electricity mix and German steel carbon footprints

1000 and impact on the carbon footprint of a typical Vestas wind turbine per kW.
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Figure 7: Graphical depiction of the temporal influence on the GHG emissions of wind turbines.
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Virtually all wind turbine models rely on the exsive use of steel and electricity for manufactudence, the
decarbonization of support systems (i.e. elecyriciteat) and materials play a major role in redgcihe GHG

emissions associated to the life cycle of windingb. In fact, in the case of Danish electricibe teduction of 80% of
its GHG emissions within the last 20 years is targe extent due to the expansion of wind powehénational supply
mix over the use of coal. The GHG emissions reduactor steel of 5% over that same period is contpaaly more

modest, as recycling rates evolve at a slower pHge.scrap steel to be reconditioned as secondeey takes some
time to return to the electric steel furnaces asgrvice time is generally long. However, steadxtensively used in
the manufacture of wind turbines — up to 500 tans lee required on a 9 MW model. Therefore, smatlements in the

recycled content rate lead to significant poterrgaluction of GHG emissions.

3.2.2 The service time

In this section, the sensitivity of the length efdce time on the GHG emissiopsr kWh produced of the different

wind turbine models contained in the 1-MW set &dd while the technological and spatial paramedéres are kept
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fixed. All the models presented are manufacture®002 — the year where most wind turbines in thetvgere
manufactured — and benefit from an assumed valuwifad availability at full load of 3,000 hours, wh corresponds
to the current average wind load in Denmark [42je Tonly varying parameter value in each group afdwiurbine

models is the duration of the service time.

The results shown in Figure 7.b confirm that thegtd of service time has a major influence on th#3G&missions per
kWh produced. In fact, for some wind turbine modéie® most extreme variation in the service tinsdteto a 100%
difference in terms of GHG emissions per kWh pratlibetween the best and worst performing wind hebi(see

model “NM 52/900").

3.3 Geographical influence

Considering the measured electricity productioavedl highlighting two important efficiency-relategpects:

- i) the efficiency of the transformation of the wikéhetic energy into electrical power, which reféosthe
technological ability of wind turbines to reachextain power output at different wind speeds. HEff&iency
is determined by the power curve.

- i) the productivity, which is conditioned by thegwiously presented power curve and the local wawburce.
This productivity can be represented by the numdfezquivalent hours of wind at a speed that alldles

turbines to operate at full load. This is also symous to the notion of capacity factor.

Figure 8 shows the sensitivity of parameters aasedito the location of the wind turbine during tise phase (i.e.
during the electricity production phasa) the GHG emissions of the different wind turbinedels contained in the 1-
MW set. All the models presented are manufactunePl0i02 with a service time of 20 years and an aneleatricity
production that equals their respective medianstegéd production value, to reflect exclusively itituence of local
wind availability. As explained in section 2.3, tlmedian value has been considered to exclude estneom-
representative value such as the first year of yortian for a wind turbine installed in December.isThllows for
keeping technological and temporal parameters figegissess the sensitivity of spatial parametéesghnual number
of hours of available wind at full load, essenyipibn the results. The amount of electricity proetlover the service
time of the wind turbine is influential on the GHnissions per kWh produced, as depicted in Figuréh@ 90%

distribution interval is significantly spread faryree wind turbine models.
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Infla%ence of location on the carbon footprint per kWh produced, grouped by models manufactured in 2000
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Figure 8: Dispersion of the GHG emissions per kWh produced due to the local wind availability for different wind turbine models

manufactured in 2002.

This is also confirmed by looking at the medianriyealectricity production for the five sets of wdrnurbines, as shown
in Figure 9. It can be seen that the 90% distrdsuinterval of the 500-kW and 1-MW sets overlapisTihdicates that a
well-located 500 kW wind turbine can potentiallyoduce as much as a 1-MW wind turbine for whichltdoation has
not been ideal. Moreover, the 90% distribution rivé of the 2-MW set indicates that a well-locateitid turbine may
produce more than twice as much than a similar winbine not ideally located. It is worth notingatt2 MW onshore
wind turbines with larger rotors generally prodmeere than 6 GWh/year with an average load fact@&88b compared
to the 27% value for wind turbines with a rotorrd&er lower or equal to 80 m. Using larger rotarabdes capturing
more kinetic energy from the moving air and prodgcimore power at a given wind speed. Despite aehighpact
caused by a heavier tower to support the largesrrdhe increase of the electricity output gengraifiore than
compensates the difference. However, while locatiwith optimal wind availability are ideal, theyeausually limited
within an area such as Denmark. Hence, placing wirtsines in sub-optimal locations still presentegavironmentally
superior alternative to fossil-based energy teatmiek as it helps to improve the overall elecyigupply mix.
Usually, offshore locations benefit from a morebtgaand abundant wind resource, as illustratedgare 9. Although
in this case, the narrowness of the distributiory mso be partially explained by the fact that §&he 104 wind
turbines are operated in the same wind farm. Thigien demonstrates that the electricity productiam vary
dramatically even between wind turbines of a sarndehsharing a similar power curve. It underlines importance
of the spatial parameters, notably the productiggtycapacity factor), in shaping electricity protian and ultimately

affecting the environmental performances of wintbitoes.
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Distribution of median yearly electricity production of wind turbines per power categories
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Median annual production in GWh
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100 kW 500 kW 1MW 2 MW 2 MW offshore
Figure 9: Dispersion of median yearly electricity production of wind turbines per power categories. The blue horizontal

lineisthe median value. Vertical rectangles represent 50% of the distribution. Vertical black intervals represent 90% of

the distribution. Outlying values are computed but not displayed.

Figure 4, located at the beginning of the reswdtdisn presents four maps of the selection of viinmtlines studied in
this article associated to their carbon footpriet kWh produced. As pointed out throughout Secti®dsand 3.2, one
may notice that wind turbines installed close t@ @mother may not necessarily have similar corredipg GHG
emissions per kWh as technology and time-relatedrpeters probably have as much influence on thereésuts as
parameters related to location. It is importantriderstand that associating generic values to jgaicdmeters inevitably
leads to incorrect results and may mislead thes@meimaker. It is however certain that the worstfgrening wind
turbines emit less GHG than conventional fossill-hased technologies [9], aside from exceptionahufacture
defects or accidents associated to extreme natwvmlts (e.g. storms, lightning strike) that coutdrgen the service

time of the wind turbine unexpectedly.

4 Comparison with previous studies

A review of existing studies on wind turbine sysseismidone considering both process-based LCA ahddiged forms
of LCA to position the results obtained for theefigets of wind turbines, expressed as GHG emisgien&Wh in
Figure 10. The emissions dispersion intervalslierfive sets of wind turbines are similar to whas lheen presented in
Figure 5.b. As argued in the Introduction sectiomst LCA studies of wind turbine systems, and RESjéneral,
cannot be fairly compared because of differing nhoelated assumptions, among others. Hence, thigaoson is not
an attempt to explain the difference between thaulte of this study and what has been publishediqusly

[15,18,51,43-50], but rather to confirm that thaly Within acceptable ranges.
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Comparison with previous studies
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Figure 10 Comparison with previous studies expressed as GHG emissions per kWh

In Figure 10 two outliers for the 2 MW offshore liures are worth discussing — see the orange dbeseTvalues are
more than twice the average GHG emissions per kWthimed for the corresponding set of wind turbiriBsey are
obtained by combining Multi-Regional Input-OutpMRIO) tables with process-based LCA, also callebriiyLCA.
Such observation is coherent with the findings akdfvhann et al. [48] who underlined that hybrid L@z wind
turbines return impacts that are consistently highean those obtained with a purely process-bagatl approach. This
seems to confirm here once again. The authors drifpa¢ process-based LCA may lead to truncaterdfisignt part of
the inventory and to ultimately underestimate eiorss However, the current resolution of most comrMRIO can
restrain the possibilities to distinguish specifiaterials within the inventory, limiting oneself families of products.
For example, low-alloy and stainless steel, twelspeoducts extensively involved in the inventofywind turbines,
are two materials with significantly different eramimental impacts (approximately 2 kg&€xy./kg of low-alloy steel
against 5 kgC@eq./kg of stainless steel according to [38] usiRE@C's GWP100a characterization factors). Such
MRIO as Exiobase v.3 [52] would treat both steeldurcts indifferently asBasic iron and steel and of ferro-alloys and
first products thereof”. It is therefore not hard to imagine that whag@ned in completeness could potentially be lost
as increased inaccuracy due to the coarse resolofithe MRIO data. Nevertheless, the use of aitydpproach based
on MRIO could add completeness to the present rdetimal should be considered a potential directionfdture

research.
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498 5 Conclusion

499 This study highlights the importance of consideritige variability and uncertainty induced by parasretof
500 technological, spatial and temporal nature in LCAdels of RES in general, illustrated with a sigrafit sample of
501 wind turbines in Denmark. Great variability in résuhas been found within sets of wind turbineshwat similar
502 nominal power output. Looking at the causes of suahability, diversity of designs (material intéy3, intended
503 applications (onshore and offshore use), wind abdity, service time and the year of manufactuavena major
504 influence on the environmental performances of wimbines. Instead of generic models provided bywoon LCI
505 databases or EPD, one should welcome more compéanmeterized inventories that embrace technolggical
506  geographical and temporal variability, limit un@énty and allow the comparison of different modatsequal grounds.
507 If LCA is to gain in precision for assessing poigintvind turbine farms, there is a need in the fatfor models that
508 generate LCI tailored to specific projects. Theyuldoideally allow including the specificities assted to the wind

509 turbine models considered and the context andimtaf use.

510 Access to such parameterized models would suppetteérkinformed decisions as wind power cannot bieced to one
511 single wind turbine installed in generic conditioftswvould also produce a more accurate reportinGldG emissions
512  associated to wind power generation in generathétnational level, there is a need for developiagon-wide wind
513 turbine fleet inventories to improve the environta¢mssessment of electrical systems with a higinesbf renewable
514  energy. It is precisely the purpose of LCA_WIND_Dé&y online LCA tool under development that willyr@n the
515 parameterized model presented in this study toigeogtetailed environmental statistics on all pastrent and future

516  wind turbines in Denmark.

517  Such methodology developed along the four-stepeserpicould be applied, for example, to other REfaarto other
518 areas at regional and national level. Finally,approach seems suitable for a large range of erstgfgms, especially
519 for RES for which most of the material and energguirements occur during tieanufacture andinstallation phases:

520  photovoltaic panels, geothermal heat pumps, tiddlv@ave energy converters.
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