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Abstract

Landscapémpact hasbeena persistentcauseof oppositionagainstthe expansionof renewable energy
(RE). However, there is stithmbiguity overthe spatial extents arile rationalityof reportedlandscape
impactsthat impeckes the development ofptimal mitigation strategis. In this paper,we reviewthree
metrics that have be@xtensivelyusedin the analysis ofandscape impasbf RE:land use, visibility and
public perceptionThrough tle review of these metricsve form a typology ofimpactsfor major RE
technologiesinda generic landscagimpact ranking, based on the quantification of average impacts from
realized projects

We conclude that, per unit energy generation, hydroelectric ehasgyeejon averagghe least impactful
to landsapesfollowed by solar and wind energy, respectivéfore importantly the analysis highlights
the strengths and weaknessafseachtechnology, in a landscape impact context, asemonstratethat
depending ofandscapattributesany technology can potentially be the least impad@ukrall, a holistic
approach iproposedor future researchnd policyfor the integration of RE to telscapeson the basis of
maximumutilization of the advantages of each technolégythe reduction of cumulative impact
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1 Introduction

In the hierarchy of scientificesearclon renewable energfRE), landscape impact analysssgenerally
consideredto rank low. Drawing an analogy witlthe physiologicalneedsof humans, thaare more

fundamentato survivalthan the needs of belongingdaself-completion[1], the generatiomf energyis

arguably of greaterpriority to humanity than the impacbf the technologyused on the ladscape.
Accordingly, natters of efficiency, costs and environmental impacts geneerally prioritized over
landscape impact analysis RE.

In countriesvith developed economigdsowevertheimpact of RE on landscape has bagartwining with
its expanin, raising complex questions of social and cultiiatl andcreatingunexpectant economic and
developmentaimplications Landscapémpact analysi®as a dual naturguantitative and qualitative, and
is thus described both lmariables that can be objectivelyantified, such as land usapndmoresubjective
gualitativevariables, such as public perceptidinis complexity, renders thmanagemenand mitigation
of landscape impac challenging problemrequiring interdiscipliary analysis.In this study, &ndscape
impactof RE isplaced thematicallpn the field of researabn the sustainabilityand expansionf RE, but
its analysids generally recognized to pertaimseveraldisciplines of applieshaturaland social sciences
which may approach the issue from differscientificperspectives.

1.1 Aloselose situation forlandscapes and the development of renewablenergy
The motivationof this study lies in addressing and reversing tpeoblematicrelationshipof RE and
landscape In brief, we characterizeelationshipas losdlose because in the absencetarigetedimpact
management and mitigation plaihganbecomedetrimentalto boththe RE expansiorandthe quality of
landscapesOn the one handhe development oRE is delayeddue tolandscapempact oppositionand
on the otherif theintegration of RE into landscapes is not properly addresggdficantandproblematic
landscapéransformatios areactually generated

In the short term, mpositionagainstRE developmentsn landscape impagtoundshasbeen consistently
causng delaysand cancellationsmpedingthe effort to reduce dependenénpm fossil fueland @using



60  significant economic implication3 he relevant examples are abundémthe USA for instancelawsuits
with legal arguments related to landscape, visibility and aesthetics have been condilgterdtyainst
wind, andto a lesser extent solagnergy developmenrit$3¢8]. Renewable energprojectsconstitutea
significantpercentage of thiarge numberof projectsthatare challengedn environmental groungdsiith
reference to theNational Environmental Protection Actederal Environmental Quality Astand

65 Environmental Protection Ag{9,10] The economicepercussionf such legal challengesasaddressed
in a studyof 351 challengednd delaye@rergy projectsbythe USChamber ofCommerce In that study,
it is estimated thahe US economy wateprived of a$1.1 trillionshortterm boost 1.9 million jobs annually
[10]; out ofsuchlitigations, 45% rdate b RE projectsGiven that this study reported on RE challenged RE
projects until 2010t can be assessed that legal challenges baseéidual and landscape impagtposition

70 can beassociatedavith billions of dollarsand hundreds of thousands of jobs.

Relevant problems have also emerged in the European[Whidd]. We presenthecase ofGreeceas an
examplg15]. In Greece, ir2017 and 2018, list of some of the major wind energy projects that have been
challenged adds up to a total installed capacity of 1237.7(WBble 1) Landscape impact is not the main
argument of opposition in all of these cases but is consistently mentioned, both aofegkints as well

75 as in the public statements and websites of opposing grbugkermore,n somelitigations, landscape
impact might not be mentioned, bititis evidentfrom the channels of communication of the opposing
groupsthatin reality it is a basicimplicit motivationfor opposition However, in suchitigations other
sectionf environmental impact assessment stugibgch are more technicahd objectivehan landscape
impact, are mainly targetedas theyare expectedo increase the odds of winnirige case [16]. These

80 legal challengesvere added to the various other challenggainst wind energy developments that
explicitly included legal arguments on landscape impadtichhave been handled by the Hellenic Council
of State[17¢22]. Thesignificanceof the problem in Greece, tlemonstratethy the fact that even though
current installed capacity afind energyis 2651 MW (for 2017)[23], the national targetetfor 202Q in
accordance to dictives from the European Unid@4], is 7500 MW [25]. Therefore,the delay or

85 cancellation oprojecst promptsthe imposition ofines from the European Union, from 2020 onwdride
exact method of calculation and enforcement of the fines has not been published yet, but in a relevant study
for Ireland, which isalmostdouble the percentage of Greece away from the target of RE ultilizt#on,
fines are anticipateith the range 0€300-600 million[26].

Overall it is evidentthat, in the long termRE pojectswill indeed be thecauseof massivelandscape
90 changesilt is the first time in human history that eneggneratiorhas so high land use demarfigg;30]
andthatthe infrastructurethat is utilizedgeneratesuch extensiverisualimpacs [31¢33]. The scaleof
landscapeand visualimpacst generatedis excellently demonstraté in the calculations ofzones of
theoretical visibility(ZTV) for wind energyin literature Results fromlargescaleZTV analyseshowed
that wind turbineswere visible from approximatelyl7% of the land area oSpairt [34], 21% of the
95 Netherlands[35], 46% of Scotland33] and 96% of the region oNorth Jutland in Denmark[31].
Furthermorethe global effortto increase energy generation frork, Rvill inevitably further perplexhe
problenatic relationship between energy generation and landsciapEurope for examplethe share of
RE in energy consumptiothat is nowl 7%. is planned to increase 27% by 2030[36]. Hence, ibbecomes
evidentthat theRE transition will continue tobe onethe gretest force of transfornation of European
100 landscapesiuring thefollowing decades Moreover this transformationis expected tde even more

I The term developments was used in reference to wind and solar projects rather than the term "farms", in agreement
with the critique ofleffersor{2] that the term "farms" is an euphemism.

2 From the examination of a hypothetical scenariviofd energy utilization in Spain, referring to natioivetalled

capacity nearly equal to tleairrentinstalled capacitypf wind energySpain.
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perceivable than the transition from 17% to 27% might indiddies is due to the fact thRIE projects will
gradually haveto be sited closer to more sensitiy@cations, from a landscape impact perspectase
suitable locations have decreased from the cuR&nhexpansion15,37,38] In conclusion, i becomes
apparent that without specialized impact management and mitigation strategigsrimorigndscape
impacts from RE can bearticularlyextensive andntrusive.

Table 1. Examples othallenged wind energgrojectsin Greece in 2017 and 2018

Location Installed capac Number of Type of opposition
0r 2090 turbines

Paros, Naxos, Tinc 218.5 95 Legal action from local

and Andros government

Samothrace 110.7 39 Votes by groups of citizens
and associations

Vermio 465 174 Negative decision from loca
government

Agrafa 86 40 Legal action from citizens

Sitia 81 27 Negative decision from loca
authorities

Karistos 167.9 73 Legal action from local
government

Mani 103.2 48 Legal action from citizens

and associations

Monemvasia 5.4 5 Legal action from local
government

Datawerecollectedfrom newsarticlesin the websitesof majornationalmedia(links arepresentedn the orderof re
ferencein thetable) http://www.kathimerini.gy https://www.ert.gr/ http://www.alterthess.grhttps://www.efsyn.gr
[; https://www.efsyn.gr/https//www.alfavita.gr{ http://www.kathimerini.gy https://www.rizospastigr/.

1.2 Research questiosand academic contribution

In the last few decadesignificanteffort has beeput intoestimating, managing and reducthglandscape
impactof RE projects However, so faresearcliasmostly focused on lociakedanaly®s of impacts rather
thangenericcumulativeanalygs. With global RE capacitysurpassind.856 GW[39¢41] at the moment
extersivenationalandregional datdor RE have emerged, allowirfgr factbased analyseka were so far
impossible andvhich cannow start eplaéng theoreticalnd intuitiveestimate®f landscape impact$his
study focusesn this exactdirection through the review ofliterature and dataegardingthe major and
established metrics of landscape imp#ctthis analysis, e following research questiorsge addressed
What are the typical landscape impacts of major RE technologies and how do they ditestafthat is
the generic ranking of major RE technologies, in terms of landscape jrbpaed on data from realized
project®


http://www.kathimerini.gr/
http://www.ert.gr/perifereiakoi-stathmoi/orestiada/anisychia-gia-ta-aiolika-parka-tis-samothrakis/
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https://www.efsyn.gr/
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https://www.alfavita.gr/koinonia/229093_mploko-ste-se-8-aiolika-parka-kai-73-anemogennitries-stin-karysto
http://www.kathimerini.gr/974586/article/epikairothta/ellada/ste-prasino-fws-gia-thn-kataskeyh-dyo-aiolikwn-parkwn-sth-manh
https://www.rizospastis.gr/

Through the investigation of these questidhe,characteristics that render RE technologies impaatéul
identifiedand quantifiedThiscontributes t@betterand clearedefinition of the problemat handand thus
to laying the propefoundatiors for a scientific approach to impatiitigation Eventhough some level of
landscape impact from the development of REnsvoidablehere isarguablystill room for optimization

125 of the spatial and architectural design of RE developmastaas demonstrated in the examples of section
1.1, if landscapdempacts are not adequately considered in project planning, a vicjolestriggeling
continuous opposition is generatddis acknowledgd therefore thatthe optimal integration of REo
landscapes is essenti@ ensure thesustainaliity of the RE expansionThis analysis identifies and
guantifies the distinct landscapapact characteristics ahajor RE technologiescontributingto better

130 informedfactbased spatial planning policy and demonstgatovel directions for research on managing
and minimizing landsape impact of RE[7,42]. Landscape isndoubtedly expectet play a significant
role [43] in the RE transition, specially in cases where cultural or natural heritagaffected and key
elements of local economies, such as tourism or real estate, are threatened

1.3 Observations and hypothesis
135 An initial observationn the review ofdata anditeraturewas thathe variousRE technologiedhiavebeen
disproportionately researchexer their landscape impadh particular, vind turbinesarethe basic topic
of mostliterature[44¢46], designguidelineg47¢51], institutional publication§s2¢56] and newsrticles
[14,57,58]on landscape impactollowed by solar panels[5,59]and lastly hydroelectricdams In more
detail, & regards to visibilityfor examplepne of the most researched metrics of landscape impact, wind
140 energyhas again beethme main focus ohationaldesign guidelineand publication§52¢56]. Solarenergy
has beemddressed to a much lesser exfehand hydroelectric enerdyashardlybeenmentionedin the
context of landscape impacEthis observation was partialiynexpectedsincethe typeof RE with the
highestinstalled capacity globallis hydroelectricity followed by windenergyand lastly solarenergy
which could suggest thakesearch interest of thenpact of each technologyo landscapeswould be
145 analogousSince that was nahe caseahypothesisvas formed, thathis disproportionate distribution of
scientific interestmightbe indicative othe actualmagnitudeof impacs generated from each technology
in which casawind energydevelopmentsvould begeneraing the largestimpact, followed by solarand
hydroelectricdevelopmentsn order.Even thoughparts ofthis conclusion have alreathgen produced in
literature[60¢63), it hasneither been completely formulated yet heensupmrted bylarge-scale datand
150 specialized analysis

1.4 Atrticle structure
In the introductorysection 1we presented the context of this study, the research questions posed and the
initial observations and hypothesis.section 2we reviewthree metrics thatave been consistently used
in the analysis of landscape impact from;Rihd use, visibility and public perception. We first describe
155 the argumemtfor the selection of these specific metrics (2ahy the studyscreening procedur@.2).
Subsequentlywe describéhe literature analyzed, the methods used and the results obitaieadh of the
three metricsin sequencé2.3, 2.4, 2.k Then, in section 2.6, wdistinguish a selected few of the analyzed
estimates, on the basis of thgareric applicability These estimates are used as a reference point for the
guantification of landscape impacts of major renewable energy technologiagipbal contextin section
160 3, we discuss the results arakploretheir significance and their corrélans with published literature
Finally, we present the conclusionssection4 and indicate directions fgolicy and future researdhn
section5.
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2 Methods and results

2.1 Selection of metricsand technologies

2.1.1 Metrics

Landscape impact has no upitgsnnot baneasured unequivocalBnd is, to arextent subjective.This
subjectivity is ly definition inherent to landscape impasince impact perception differentiates among
individuals and isffectedoy personal biaseslowever, even thoughndscapémpactcannotecalculated

in a conventional wayit has beerestimatedin literature,through acombination ofquantitative and
gualitativemetrics Quantitative(spatia) metricsmeasue the sizeof the affectedarea measured either
throughthe area oflired impad, which is thearea that is impactddom the installation of equipmeahd
from works of infrastructuregr throughthe area ofiisual impactj.e. the arearbmwhich the latter "direct
impacts"are visible. The qualitative(perceptual)metrics, on the other hantheasurehow all of these
aforementionethndscapehangesre perceivedy individuals

In this studyamixtureof quantitative and qualitativaetricswasreviewedto coverthe complete spectrum
of landscape ipactmetrics Namely, the following three metrics were seleatie@ to the fact thahey
encompass, to different degrebsththe quantitative and qualitative aspettandscapémpacst andalso
because thellave beemxtensivéy and consisteit usel in relevant analyses

1 Landuse Land uséhas beenvidely usedin the analysis of landscape impact from [RB,29,64;
66]. It is arguably the most objectivgeuantitativemetric of landscapearipad, since itis used to
measure the area that is directly occupied by RE developmeéiith is unquestionably impacted
[28,29]from a landscapémpact perspective; On the contrary, for examykgbility which is also
used as a metric of landscape impautludesbiases as visibility i®nly considered aegative
impactby individualswho dislike the view of RE facilities

1 Visibility : The area from which RE project isvisible canbeestimated ghroughvisibility analyses
with geographic information syster(GIS) [34,48;50,67]. Even though quantifiablejsibility is
however not fully quantitative metric sincesitassociation with landscape impeaependent on
whether the viewed element is perceived negatively or not. Regarding Rperteptionof
individualson the viewof newprojecs has been found teary significantly, ranging fromannoying
to pleagng. Asa result, visibilitycan be considered a mixgdalitative/quantitativenetric, which
can beguantified spatially but also encompasseljectivty related tandividual perception

1 Public perception:Public perceptionin the context of landscape impaetfersto the opiniors of
individualson the aesthetics &E projects[43,68] asshaped byheir senses, theiculture and
theirideology[69¢72]. It has beeassesseith various formg69,71]andcan be considered a plyre
qualitativemetric. Neverthelesspublic perception isrguablyof particular significanceince it
determines the existence of visual impacts anddtaasletermines thepatial extents of landscape
impacs; e.g. if the view of a project is perceived positively negatnaualimpacs do not exist.

Otherquantifiableaspecs oflandscape impz from RE thatare acknowledged bwiere notreviewedare
listedbelow, alongwith a brief description on why they were riotluded

a) Full life-cycle landscape impadtor a compehensie understanding of theverallimpact of RE
on landscapea full life-cycle impact analysis is imperatiyé3,74] However,the analysis of
impacts from facilities and processes of manufacturing and decommissioning RE machinery and
infrastructure components is a complex task tlequires specialized research, anébrtunately
relevant studies are scanfd3]. Additionally, it exceeds the boundaries of national and regional
planning and sitting practices, which are in focus in this analysis, kieagy/cle impacs do not



concern a single region or countryt arespread across several countiiés]; for example, the
materials required for manufacturing wind turlsiimeclude steel, carbon fiber, cast irdibberglass
and aluminum[76,77] most of which are imported to the countries thanufactureRE
technolay.

210 b) Duration of impactDuration of impacf7,78]was notexaminedn this analysisSince enewable
energyis designed to be permanenteplacementor fossil fuel RE developments arexpected to
provide continuously to the new fossil fulilee energ world until new technologies can replace
them Thetype and extentsf landscape impact remaining aftarge-scaledecommissiorwould
differ for each technologj7 6], butoverall, wereconsidered largely distant problem

215 c) Shortterm constructiomelated landscape impa&hortterm construction related landscape impact
was notexamined Emphasiswas placedon large scaleand long-term impac$ and therefore
impacts duringhe life spanof the projecivereprioritized

2.1.2 Technologies
Moderately developed or experimental RE technologies were not examined in this ametlgsisontext

220 of globallandscape transformation, the major technologies|#aat in insted capacityglobally were
considered moreelevantto reported landscape impacthese aréarge hydroelectric dams, onshore wind
turbines and utility scale solar panels. The most developed out of the technologies thattinetaded
in the analysisvere small hydroelectric damamounting toapproximately 11% of the total installed
capacity of hydropower globall{148 GW in 2016)79], and dfshore wind energy with 18,8 GW of

225 installedcapacityglobally [80]. In comparison, the global installed capacity of solar energy, which is the
least utilizedout of the threeexaminedtechnologies, was 222 GY¥1]. It is pointed out that both small
hydroelectric dam§31] and offshore wind turbines have distinct characteristics and should be analyzed
separately regarding their landscape impact.

2.2 Study screening

230 2.2.1 Primary screening
Study screeningrasmorecomplexin the reviewof land use and visibilitthat quantitativéspatia) metrics
than in the review of thexclusivelyqualitative(perceptualmetric of public perceptiarThis was due to
the fact thatdnd use and visibilitgstimatesare greatlydependent oparameters such as terrain, energy
efficiency, scale of data sets used ,attile public perceptionis more simplyapproached with statistical

235 analysisThis sectioris thusdedicated to screenimgethoddor literature review otand use and visibility
whichrequiredclarificationsoverthesevarious influentiaparameterdand use and visibility are reviewed
in sections 2.3 and 2Phe screening of studies for the reviewpablic perception wasarried out witha
more simplestatisticalalgorithmic pocedurehat is describedithin section 2.5"Public Perceptioh.

To collect data on land use and visibility RE searches were carried out on Google Scholar, Elsevier,
240 Wiley and Taylor & Francis data bases using the search strimgdr&electric energywind energy/ solar

energyland use", 'hydroelectric energy/ wind energy/ solar enevigibility" and " hydroelectric energy/

wind energy/ solar energyisual impact". The resultsf the search enginasere searchetbr relevant

studiesuntil more thanten consequentesultswith irrelevant titles were foundAdditional individual

searches were carried out for relevant articles and reports that were referenced within the studies originally
245  found.The estimates on tlexamined metrics that were compiled from this procedure are all presented in

sections 2.3, 2.4 and 2.5.

2.2.2 Secondary sreening
Other than presenting the general overview of literatun@ a typology of impactghis study aims to
provide a generic quantifition of landscape impaodf the examinedechnologiesHowever, not albf
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the estimates that were compiled through the primary screening process could be used to this tam
biaseghat rendered their results ngeneralizable. These biases wereain extremesassumptions over
efficiency of energy generatigrthe scale of data sets usedge of theoretical estimateser data from

realized projectand economiaevelopmenstatusof origin countriesin the following subsections we
describe theecondarscreeningriteriathat were used tistinguis theestimaesof land use and visibility
that could be useith agenericcontext, with reference to the aforementioned biases

Scaleof datasets

The problem of landscape impadtRE wasexamined at the level of largeale energgeneratiorthatis
the most alteringp landscapg[27,29] In accordance to this logidteraturereferringto largescale energy
generatiorwasprioritized;i.e. studies analyzintarge data sets compiled globafigitionaly or regionaly
were preferred, in order of referentémiting factorsto the exclusivause of global data &ether scarcity
and thedifficulty in maintairing an overview of the reliability of data, which was at times questionable for
estimates based dhe largest available dataset$hus, he scale of datasetsat had beemsedin the
estimatesthat were distinguished for geme applicability, depended omdata quality andavailability.
Indicatively, in the review of dndusestudiesbased omationaldatasetswereutilized [28,64,65]while in
the review of visibilitystudiesbased omegional datavere alsancluded[31,32,82,83]sincenationatscale
visibility analyseq33¢35] werescarce and gbal scale visibility analyseserenot found.

Terrain

Land use and visibility oRE developmentare greatly dependent oterraintopography.Therefore to

reach generic and unbiased conclusidat fromareas of moderate terrain weneferredoverdata from
extremely mountainous or flareas It was clearthat if, for example data from Switzerlan{B4,85] or

Brazil [86] were usedn the estimation of average hydroelectric reservoir dizeresults would be biased;
Switzerland being aexceptionallynountainous and brazil @axceptionallyflat country.Consequentlyan

index was requiredo determinewhich of the origin countriesor regionsof the datasets hatioderate

terrain Thetopogaphic ruggedness index Runn and Pug§87] wasutilized to this endRuggedness is
defined as the average sl ope of a c o[@hbyaverdging | and
the elevations of adjacent 30 by 30-aecond cells in the GTOPO30 global elevation datds&igure 1,

al countriesfrom which terrainrelated datavere discussed in ik article are pinpointedto aid the
characterization otheir terrain, agmoderateor extreme (flat or mountainoud-or example, Switzerland
(CHE), which is an exceptionally mountainous country, has a ruggedness index of 4.76 and Brazil (BRA),
which is an exceptionally flat country, has 0.R&sults from ountries withextremeterrain(based on their
ruggedness indexdrementioned in thestudybut arenot included in th@enericresults as they were not
considered of generic value
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285  Figure 1. Global aimulative frequencyghartof nationalruggednesindexes Countries that areeferencedn this
article,in regards tdand use or visibility of REarepresentedising their isocoded.he muntrieswhose ruggedness
indexwaswithin the frequencies of 25% and 75%ére consideredf moderate topograph@riginal data from Nunn
and Pugd87].

Energy generation Hiciency

290 Land use and visibilityof RE are commonly expressex ratios ofthe affectedareato eitherinstalled
capacity or energy generatioBnergy generation (ilsWh) was consideredpreferableover installed
capacity (inMW), as the denominator of the ratim the context of this studythemise, if installed
capacity wasused as thalenominator, the area affect@buld be overestimated fanore efficient
technologies, which generate more GWitenergy peMW of installed capacityThis would notallow for

295 a fair comparison between different taclogies.Since data wheraot alwaysavailable inthe desired
format, conversions ofnstalled capacity t@xpected averagenergy generain were madgusing the
capacity factas (CF) of thetechnolodges examinedTable 2) The cases in which sudonversions were
carried out are reported in the text.

Realized datass.theoreticalestimates

300 Hydroeelectic, wind and solar energy have already develaiguificantly, with 1212, 420 and 222 GW of
total globalinstalled capacity respectivelyn 2016 [39¢41]. Thus, cta from realized projects were
preferred over theoretical estimaties land useand visibility and for capacity factorsEven though
theoretical estimates are also useful, especially whenfrdatabuilt projectshave not beenollected(as
was the case with visibility analyses for solar en¢8dy), thee are variougexamples in which thelgave

305 beenfound todiffer from reality. Such a cas®r examplejs the discrepancy of theoretical from realized
CFof wind energy described b¥occard88], which was one of the examples that acted as &eieing
thoughtful to theuseof theoreticalestimatesBased on this discrepancsgther than using theoretical
estimatesve utilized realized CFs in all conversions of installed capacity to expected energy generation. In
particular,global average CFs were calculated, usiata of installed capég and energy generation from

310 theWorld Energy Council[39¢41] (Table 3. The data sets of the World Energy Council laased on
global data fromealizedprojects.
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Table 2. Capacity factors of renewable enetgghnologiesGlobal data ofnstalled capacity and energy generation
were retrieved from thé/orld Energy Council[89]- Hydropower,[40]- Wind and[41]- Solar).

Type ofrenewable Total installed capacity Comments or Capacity
energy of data se{GW) data set factor

Hydroelectric 1212 includes 0.37
pumped
storage

Wind 432 includes 0.22

onshore and
offshore

Solar 222 includesPV 0.13
and CSP

National economic status

Studies utilizing dta from countriewith developed economiegereprioritizedin this analysi®verstudies

that utilizeddatafrom countrieswith developing economie$or the followingtwo reasonsFirstly, the
subjectat hand, landscape impaiftRE, is more relevant to developed counttieathave the'privilege"

of optimizing their energy generation in termsspistainabilityand landscap@tegration Developing
countries still battle with providing their citizemsth basic commodities, in a much larger percentage than
developed countries do, a fact that has been affecting their ability to mitigate environmental and landscape
impactsandtheir effort to develofRE, overall.Secondly it is the opinion of authors &hRE projectsthat

are built in developing countries, are more prone to be damaging to the environment and the landscape
This is mainly attributedo the lack of social structure$ environmeral and landscape protectiandthe
increased presence aftocraticregimes and corrupt procedurdhe combination of those two factors

leads to a general disregard of #revironmentabspects of projects of infrastructume such a scale that

the analysis ofandscape impacia developing countriezould require separate and specialized research

2.3 Land Use

The land area that is used by RE developmisntgrtainly alteredrom a landscape perspectjather
directly or visually[28]. Thus land use has beextensively sed asa spatialmetric of landscape impact
[28,29,64;66]. Land use isdditionallyidentified asthe least subjectiveut of the three metrichat are
analyzedas itis the leastlependendn personal opiniorand biasesn comparison twisibility and public
perception

Overall the literature review demonstrated a general consensus in estimsits aind wind energand
use and an adequacy of studigiizing large and credible data sefe reviewof hydroelectridand use
howeverwas more complexue todiscrepancyn estimatesnd lack of indepth studiesThe discrepancy
of hydroelectric land use estimatissdemonstrated excellently in tttatacompiledfrom literatureby
Trainor et al[28]. The largest and satlest estimatesf direct land usavere respectively5.45and86.95
km?TWh for hydroelectre, 0.34 and 1.37 km?TWh for wind and 12.30and 16.97 km¥TWh for solar
energy the ratio of largest to smallest estimate being 13.5 in the cégelafelectricity, larger by almost
one order of magnitude to the ratios of wind and solar enesdgigh were4 and 1.4.

10



2.3.1 Solar and wind energy land use

In literature, land use of solar and wind eneagydivided irto two types:(a) Direct land usethat isthe

areaoccupiedby RE equipmentfacilitiesandworks of infrastructure an(b) total land usehat isthearea
345 enclosed by the boundaof the property usedi64,65] Total land usgwhich is themost extensiveof the

two, waspreferredas ametrig, in the context of landscape impathis was due to the fact thaind turbines

and solar panels argsually and aesthetically dominawnithin the property they are install§B], for

different reasons in each cass described subsequently

In the case of solanergy direct and total landre almosequivalent For major solar photovoltaic (PV)

350 projects dtect land use anstitutesof approximately90% of the total land use argasis demonstrated for
example by Ong et g65] that estimate13 759 nt/GWh for averageotal landuseand12545m?%GWh
for averagedirect land-use This is to be expectedince solar panelsio not haveextensivespacing
requirementdike wind turbines(as described below)As a resultthe land propertes required for their
installationneed onlyaccommodatéhe paned, access roads and smaillxiliary facilities and are thus

355 almost completely filledit is thereforereasonable to assume thlag panelsaredominant within this area
from a landscape perspective, both visually and dggare effectswhich are strongédn their proximity
[89].

In the case of wind energy, the difference between direldtodal landuseis more significantindicatively,

asdescribedy Denholm et al[64], direct land usef wind developmentis 3000+ 3000m?MW and total
360 land usds 340 000+ 220 000m?MW. This difference is justified by the fact that wind turbines sited

in distances of 3 to 10 rotor diametegzart(120-900m for 4090 m bladeso optimizethe absorption of

wind energy Thisgenerates the requiremdat larger and more compldand propertiesor wind energy

projects But even thoughurbinesand works of infrastructurenly occupy a small percentage tbie

properties usediterature suggests that theiresencés perceivable ira much larger aredue to the size,
365 themovemenof their bladesnd the noise theyeneratainder certain conditior{90,91]

In particular, relevarmstudiessuggesthat the visud/landscapgrominence or dominatioof wind turbines
exceeddrom 1 to 6.4 km away fromtheir location.ndicatively, The Sinclai- Thomas matricef2] (as
cited byBuchan[48]) presen#d km agheradiusof dominant impact for wind turbines with heighdsiging
from 90 to 100m. Similarly, Sullivan et al.present6.4 km asthe radiusin which a wind turbine is

370 considered d&commanding visual presence that ntaynpletely fill or exceed the visible horizon in the
direction of view[93]. Finally, Bishop,StevensorandGriffiths, SNH andBuchanall agree on a distance
of 2 km as distance in which a wind turbine is dominant vis(i48y49,67,94fand finallyVissering et al.
[95] concludethatthe greatest impact expectedit up to800 m and impact otthe integral part of scenic
view" atup to4 km.

375 Inaninvestigation of the relation tifearea of landscape dornaince tahe area ofotal land use simplified
calculationof thetheoreticaVisualimpactof acommon3 MW wind turbineof 2019was carried outSuch
a turbine(with a rotor diameter of 80m, tower height of 9@ndtower diameter of 6)noccupiess0 m? at
its basq96], butis expected to beisually dominating, inan area larger than its total land esgiivalent
even when the smallest distancehifhly-perceivedvisibility from literatureis used. Using 800m [95] as
380 the radius of a circlef visual dominanc@round the turbinghe ara of impactwascalculated670000
m?MW. Even if the turbine is ndtlly visible in this areadue to concealment from terratall buildings
etc, this estimatesignificantly surpassetheaverageotalland use estimabf wind energythat is176 000
m2/MW (as explained later)lhe distance of 800 m, which is usedthis example, is also equal to the
distance of 10 rotor diameters, whigha common distance foadjacent turbines in a wind energy
385 developmentThus,the reduction to the average aoé visual impact due to overlapping of visual impact
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from adjacent turbinds not expected to affect the estimatibarthermore, if the larger distances of visual
dominance from the previous paragraph are used theatttfe is even largeFor exampleif a radius of
2km is used48,49,67,94thearea of maximuntheoretical impaadf a single turbinés 4 188 790m?/MW.

Thus, withtotal landuseestablishedsthe type of land use that is more relevant to landscape infpats
solar and wind energy projectse proceeded oanalyzingrelevantliteratureand concludingon generic
estimate. Since literature on the subject wasfficient and in general agreemerdwn verification
calculatiors were not required Two NREL reportsfrom USA [64,65] whose results have bealteady
beencited in relevantstudies[28,66] stood ouand weredistinguishedas suiable for generic use. The
reason for their selectiomas that theyvere the best match tbe screening criteria of section 222In
detalil, (i) the datasetanalyzedwverelargeandnationwide (ii) the ruggedness index of USA is very close
to the globaaverage(Figure 1)and therefordhe results are not expected to be biased due to terrain
topography, (iii) they were presented in terms of installed capacity and thus allowed for the use of the global
CFs of Table2 for their conversion to correspondienergy generatiofiv) theyoriginatedfrom realized
wind and solar energy projedtsthe USAand did not embody theoretical estimaaesfinally (v) USA

has a developed econonsgatus Furthermoresince theywere specifically conducted to measure land use,
these studiewerevery meticulous, allowing for a thorough review of the methods asddheir results

and theywerealsoin generalbgreement witthe otherestimatedrom literature.Indicatively, the stimates

of otherrelevantstudies that areanalyzedn the next paragraplaverage 16300 n¥/GWh for total land

use of wind energywhile Denholm et alestimatedl76000 n¥/GWh [64]; and46 204 n¥/GWh for solar
energy whileOng et & estimated28 000 n¥/GWh [65]. In Table 3we presenthe results of this section as
well as the estimates of Ong et al. and Denholm et ad?idW before their conversion to#&Wh, with

the use othe CFs of Table 2

In other literature,dtal land use of wind energwasestimatedat 126920 n¥/GWh by Trainor et al[28],
103777+ 51889m?GWh by Ledec et al[97] and25000 to 11000 nt/GWh by Gagnon et a[98]. In
the study ofHertwich et al]66], the results ofive studiesontotal land usavere compiledrangingfrom
43240t0 475646 m?MW [99¢103] or 22437 to 24807 nt/GWh, whenconvertedn terms of energy
generation andaveragng of 191508 n¥/GWh. Van Zalk and Behreng80] estimated average total land
use of wind energy &26 797 MW, i.e.similarly 169 571 iGWHh, analyzing literature from the USA
Finally, theestimate$rom the more recent studies Bfitsche et al[104]andIINAS [105], which are much
smaller, 1000 MGWh and 700fiGWh respectively, refer to direct land use which, @sviously
mentionedis indeed very small in the case of wind energy.

Regardingtotal land use of solar energgagnon et al[98] presengd the highest andlowestestimates
found in literaturein 2002 30000 and 45000 nt/GWh respectively Trainor etal. [28] estimaté it at
15100 n¥/GWh, while Van Zalk and Behrengroduced the largest estimate sq 146582 m¥MW [30]
convertedo 111154 n¥/GWh using of the CF of Table. Finally in the website o0)CSit was estimated
in the range 014 164to 40469m?MW [106], which averages 2063 nf when converted to corresponding
energy generation using the global aver@gef Table 2 Lastly, Fritscheestimate 10 000m%GWh [104]
andlINAS 8700 m2/GWH105] for directland useof sola energy whichis in factsmallerthan total land
use
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Table 3. Estimates oftotal land use requirements of wind, solar and hydroelediiie estimates were singled out
from literatureon the basis dfighestgenericapplicability.

Type of renewable Totalland use Total installed Source ototal land Total land use

energytechnology per unit capacity of use datger unit per unit energy
installed data sets used installed capacity  generation
capacity (GW) (m%GWwh)2
(M?MW)

Wind 340000 25 (NREL,2009) 176000°

(Onshore>20 MW)

Solar 31970 3.6 (NREL,2013) 28000°¢

(PV >20 MW)

Hydro - Unknown? (Trainor,2016) 16900

(Large hydroelectric
dams(non-multipurpose
reservoirs))

Results rounded up to one thousand

Conversion of installed capacity to energy with the use of correspo@éiisgf Table 2

CSPland usaloes not present significant difference in the report of Ong 5.

Data set consists &0 randomly selected hydroelectric reservoirs from the (JBainor,2016)The scale of the
estimatewasverified by owncalculations based on data sets of 9.7 GW of installed capacity from Spanish and
Greek hydroelectric reservoirs.

2.3.2 Hydroelectric energyland use

Land use of hydroelectrfirojecsismeasuredhroughthelandareathat is used bitydroelectriaeservois.
In reality,land is also uselby the dam thepower plantandotherappurtenant structurelsut the reservoir
areais largerby several orders of magnitudendering these additional landes negligibfe Hydroelectric
land use, as measured throughrservoir arescan be considered an adequate mefrlandscape impact
for the following reasonga) The major landscapearansformatiorof hydroelectric projeatis,in fact, the
inundation ofsectiors of river valleys, for the creation of artificial lakeand (b)asdescribed in detail in the
next sulsection negativevisual impact fronreservoirand hydroelectric facilitiesas not beereportedn
literature Therefore,n contrast towind and solar engy, the landscapémpactof hydroelectric projects
can befully quantifiedthroughits direct land use, i.e. the reservoir area

oo op

However, agenericestimate ohydroelectric land useas harder to reach comparison tsolar and wind
energyas there was no consensus in literatligis prevented a quick ardgfinitive conclusiorandinstead
generatedherequiremenfor in-depth analysis gfublished researcdmdsupplementargwn calculations
All estimates of hydroektric land uséased on national or global daket werecompiledfrom literature
are presentebh table 4.The estimates present a wide range, the lowest and highest20i0m%GWh
and768234 m?GWh. For comparisonthe range definedy these estimates 866 234 m?GWh, while
the correspondingrangesfor solar and wind energy land use, are @® and 22807 m?GWh,
respectively.

Investigation ofthe discrepancy
A level of ariability is generally justified in estiates of land use from hydroelectric projects since the
average surface area of hydroelectric reservoirs is dependent both on the average terrain topography of

3 This is verified by calculations dénd use of hydroelectric infrastructuresiection 2.3.2.3
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the area examined and on the exdatatiors selected for the projects, within this are@hus, variability

is tobe expectedespeciallwhen comparingtudies that analyzedata fromvarious differentcountries

or regions.However, the following observations made during the review of literature, indicated that the
discrepancy of estimates loydroelectric land use might be caused or exaggerated by additional factors. In
summary, thee observationsvere (a) the lack of correlation of estimates topographical reliefi.e. flat
countries having smaller ratios of average reservoir area toyegergeration and more mountainous
countries having larger raticend(b) severairregularitiesin the data selection processéselevant studies

and especially in older literature

In more detail, the firstgssibleexplanatiorthat wasexamined in the investigation of this discrepancy was
theaforementioned sensitivityf hydroelectric land use terraintopographyHowever,no correlationof
average reservoir surfaweth the countrA Stérr@inwasidentifiedin the compilecestimates Indicatively
eventwo studieson theextremes of therangeof the estimates (IINAS3500m?GWh[105] and Pimentel
et al. 750000 m?GWh [107]) had used datdrom countries withsimilar and in fact, close to average
terrain; in particular theirruggednesindexeswere calculated.6 (Germanypand 1.1(USA)respectively
in theanalysis oNunn and Pug§B7] (Fgure 1). Furthermore, even two studigstutilized data from the
same countryeachedconclusions on average reservoir afteat differ greatly Pimentel et al. estimated
750000 n¥/GWh [107] and Trainor et al.16 900 nf/GWh [28] for hydroelectric land use ithe USA
Unexpectantly, their differenc@33100m% GWh, is almost as large as the total range of estinudt€able
4, i.e. 748 00¥GWh.

The secongbossibleexplanationthat was investigatedyas thepresenceof estimates that overestimated

or underestimated hydroelectric land usko explore this scenario the studies of Table 4 were examined
in detail,placingemphasion the datathat wereused in each cas&nfortunately, &cessibility taitilized
datasetausedwas limitedin the morerecentof the studies[28,104,105] These studiegresented generic
estimateswithout reference to particular datasetd'he older studiesof Gagnonand van de Vate
Goodlandand Lede@and Quinterd84,108,109}vere moredescriptiveover data selectiobut important
irregularities wereidentified when they were analyzed in deptm particular, he datasetsused, vhich
were largely common between the three studiesyere found to be partial to reservoirs with 8a
environmental desigrinthe studiesof Ledec and Quintero and Goodlad®8,109] 96% and 9% of the
projectsanalyzedespectivelyoriginate fromcountrieswith developing economiesndadditionallyLedec
and Quintero include some particularly small projects whose average reservoir area is larger by two
orders of magnitde from the largestrecordedestimate of hydroelectric land ug@r by four orders of
magnitude from the smallest recorded estimat&hisisjustified by the facthat the aim of thesestudies
was theanalysis of extremenvironmentalimpactsof hydroelectric projects, rather than the estimation
of an average ofiydroelectric land usd-urthermore, several of theeservoirsused in the calculatiorsre

not exclusively hydroelectribut are multipurpose reservoirswhich is expected to contribute to
overestimations It has to be noted that Goodlandn contrast to Ledec et aldoes not claim to have
reached an estimate of global average of hydroelectric land use, with the ubesgfdata. The study of
Gagnon and van de Vafg4], referenced several other data sourcesaidition to Goodland108] but
unfortunately the majority of the cited studies could not be acces<ad.the basis of the preceding
arguments as well as the furthér-depth analysis of Appendix A on the three aforementioned studies,
their results were not considereduitable for nclusionin the calculation ofa generic estimate of
hydroelectric land use
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Table 4. Estimates oHydroelectric land us&om literature(in which national data or compilations of global data

were usejl
Geographic origin of  Dataset details Land useper unit Source
data set energy generation
(m%¥GWh)
N/a Generic estimatby 10000 [104]
authors
Germany Na 3500 [105] as cited if104]
USA 47 hydroelectric dams 16900 [28]
randomly selected fron
the National
Hydrography Dataset
China Representing 22.1 GW 24000 [110] ascitedin [84]
of installed capacity
Switzerland Representing 11.8 GW 2000 [85] ascitedin [84]
of installed capacity
N/a Personal 185117 [109]
communication of
Ledec and Quintero
with J. Goldemberg
USA Based on a random 750000 [107]

Asia & Africa & Latin
America

Various

Varioys

sample of 50

hydropower reservoirs

in theUSA

189 projects: Many 86872
small dams in Africa

Estimaedusing data 98729768234
from the World Bank

(Goodland,1995),

which is basedipon a

survey of nearly 200

plants.

Calculated using the 34 18F
sum of installed

capacity and reservoir

area of alreferenced

projects

[108] ascitedin [84]

[108] ascitedin [111]

[108]
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a. Original dataof Williams andPortefl11]was in ni/MW and was converted t%GWhwith the CF of Table 2.
b. Weighted average (in terms of installed capacity) of the three cited figures
c. The CF of Table 2 was used for conversion froffMw to mGWh.

Challenges in calculating hydroelectric land use

The irregularities found in theolder studiesthat were referencegrevious subsectioli4,108,109]
demonstratethe needto accesand thoroughly examinte data setasedin each studyf hydroelectric
land use However, since detailed data sets were actualhot found in the remaining studies
[28,104,105,107]we concluded thattiwas necessary to perforown verifying calculations. During this
process, we identifiedomeinherentchallengesn the estimaton of hydroelectric land uspl12], which
might be partially responsible for the difficulty of the academia in reachaansensusn hydroelectric
land useIn the case ofolar and windenergy projects calculationof land use is less compldélkan
hydroelectric projectss it only dependen two variables(a)the size ofarea used by the projectnd(b)
their energy generatiomr installed capacityForhydroelectric reservoirsother than thesurface area of
the reservoirandthe energy generatioror installed capacityf the hydroelectric poweplant, the same
calculationadditionally requires

1 Identification and eparation of singlepurpose hydroelectric reservoirsand multipurpose
hydroelectic reservoirsit is common for gdroelectricprojectsto becombined withotherwater
usesas part of multi-purpose reservar[98,113] In particular, according talata from the
Internatioral Commissionon Large Dams, out of the 5786 hydroelectric dams globally 3932 are
multi-purpose dam§l14]. However, to avoid overestimating hydroelectric land, weservoirs
with additional uses that affect the volume of water storage, such as water, sujgation,
industrial use and flood contrahould not be included ihe calculations

1 Understanding of the multiple (in some cases) components of hydroelectric complexes: The
structure of a hydroelectric complex is not always binary, consisting of a single reservoir and a
single power station. On the contrary, it canabeery complicated system consisting of several
reservoirs and power stations, in distarf@d45]. Tracking the multiple components of a
hydroelectric complex can be challengimigie to their spatial dispersion and theffadientiation
in size. Their omission of a single component however, can alter results signifiEangéyample
if a pumped storage reservoir upstream or an additional power station downstream of the main dam
is omitted this will lead to miscalculatioof the installed capacity and thus of the larse of the
project (per installed capacityspecially in extensive calculationsvhich include multiple
hydroelectric projectsavoiding such omissions can be challenging

Gagnoret al.highlighted cases iwhich these challenges were not fully addresisettieir literature review
[98], and furthermore,in this article the studiesof Ledecand Quinteroand Goodland108,109]are
highlighted forsimilar omissionsgeeAppendix A) To avoid biased estimatgi$ studies did not clarify
whetherthey dealt with thesehallengesor if their data setsould not be accesse be inspectede.g.
[107,109,110) they were considered potentially pronertot having addressed theamnd where thus not
includedin thegenericestimation of hydroelectric land use

Conclusion on tydroelectric land use

In recentanalysesTrainor[28], Fritsche[104] and IINAS (as cited ifil04]), estimatehydroelectric land
usein the range of 30006 900 m¥GWh. Out of them, he studyof Trainor etal., which is based on a
random ampleof 47 hydroelectric projects in the US¥as found tosuit thesecondary screeningyiteria
of section 2.2.2 and the additional considerations over hydroelectric-lesedcalculationshe best for
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the following reasong(i) all projectsusedwwere singlepurpose hydroelectric projeci@rainor,personal
communication Mar 27, 2019randomly comged in a national scale, (tata originatel from USAthat
hasmoderate terrain topographyFigure 1) (iii) datawere presented in terms of energyeneration, (iv)
based on realized energy generation data and finally, (v) USA has developed economy Istests 900
m?/GWhwas selectedstheestimate witlthe besgeneric applicabilityegardingand useof hydroelectric
reservoirsTheolder estimate of Pimentel et a[107] (Table 4}that wasalsobased on a random sample
of 50 hydroelectric reservoirs from the US#as not utilized since the authodid not clarifywhether
thesewere multipurpose reservoirer not (personal communicatioefforts proved unsuccessfull\s a
result, based on the arguments for the previous subsection it was not considered Bwisgitie.the
consensus inhese more recent studiesthe data set that supports the estimate of Trainor is not very
extensiveand both Fritsche[104] and IINAS (as cited irf104]) did not provide detailed datasets.
Therefore,some additional calculations wetarried outfor the verification of the estimateTheprojects
usedfor verifying calculationsvere (a) Spanisthydroelectricdamsof installed capacityargerthan 100
MW [116,117]and (b)the complete list ofGreekhydroelectricdams Greece is a country with relatively
high terrain ruggednessind therefore Greek hydroelectric reservoimere expected torequire smaller
land use than the global average. Nonetheléissy were includedas asecondary verification, because of
the accessibilityand the indepth knowledgeof the relevantdatasetsto the authors The results are
presented inTable5 andare close to the estimate of Trainor et al.

Table 5. Spanish and Gred¥ydroelectricreservoidand uselata

Data set Land useper unit Installed Data source Land useper unit
examined installed capacity capacity of energy generatior

(m?/MW) projects (Mm?GWhY

(GW)

Greek 44291 1.1° [118] 14000
hydroelectric
dams
Spanish 41304 8.6° [116,1177 13000
hydroelectric
dams

a. Includesreservoir area anah additionaP00 n¥/GWh for appurtenant structurgs accordance to the calculation
of average landise of appurtenant structures). Estimates rounded up to one thousand.

b. Total hydroelectric capacity examined was 3.3 GW, 1.1 GW of which was $nogte purpose hydroelectric
reservoirs.

c. Total hydroelectriccapacity examined was 11 GW, 8.6 GWwhich was fromsinglepurpose hydroelectric
reservoirs.

d. Garcia Marin and Espejo Marin as source for installed capauit@NCZ| as source of reservoir area

Other than the reservoir areadditional land useof hydroelectric projects were also calculatedto

investigate their contribution to total land use, since relevant data were not found in liténgiarécular,
the sum of the area of theain dam auxiliary dams (whepresen), modified slopes, powestations, visible
pipelines and other auxiliary structures was meastioedsreeksinglepurposehydroelectricreservoirs,
usingGoogle EarthThe average land required for these uses was calculag@Datt/GWh, whichis an

insignificantamountin the ale ofthe calculationof hydroelectric land us@-igure 2)
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575  Figure 2. Example of measuremenof land usefrom appurtenant structures and adjacent engineering works in a
hydroelectric projectThe projectpresentedPigesAoou dam had the most extensiven-reservoir land useut of
the Greek hydroelectric damsonsisting of thepower stationmain dam, auxiliary damand other appurtenant
structures.

2.4 Visibility

580 Other thanthe directimpacton landscapg which is measued by landuse landscape impacts are also
generatedlue tothe visibility of renewable energy projecighis so-called visuaimpact although more
subjective, carextend several kilometersaway from the projects locations Visual impacs of RE
developmenthave beemxtensivelyanalyzedn scientific literature[27,29,42,49,95hndin institutiond
environmental impact assessmeguidelines which includemeasures tquantify andeducehesempacs,

585  primarily forwind energy projectf0,119,120]

Hence, severaimethodshave been developeid estimate and quantify visual impacénging from
photomontage and digital representatioGt8-basedviewshed analysd421¢125]. Since tle ains of this
sectionarethereview ancelicitation ofgenericestimages orthe visial impaciof differentRE technologies
priority was given to methodsf estimating visual impact that have bespliedwidely in national or
590 regional scalewith similar or compaable technical assumptiond.he methoalogy that fulfilled these
criteria the best waghe so called'viewshed analysisand in particular, thealculationof "zone of
theoretical visibility (ZTV) [126] or "zoneof visual impadinfluence[127], as it is also callk ZTV is
calculatedvith GIS technologyn the form ofa binary map presenting the areas from whiclobjecte.g.
a wind turbine,is vigble and the areas from whicth is not. Even though this method describes
595 deterministically a phenomenon which id deterministig128], i.e. thediscernibility of an object changes
according to weather conditions, time of the daygsighof viewer etc, it was preferred in relation to other
methoddor the followingtwo reasons(a) Itis the only technique thaitas beempplied in severatases,
on estimation®f landscape impacan a large scalenational or regionabnd(b) it is a method of spatial
quantificationof visual impactin which visibility is determinetyy the examination derrainmorphology
600 without the incorporation of glexes of impaeperception This is in contrastto several sher common
methods of evaluating visual impasuchas theQuechee TedtL129], multicriteria analyseq130,131]
visualizationand image analystechnique$132,133] the Spanish methdd?22], etc.thatintertwinespatial
analysis withpercepion analysis Even though the combination of spatial gueiceptuabnalysis renders
suchmethodologiesnore completgit alsorendergshemmore complexand more difficultto scale up, to
605 analyzevisualimpacton large scale-urthermoresinceperceptioron landscape impact of RE technologies
is analyzedseparatelyn thenextsection theanalysisof visibility in this sectioris primarily focused on its
spatial aspect
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All types of viewshed and ZT\analysesare described by a common calculation methodglagyigital
elevation model of the area of interest is used, in wihielocations otthe objectsthatcau® visual impact
are pinpointedandtheir visibility is calculatel radially with a lineof-sight test When examined more
thoroughlythough,different analysspresentvariationon the setup ofeveralparameters that potentially
affect the size of theTd/ calculated.The majority of published studieanalyzedpresengéd at least a few
differences in the setup of thegarametes, however most of them wecensidered minor and were not
analyzedn depth An exceptiorto this waghemaximum distance of visibility ofind turbines Maximum
distance of visibilitywasconsidered a major differentiating parameter among stodiessibility of wind
energy projectas it wasfound to range from 18m to 35 km, whichwas expected to havesgnificant
effect on the size dhe generatedTVs. Other than the maximum distance of visibility, which is analyzed
in depth in the next paragrapxamples of minor differencégtween the various ZTV analygesat were
not analyzed furtheare: the adjustment of elevation accordindaind-use height, which was only taken
into account in a few studi¢34], the inclusion of visibility of wind turbines from regions sharing borders
with the area examing@81], observer heigt and observed object heidB8].

Maximum distance of visibilityor visual threshott defines thespatial extends of the area that is
investigated for visibility Thus, it is arguably the parameter that affects the results of a ZTV calculation of
the most In literature, the maximum distance of visibility of a wind turbine in clear weather conditions
from an"unaided eyeis reportedas long as 583] or 42 km (foroffshore wind turbine$l34]. In ZTV
analyseshowever, the distanagsedis usually shorter, but variggeatlyfrom study to study. The distance

in which visual nuisarte is considered significant but not dominant, ranges 86040 km in literature

For exampleBishop[67] describeghat "visual impact remains “in the eye of the beholdernbay well
become minimal beyond 5 kto 7 km'. Similarly, the Thomas Matrix and Sinclair Matrix, as citeg
Sullivan et al[93], presentistances of 3l km and 7.5L2 km, respectively, as distances of moderate impact
but potentially intrusiveBetakovaet al. propose visual thresholds of the same scale, 10 km for landscapes
with "high aesthetic values" and 5 km in "legttractive landscapefl'35]. Thiscorrelation of visual impact
perceptionwith the quality of the examined landscapasalsobeensupported in other studies.g. by
Molnarova et al[136]. Sullivan et alestimatethe distance of major perceived contrast6 km [93] and

the generalrend inmore ecent studies, is the promotion of larger distances for the calculation of ZTV for
averagesized wind turbines, like 48m by Sullivan et al[93], 20km by Bishop[67] and 16 to 40 kniy
Vissering et al[95]. Moreover, in the recent version of guidelifiesn SNH, whichareconsideredo be
among the met reliable in thescientific field of visualimpact analysi137] and have been applied
extensively32,33] the use ofa 35 km threshold is suggested for ZTV analysEmodern wind turbines

with heights of 1041130 m[138].

As can be observad Table 6,the maximum visibility thresholth the compiledargescale ZTVstudies
ranges between 10 and 35 Kho mitigatethe fluctuation that is expected in the results of ZTV analyses
based on this variation of the visibility threshaldd allow fora morefair comparison of theompiled
studies we also included aimplified homogeniation of the results The homogenized estates are
presented irFigures 3 and Avhich explore the spatial evolution of ZTV in relation to installed capacity
and energy generatiohhe homogenizatiowas maddy scalingheZTV of eachcited studywith a weight
based on theatio of the visual tteshold useéh eachstudy to the average visual threshold of all stutlies
thatwas20.83 km

41t is also referenced in literature discernibility rangg34].
5 Exceptthe study of Rodrigues et 4], who did not use a universal visual threshold, but calculated a unique visual
threshold for each renewable energy facility examined.
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It is noteworthythat Table6 includesZTV analysesxclusivelyfrom wind energy projects. This is due to
the fact thatargescale visibility analyselsaveonly been carried out for wind energyith oneexception,
theZTV analysisof Rodrigues et a[34] thatalsoincluded solar energy developmentkhis lack ofresearch
interest for solar and hydroelectric energytobe expectethased on the initial observations of section 1.3
and thedifferences of the examined technologies in regardpgerceptionof landscapempact, whichare
analyzedn detail in thenextsectionand the discussiotHowever differences in terms dbpographical
extents ofvisibility arealso present and are noticeable in the anabfsigerature onvisual impact In
particular:

1 Solarenergy developmentre more easilyconcealedwithin terrainforms, and as a result they
generatanuch smallewisual impactthan wind turbinesThe Feight of PV panelsis usuallyless
than 5 mwhereagdhe heightof wind turbines with current technologyanges from 125 ta@247m
[139] (heights of model¥90-2.0 MW IEC S andv162-5.6 MW DIBt S of Vestas, respectively)
The spatialdifferences of visual impacs$ from solar and wind energgre also demonstratedy
Rodrigues et a[34], whoestimatedhatthevisually affected area from wind energgproximately
3.6 times largethan the visually affected area fr@olar energy i two scenarios cfimilarenergy
generatiorfrom wind and solar energy Spain(50 TWh/year from windenergyand 53 TWh/year
from solar energy Furthermorea study bySullivan et al[93] on the visual threshold of solar
energy projectt was estimatetb range between 24 and 35 Kithisillustratesthatwere there not
for the small height of solgranelsthey wouldprobablyproduce comparable visual fract to wind
energy projects.

1 Even though reserva@aredefinitely the cause afnajor directtransformation to landscapf 40],
hydroelectric dambave attractedery limitedresearclinterest regarding the visuaspect of their
impactto landscapefs0]. From a spatiastandpointthis is jusified by thefact that hydroelectric
facilities and reservoirsare usually concealed in valley terraleven though largscale ZTV
analyses have not been carried out for hydroelectric projeists$s £xcellently demonstrated in the
study by Dékordi and NakagosHil41], where itis shown that th&TV of theinfrastructureand
reservoirof Haizuka damin Japanis confinedwithin the bordes defined by the ridges of the
valley wherethe projecis constructedSimilar argumentfiavealsobeenformedby Cohen et. al.
[60]. Visual impacfrom reservoirdas also beeanalyzedy Christofidest al.[142]andSargentis
et al.[143]but on another context; i.mvestigatingheaesthetics adireservoir depending on water
levelwith the aim of optimizingheview from touristic facilities—whichwere developed because
of the reservoi—rather tharcalculaing avisually affected area.

Table 6. Dataand resultdrom nationaland regionabkcalevisibility analyse®f wind energy projects.

Name of Installed Zoneof Visibility ZTV per unit energy
countrvireaion capacity theoretical threshold Source generation

yiregion - visibility (km?)  (km) (km?GWh)
Spain 23066 85736 35 [34] 1.71
Netherlands 2206 7121 10 [35] 1.69
Poland
(Kuyavia 282 11033 30 [32] 20.30
Pomerania)
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Denmark

(North Jutland) olls 7616 30 [31] 7.37
Spain

(Andalucia) 2992 87555 15 [82] 118
Scotland 4776 78809 30 [33] 3.24
EIE9EE (SR 95 1453 10 [83] 7.94

Aegean)

a. Rodrigues et a[34] did not use a fixed numbéut an equatioffor the calculation of theisibility threshold of
turbines according to their height. The equation was usedftieeeV63 — Vestas wind turbine9(1.8 m total
height;https://en.wineturbinemodels.com/turbines/82estasv63), which was considere@presentative dghe

685 average wind turbinis Spain.
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Figure 3. Area ofcountiegregiors from whichwind turbines are theoreticallyisiblevs. density of installed capacity
Sources of isibility dataarepresentedn Table 6 A homogenized version of the resyulissed on the average visual
690 threshold used in the studiésalso plottedasa metaanalysis of the visibility threshold

Ultimately, generic estimateof visibility werecalculatedor selecteditilizing the results ofhe examined
ZTV analysesthat fulfilled the secondary screening criteria developed in section. 22 detail the
distinguished studig$) were based on regional or national data setsar{@)yzed datrom countries with
moderate terrai(iSpain and UK)according tddgure, (iii) did not embody theoretical capacity factors in
695 the calculations, (ivjlid not produce¢heoretical estimatébut utilized original data from realized projects

51t has to be noted that the two estimates of Rodrigues et al. for. for wind and solar energy, refer to hypothetical
scenarios of energy generation. These scenarios were considered realistic however, based on their proximity to actual
energy generation in Spaamd the incorporation glarameters related to energy efficiency, terrain and protected areas

in their generation.
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and (v)analyzed datirom countries with developed economiEsrwind energy, the tleestudies oflable
6 that fulfilled the aforementioned criteriaere averagedThese studiesitilized data from Spair34],
Scotland[33]" and the region of Andadia [82]8 and heir averagavas2.01 km?GWh. For solar energy,
the generic estimate produced via45 km?GWh, based on the onbvailable largescale ZTV study of

700 Rodrigues et a[34]. Finally, for hydroelectric energy arge-scale ZTVanalysisor other type of visibility
analysiswas foundn literature

1000000 i
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Figure 4. Zone of theoretical visibilityf wind turbinesss. energy generatiorsources of isibility dataarepresented
in Table 6 A homogenized version of the resulbmsed on the average visual threshold used in the stigdaso
705 plottedasa metaanalysis of the visibility threshold

2.5 Public perception
The greatest difficulty in quantifying the impactRIEE on landscap®is theinnatesubjectivityof analyses
related to aestheticFhisis excellently demonstrated by tfwlowing discrepancyOn the one hanghart
of the publicviews wind turbines asbeautiful new elemeasin landscapgand perceivethem assymbok
710 of human progress and sustainapifit,45,68] On the otherwind turbines are also vieweds disturbing
structure, unrelated tdhe historical and natural characteristicslafidscapg andperceivel aselements
of industrialization{16,45,125,144]Generally, histype ofsubjectivityis always presetih the analysis of
landscapesndis to be expecteflased on theefinition of landscape by th€ouncil of Europg145]:
"Landscape means an area, as perceived by people, whose character is the result of the action and interaction
715 of natural and/or human factérs'he phrasée'as perceived by peoglelemonstrates this subjectiviof
publicattitudes as it |l inks the understandi ngPeadptiohiandscar
neither exclusively emotional nor rational, hsitdefined in each person by axtare of several factors
[146], some of which are formed lemotion andthersby rationale To some, the view of a Rgroject

7 Scotland is expected to have a higher ruggedness index, than UK (the study on Nunn dad]@uagaprovided

the ruggedness index for the total of the UK and thus this was the index that was used) but is not expected to be higher
than 2, which is the equivalent of 75%Higure 1.

8 There is no inttation that the ruggedness index shouldsigmificantly larger than the national average of Spain
which is close to the limit frequency of 75%.
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might beunpleasanpurely because of aesthetmsd emotior{147] while to others because afrational
720 analysis based grersonal ideologs[69].

Concepts likdandscape impagierceptiorhave in several occasiobsendowngradedaindomitted from
planning analysefl12,148,149]In this analysishowever public perceptionis identified asan integral
element of the discussion on landscape impBRE; at least of equal importance with the ottves metrics
analyzed Even thoughpublic perceptioron landscape impads subjective and difficult to quantify, its
725 effect on the development of RE has become quite objective and quaatifiasisihas beeproved by the
variouscasesn which public perceptioron landscape impadeterminedhe emergence of opposition and
thustheapproval delay or cancellation &8 E schemesaspresentedh the introduction othe study More
generally the overall management of public attitudes &k has beemecognized as a prerequisite for
sustainable desidi@2] and perception on landscaipepactis one of their main determinangsdditionally,
730 positive or negative perception on the aesthetics of RE installations is also strongly relatespatidhe
aspect oflandscapeit determines thenegative perception of visibility of RE developmestsd the
existenceof zones of visual impac{29], in addition to the indisputable direct impacts to land surface

So far, public perceptioron RE projects—in general, includindput not limited tgperception otandscape
impacts— has mostly been quantified throughatistical analysesvhose sample data originate from
735 surveysThe surveysire carried out througluestionnaireand interviews wittpeople living in proximity
to RE developmentfl3,144,15@155], experts[156,157] or stakeholdes [144,153,158] Some of the
surveys areadditionallyaccompanied with pictorial stimyi59,160] for the participants tepecifically
evaluate impact on landscape.literature the vast majorityf studiesrefer to wind energy anéwerto
solar energy155,157,161Jand hydroelectric enerdyt54,155] Visual intrusion or landscape impact are
740 broadly recognized as one of the fundamerwahponent®f negative perceptiofor wind energy and are
also mentioned in a smaller extent totar energyas well In the case ohydroelectric energyegative
perception is mostly attributed to other fact@sch as environmentahd socialmpacts

To quantify public perceptionon landscape impaate carried outa statisticalperceptionanalysis of
literatureon the topic of landscape impdiam REto extract indexes of perceptidRelevant literaturbas

745 proliferaied overthe past 20 yearensuring theavailability of a sufficiently large sample of studid@e
basic logic forselecting this type of analysigs that it allowed for the integrationlwdth (a) the perception
of the scientific community and (b) the perception of the general public. inuyart the perception of the
general public igndirectly included,through surveys and questionnaires usethé analyzedtudies
Indicatively, several of the articles examined present results from researchthmaagh questioning

750 samples of citizenglecision makers and stakeholders affected by RE scHdt&25,153,160,162168]
or researclarticles analyzingmedia coverage on the landscape impact of(3816%171] Thus, we
believe that an elitist approach is avoided and the perception of the public is ¢heeggda wide spectrum
of opinions.

In more detail, thetatisticalanalysis startedith the collection of scientific articles from teearch engines
755 of Elsevier, Wiley and Springer online databasé& used thesearch strings "hydroelectric energy
landscape impact", "wind energy landscape impact" and "solar energy landscape impacth Beaezn
string the first twenty results from each data base were collected, leading to the collection of a total of 60
publications peRE technology. The publications were read through and searched with an algorithmic
procedure for sentences that wetaemments of perception, i.e. phrases that stated that the RE technology
760 examined has a negative or positive effect to landscapes. According to these sgmidficasons were

then categorized as being positir@xedor negative towards the landscape impact of each of theRliree
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775
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technologies examindéfigure 5) The exact algorithmic procedure followed and the publicatmasyzed
arepresented iAppendixB and in the supplementary material

To presenthe results of the perception analyisi@s simple formatve calculatedan index ofperception
for eachRE technology This index was calculatessthe percentage gpublications labelledNegative
minusthe percentagef publications labelledPositive'. Publications labelled as "Mixed" include both
negative and positive references avele not addetb that sum, since theyereconsideredeutralized
Resultsshowcasehat hydroelectric energyas a index of perception 0f2% (meaning slightly positive
perception) solar energyl5% and wind energ@7%. A secondndex wasalso extracted from the results
to specificallyquantifyperception ohegativdandscape impacit was nameihdex ofnegative peception
andwas calculatethy summingthe percentagof articles that weréabelled as "Mixed" or "Negative", as
both of these labels requiredgative remarks on the landscape impact ofatienologyexamined. In this
index hydroelectric energy scaor&5%, solar energ22% and wind energy(®s.

= Positive 11Mixed # Negative = Irrelevant

7%
73%

42%
37%

22%
18%

AT

100 12% ?
50 y 5% %
ﬁ % 0% é 0%
HYDROELECTRIC SOLAR WIND

Figure 5. Percentages of articles labelled as positiegative,mixed or irrelevantin the perceptioranalysis of
literatureon the landscape impact wfajorrenewable energiechnologiegmore detailson the publication&abelled
are presented in appendxand the supplementary mateyial

2.6 Generic results

Table 7 summarizes thgenericestimatesof land use, visibilityand public perception of hydroelectric,
wind and solar mergythat were compiledor calculatedfrom literature.The generic applicability of the
resultsis based oifa) the implementation of thadditionalsecondary screening criteria of section 2,2.2.
for land use and visibilityand (b) the quantification ofpublic perceptiorthrough statistical analysisf
literature
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Table 7. Generic estimasof land use, visual impact apdiblic perception oRE in the context of landscape impact
based on literatuneeview.

Index of Negative

Iee] Ll B Visibility (m?GWh) Perception in Literature*

Type of RE technology (M2/GWh)

(%)
Wind (onshore) 176 000 2 014 800 60%
Solar (PV) 28 000 451 500 22%
Hydro (large) 16 900 N/A 15%

3 Discussion

Initiating the discussiomverthe resultswe present a visualization of the results of Tab{a Figure 6)
to allow for a better understanding of the spatidientsof landscape impactsom the examined RE
technologies

Type of renewable Wind

Solar Hydro
energy

: fvisibilit o
A,r.jc.?'.'o VisIoiity Area of visibility

Visualization of

: N/A
energy . ..“':l'ota}_,.-fand TOtilS (l:md
generation) “o.otiSE
Area: Negative Perception:
0% 60%
10000 m? = {7} :

Figure 6. Visualization of resultsf table 7 (a) Land use is presented with a continuous fill of caolby Visibility is

presented with a gradient fétartingfrom inner circle representing land use afatling radially towards theuter

circle thatpresents the limits ofisibility. This representation expresshe fact that visual impact deteriorates with
distance(c) Perception is visualized through the shade of the color used in each case, which is based on the calculated
indexes of negative pegption.

3.1 Solar vs wind energy

The main criticism to tth solar and wind energgoncerns theéndustrialzation oflandscapedy the
installation and dispersion of mechaniogchinesandequipment (wind turbines and solar PV panels) in
extensivdandareaq16,45,59,125,144,166,172,173owever, from bth a qualitative and a quantitative
standpoint wind turbinesare identified aghe most impactful of the twas they introduce industrial
elements in larger areas of land andaseperceived more negatively.

Wind turbines are taller than PV pana&lannot be easiliiiddenin terrainand are thus visible from longer
distancesAs a result, the area thaffectvisually is largerThis is demonstrated in the resultsseftion
2.6 on visibility, whereit is shownthatwind energyimpactsvisually approximately four times larger land
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area than solar energy for the generation os#ime amount of energ¥rom a landscape perspectittas
differentiationis significant but ronethelessyisibility is not the onlycriterion of landscape impactVind
turbines have smaller direct landse requirementsthan solar PV installationsmeaningthat solar

810 installations altetandscapesnore,in a landcover level Indicatively, direct land uswas calculatedat
26 000 n¥/GWhfor solar energyland use data from Ong et f#5] and CF ofTable1) and3600m2/GWh
for wind energy(land use data from Denholm et 4] and CF ofTable ). Asis madeevident solar
energyrequires thenost landareafor theinstallation ofmachiney, per unit energy generatioremarkably
even more than the averaggdroelectricreservoirarea which wasestimatedat 16 900 nt/GWh. Overall

815 however, the greatisual impactof wind energy isconsidered sufficierfor its characteriation asmore
impactful spatially(quantitatively, noting the exception oflandscapesn which impacts onland-cover
might be considered more important than visual ingact

From aperceptualqualitative)standpointas well,wind energy is perceived more negatively than solar
energy regarding landscapepact,asis demonstrated isection 2.5Eventhough this difference ipublic

820 perception is certainly affected by the fact that wind endegelopmentgeneratenore extensiveisual
impacs, which is a quantitative differen@ndis mostly attributed tahe size of wind turbinegt is also
aggravatedy differences in theualitativeaspectof the reported landscapepacs. In particular, whd
turbinesaremorenoticeablethan solar paneldue toblade movemennoise generatioandnightlighting
requirementd 25]. Solar panelon the contraryare static, do not generate noise significantlight

825 pollution and the only specific visual phenomenonoassed with them is the generation of glare from
light reflections whichhoweverhas not received as muctiticism as the other phenomena discussed.

3.2 Hydroelectric vs. solar & wind energy
The reviewed metricindicatethatbothqualitatively and quantitatively hydroelectgoergygenerateless
impactto landscapgthansolar and windenergy respectivelyln our perspectivethe main caustor this
830 isthathydroelectricdamsare notconsideredesponsible folandscape indusalization at leasto the same
extent assolar and wind energgevelopmentsindicatively, criticism on industrial transformatiom the
context of landscape, has not been raiseshassueof hydroelectric projects scientific literature. This
is demonstrated, in the resulyy, theperception indexf hydroelectric energyThe index was calculated
2%, showcasingthat positive perception prevails over negative, in literatdirerthermore, itis also
835 confirmedby the fact that even thouglydroelectric energy ianoldertechnologythat hasbeen utilized
more than solar and wind energy glob489¢41], visual inpact from hydroelectric projectgas found to
havehardlybeenreferenced in literature

Threekey featuregenderthe impactof hydroelectric projectto landscape less industrerhddistinguish
them from solar and wind project&rstly, their basic impacbn landscapeis the creation of an artificial
840 lake (reservoi}, which iscomparable, visuallyto naturallakes[142,143,174] A reservoiraccounts for
approximately 98% of hydroelectriand use, asvas demonstrated in section 2.3, and even though it
certainly transforms landscapdisis transformation is no perceived as industrial since it does not include
machinery or human constructionSecondly the dam andt$ appurtenanfacilities have the major
advantagehat theycan be designedrchitecturally.In contrast to wind turbines and solar PV panels, the
845  design of the structural parts of hydroelectric dams is not predetermined by industrial specifiCatiibes
contraryit can be adapted to conform to tbeltural and topographical attributesf an areawith the
implementation ofrchitectural and landscaplesign Figure 7). Finally, the aredhat isrequirel for the
dam andthe appurtenanivorks of infrastructurgpower sation, spillway etc.) issignificantly smaller
compared tahe are required for energyeneratioAnfrastructure in thether two types of RE discussed.
850 Aswas estimated, around 206/@Wh are requiredor energygeneratiorinfrastructurepn averageand
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moreoverthis hydroelectricinfrastructurels usually concealedvisually, since it is installed withimavine
topography

Figure 7. Example of architecturally designed dam (Marathon dam in Greece). Picture of the downstream face of the
855 dam, which is overlaid with marble from the mine of Penteli that was also used to build the Temple of Parthenon,

including pictures of architecturallyedigned appurtenant structures: (A) water intake tower, with similar design with

the downstream face of the dam and (B) reservoir control building at the base of the dam, built to resemble the ancient

temple built after the victorious battle of Maratho8@BCE) and symbolizing the victory of modern Athens in the

battle against water scarcity. The dam of Marathon is not a hydroelectric dam but is indicative of the architectural
860 adaptability of dams and their appurtenant structures, that can, and haslizeenimhundreds of hydroelectric dams

internationally. Technical information on Marathon dam can be found in SouliJ¥15].

The landscape impact of hydroelectric dams becomes momsiderablein cases of inundation of

monuments ofulturalor naturaheritage byreservoird176]. Data foran estimatiormf a global average of

reservoirs that inundated monuments, landscapes of cufigraificanceetc. were not found It was
865 observed howevethatthe problem is more comman countries with high dengiof culturalmonuments

andespecially when governed by authoritative regimes that are less sengitierital publicopposition

to suchprojects In Greece for examplejt has not been a significant issue whileéSpain, mentions of at

least 20 reservoithatinundaedimportant cultural heritage were fouh(but of a total of 1230eservoir,

many of which were builduring theregimeof Francisco Francd he inundation of built monuments has
870 insome cases been agled, asuchfor examplen the cases ohswan dam in EgydtL77] or Hilarion dam

in Greece[178], thoughthetrangortationof the monuments at risk.

3.3 The distinct role of hydroelectric dams for renewable energy landscapes

In a holisticassessmerf landscape transformatioff®m RE, hydroelectric energgtands out as the only

major technologythat generates transformatiomsth potential for unanimouslypositive perception
875 Pointedly in the perception analysis of literature in section ar§icleswith reference toexclusively

posiive landscapecontribution were only foundior hydroelectricity (Figure 5. This can arguably be

9 Datacollectedfrom Spanish media articles and Wikipedia:
https://www.escapadarural.comttps://www.traveler.edttps://en.wikipedia.org/wiki/List of submerged places_i

n_Spain,
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attributed to the fact thahe installationand dispersion ahdustrial machines landscapes, which ie
cases obolar and wind energy reported as the origin of impacts very limited in hydroelectric energy;
the major impact being the reservoir, whislkcomparable to natural lakdsurthermorevarious examples
internationally [179,180] demonstratehat damscan create aesthetically impressive resaltsl even
landmarks This isthe caseespecially when their architectural potential idize¢d but has also been
observed ircaseof standardized technical design with no additional architectural interventansus
academic[61,170,18%184] and institutionalpublications e.g. from Spain [185], Norway [186] and
Scotland187], haveanalyzel the positive impadct of danms andpower stationso landscapesn depthIn
thesepublications damswerestudied for their architectarand landscapdesignand their contribution to
creating scenic landscapenhancing built heritage and creating touriattcactions.

3.4 Visibility of wind energy developments

In thereview oflargescale visual impadastimationgor wind energythe following twoobservatioswere
maderegardingthe spatialevolution ofvisibility of projectsin relation toinstalled capacjt Firstly, the
percentage cd countryor regionfrom which windenergyinstallationsbecomevisible ascendt double
digitseven in regions with lowo mediumwind energy utilizationSuchexamples ar&uyaviaPomerania
(Poland)[32], South Aegear{Greece)[83] andthe Netherland435]. Theseregiongcountrieshave low
densities of installed capagitsmaller than 0.03MW/km? except forNetherlandsput averagevisually
affected aremof more tharR0% of their respective total are@Sigure 3. In these caseshé shares of wind
energyin nationalpowergeneratiorare5.8%, 2.6% and 4.8%espectivelyin these casesSecondly the
rate at which visual impact is generated decreasdthsthe increase dhstalled capacityFigure 4. This
trend is in our understandingjustified by thefact that visibility of multiple wind farmsoverlapsafter a
certain point of utilization of wind energyithin a country or a regionGiven this explanation of the
phenomenorthe rate of creation afisualimpactdoes not actualllessenas in realitythere isa saturation
of wind turbinevisibility, tha is untraceablérom ZTV analysesSo far,zones of theoretical visibilityare
primarily used to calculate the arfeom which at least one wind turbine is visible and thet density of
visible turbines exceptios to thisare Mdller [31] and SNH [33] that have also included graphical
demonstrabns of cumulative visual impact It should be noted thathis cumulative effectis also
demonstrateéh an analysis ofhe resultf Rodigues et al[34]; in several different energy utilization
scenarios they examingthe ratio of visually affected area itstalled capacitydeclinedthe larger the
number of wind turbines installed.

4 Conclusions

In this study, lireeestablishednetricsof landscape impacif REwere reviewed: (a) land use, (B3ibility
and (c) public perception. Thams of the analysisvere the generic quantificatiaf landscapémpacs
caused by major RE technoleg i.e. hydroelectric dams, wind turbines and solar panels,tlzend
identification ofthe distinct characteristicof these impactsThrough theinvestigation of theselected
metricsboth the quantitativéspatial)and the qualitativéperceptualpspect of RE landscape impaetere
addressedThe exacvariables that were used to address each of the examigtgidsrespetively: direct
andtotal land useyisibility analysegarried out in geographic information systefinsparticular, zonef-
theoreticalvisibility estimations) anthdexesof perceptionover landscape impacts of renewable energy,
extracted through the sistical analysis ofiterature Subsequently,edected stimaesweredistinguished
on the basi®f their generic applicabilitywhich was determinedith the application othe following
criteria: (&) use of datdrom areas of moderate terrampography, since visibility and land use are highly
dependent on terraiib) utilization oflarge datasets originating froralized projectqc) use of data from
developed countriegd) use of original datavithout embodiedheoretical estimates, whessible and

(e) use of data expressadterms ofenergygeneration or data that allowed for conversitm expected

28



925

930

935

940

945

950

955

960

energy generationhus avoiding biases associated with the engameration efficiency of the compared
technologies (which would be gsent if comparisons were carried out in terms of installed capacity)
Additional own calculations were only carried dat verification purposes, in the investigation of the
discrepancy in estimates of hydroelectric land use

4.1 Landscapeimpacttypology of renewable energy

Based on the examined mettiasnd energy wasdentified aghe most impactful ttandscapeson average,
both spatially and perceptualljollowed by solar and hydroelectric energy, respectiy&able 7) This
conclusion pruides theessencef scientificliterature m landscape impact of RE ircandensed and simple
format but isnot an undisputabl®r universal truth.On the contrary, the distinct characteristicsthod
discussedechnolodesthat are presented belpdemorstratethat any of theexaminedtechnologies can
potentiallybe the least impactfuh particular landscass or terrainformsand highlight the origins of this
landscape impact ranking

Wind energy
(+) Small direct land usé&mallertransformation to land surfa@ad land coveis generated compared to
hydroelectric and solar energy.

() Extensive total land use: Due to thequirementof dispersed installation dlurbines large land
properties areisedfor wind energyprojecs. Within these areas the turbines are highmbyiceable, both
visually and due tperiodicacoustic nuisance

(-) Extensivevisibility : Visual impacts are widely reported in literatuvéind energydevelopmentfiave
altered the visual scenery of countries origrgin a range 0B% to 96%0f their respectivdotal area
Thesepercentagebavereacled27% or 61% even in cases of low wind energy utilization.

(-) Most negative public perceptioBased orthe statisticalperception analysisf literature wind energy

is perceived as the most impactful to landscaptsreferencdrom theacademia, policy frameworks and

the public. The identification of wind turbines as industrial elements as well as their increased discernibility
due tosize, blade movement, noise and night lights rgularlymentionedn this regard.

Solar energy

(+-) Moderatevisibility : Utility scale solar panelshavesmall height (less than 5 rpdthus solar energy
developmentgyenerate smallezones ofvisibility than wind energydevelopmentsVisual landscape
impacs from solar energhas been reported literaturebut to a lesser extent than wind energy.

(+-) Moderately negative perceptioBased orthe perception analysisf literature solar energyranks
second in terms of negative perceptiSmilarly to wind turbines, thenainorigin of negative perception
for solar panels is their identification as industrial elements. In comparisanddurbineshowever, solar
panels are less not@abledue to the fact that they asborter,static,theydo not generate noismdthey
havelessnight-lighting requirements

(-) Extensive land useSignificant transformatiorto land surfaceand land coveis generatediue to
extensivedirect land us requirements.

Hydroelectric energy

(+) Neutralvisibility : Visual impact from reservoirs and hydroelectric facilities has not been reforted
literature The view of reservoirs is comparablethe view ofnatural lakes and the hydroelectric dam and
its appurtenant structures aeatially austerandusually concealed within ravine topograpfifus, the
need to quantify the visibility of hydroelectric developments has not emerged.
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(+-) Least negative perceptiohhe perception analysdemonstrated thhydroelectric energhasreceivel
the least negative remarks literature relating to landscajmpact The milder perception of landscape

965 impacts of hydroelectridevelopment$s mainly attributedo the fact that they have not beassociated
with landscapeindustrialization in contrast to wind and solar energy developmeRtgthermore,
hydroelectric dams arthe onlyrenewable energy technolofgr which specialized studidghat highlight
their positive contribution on landscapasd architectural heritage were found.

(-) Impactful direct land use: Reservoirs geneimtgactfuldirect transformatiosito land surfacand land
970 coverdue to inundation. This impact beconpgticularly significant in a landscapénpact contextjn
cases of inundation of cultural or natural heritage

Overall,theessence of the analysis is titcompetition between different technologies, thetmitigation
of RE landscape impastand associated economic and developmental ramificatodghe overal
enhancement dhe sustainabilityf renewable energyt becomesvident from the conclusions that afl

975 the discussedtechnologiescould be utilized for the optimallandscapeintegration of RE and the
minimization of impactsindicatively: (a) Wind turbinescanpotentiallybethe leastmpactful incases were
protection of elements of laralirface/coveis of highest priority iralandscapgsince their direct land use
is relatively limited (b) Solar panelsanbe preferable to hydroelectric dams in areas with flat techae
to the fact that their visibility is limited in such terra{€) Finally, hydroelectric dams, whigln general

980 can beconsidered the least impactfahnalso bedetrimental to landscapaad are not the optimal solution
for every landscape. This is so both in cases like the aforementionegtreenely large reservoirs in areas
with flat terrain but also whemonumets of cultural or natural value are inundated by reservoirs

4.2 Landscape impact and NIMBYism
Early cases of landscafapactmotivatedopposition against RE developments waidely attributed to
985 the NIMBY (not in my back yard)attitude a correlationthat gradually began to be disputed
[13,135,146,147,173,188,189The resultsof this study introducepractical data in thecientific debate
over the emotionality orrationality of landscapé@mpact opposition and iteelation with the NIMBY
phenomenorin particular theresults demonstrate thhe quantitative (spatial) aspect of larase impact
is directly correlatedo the qualitative jerceptugl one. In other wordghe technologies that introduce
990 industrial elements into larger areas and producenibst extensiverisual impact are the ondlsat are
perceived more negativelyThis conclusion, in generalieinforces the viewthat landscape impact
opposition is actually justified by differences in the impadtthe various RE technologids. that logig
uncritical attribution oflandscap@mpact oppositionto underlying NIMBY predispositios should be
avoided.Insteadhe scientific and legislativeiscussiorshould be focused ancasdo-case identification
995 and differentiation osignificantand minodandscape impactsith datadrivenimpactevaluation

5 Policy implications and future research
The conclusionsf the studydemonstrate than optimalpolicy for the mitigationof landscape impacts of
renewable energwould requirea holistic approacthatcombinesmeasure$o exploit theadvantageand
positive aspectsf each technologwith measures for thaitigation oftheir negativampacts So far, policy
1000 has mainly focused on the lattgrimarily in the form ofprojectoriented visual impact analyseale
propossts expansiono amorecompehensive framework of spatial plannimgasureand strategiethat
treatlandscape impact fromenewable energgs cumulativeoroblemand utiliz every means availabte
reduce it from all possible directionkdicativenovel spatial planning directisiare:(a) broad realization
of the potential of hydroelectric energy for positive landscape contribution, through the implementation of
1005 directions for high quality architectural and landscape dedig@]; architectural and landscape design
could be implemented on new projects or as updates to existing projects, possibly in form of compensation
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of local communities for new and more impactful renewable energy profetspecialized spatial
planningof sdar energy so that ifgotential for limited visibilitycan be fully utilizede.g.with prioritization

in plains or soutlacing ravines(c) prioritization of wind energy in landscapes were the protection of land
cover elements is essentiafsed on itimited direct landuse requirementginally, policy makers should

be upto-date with architectural and aesthetic design improvements for wind and solar energy developments
thathave started to emergaredominantly in theoretical forin literature[7,12]and onlind190,191] The
utilization of such designsould contribute to thereductionof the perception of REdevelopmentas
industrial interventios in the landscapewhich was identifiedas a major causef landscapémpact
opposition.

In regard tdutureresearchtwo basicdirectiors are proposed-irstly,the review of literaturdemonstrate
that further specialized research is required over particular aspects abviesved metrics (a)
Hydroelectric land usshouldbecalculated irmore detail and in global contextit is noteworthy thathe
data setsequired forthis have beemvailable forseveraldecades(b) Nationalscale visibility analyses of
wind energyshouldbe further supported arekpanded to more countrieSuch analyseare still scarce
even thoughtheir resultshave had asignificant contribution inthe assessient and quantitation of
landscape impasbf renewable energy a large scaldc) National scale visibility analysetould also be
performed forsolar energysuch studies have been carried gef with the exception of the study of
Rodrigues et dB34], which is howevenot based ordata from realized projects but @nhypothetical
scenaricof solar energy generatio(d) Visibility saturation should be further incorporateddrgescale
visibility analyseghatso faronly quantifythe area from which at least one turbine, panel etc. is visible.
Overall, urther research in th@forementionedlirectionswould be enligptening for the verificatiomnd
improvement of the estimates of this study forduture largescale impact assessments

The secondetof further researcHirectionsis introducedas a result of thproposedholistic approactfor
the mitigation of landscape impadtom RE. Initially, efforts toimprove the aesthetic design @find
turbines and solar panelkshould be further support¢tl2]. Thisis considered essential for treduction of
negative perception orenewabledevelopmentswhich hasso far been largely associated with RE
equipment being perceived as industrial machingitgrnative and customizable desigraimprove the
integrationof renewable energprojectsto landscapes and alldar their betteradaptation and adjustment
to locally preferredarchitecturalstyles and to site-specific natural landscape attributeg-urthermore
technical research oarchitectural and landscape intentionson hydroelectric projectshould also be
supportedso that their potential for positive landscape contribution is arly optimallyutilized. So far,
the majority of dams follovstandardized designformed solely by technical requirements arithwmo
additional architectural and landscape deskgnally, fully utilizing the conceivability of solaenergy
developmentshroughspecializedandscape planning techniquesg. peripheral plantinghould also be
considered

Appendix A — Analysis ofolder estimates of hydroelectric land use

In this Appendix, further details aie older studieghat estimate hydroelectric land use are provided
with emphasis othedata selectioprocesses and their overall the characterigiashindeed the generic
applicability of the generated estimates

Gagnon and van de Va{&4] thoroughly researched the subject of hydroelectric land use in the context of
estimating the greenhouse gas emissions produced by reservoirs. Témeatistacdy Gagnon and van de
Vate are extensive, and produce a weighted averagedef®idt/GWh. Howeve, the nationabkcale studies
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they cite,in which data from Chind110], Switzerland [85] and Finland192] are analyzed;ould not be

foundand accessed farmore in deptkanalysisof the data sets that were used in each. dase study of

Dones and Gantner, even though it is apparently based on pl&gec ent age of Switzer |
capacity, would beinsuitable for the discussion on generic hydroelectric landsusze Switzerland has
exceptionallymountainous topography. Similarly, the studyaiséneret al. would again be unsuitable,

this ime due to flat topographysince Finland is slightly outside the ruggedness limits set for this analysis

in Figure 1 On the other handhéstudyof Zigiang et al.would be useful if more information on data sets

used could be foundsince itincludesthe analysis oflata from a significant percentagetbé installed

capacity of China, at the time (1996) and Chinaa ruggedness index close to the global average.

Ledecet al.[109] conclude or600 000 /MW as aglobalaverage land use of large hydroelectric dams,
based on personal communicatigith J. GoldembergOther than this personal communication, the report
includes data from 49 hydroelectric reservoirs whosighted average, in terms of installed capacity, is
546958 nt/MW, that is, in line with their global estimate. However, based on their selection dhdata
estimate of Ledec et al. should be more accurately described as an estimate of land use of rgitlervoi
extreme environmental and social impacts from developing countries, rather than an estimate of global
average hydroelectric land use. Even though the projects included in the analysis originate from various
countries globally, it is noticed thd? out of the49 projectsare projectsfrom developing countries and
leastdeveloped countriesccording to the United Nations categorizafit®3]. No further justification is
provided on why these particular projeatsilitl be used to reach conslions on a globaverage. Secondly,

even though most data refer to hydroelectric projects with installed capacities over 100 MW, the only
projects included whose capacities are smaller than 150 MW have some of the largest ratios of inundated
land to insalled capacity found in literature. In particular, these are five small projects from couwitnies
developing economiewith installed capacities of 34, 380, 29 and 16 MWThese projectaverage

16 527300 n¥/MW or 53568400 nt/GWh for reservoir laneuse which iseven larger than the most
pessimistic estimates of average hydroelectric lancoygevo orders of magnitud@r by four order of
magnitude from the smallest estimatesAdditionally, as statedin the report it "includes a few
multipurpose projects for which hydroelectric power was less important than other objeatiieh
certainly contributeto overestimating theeservoir areaFurthermore some of tHested projects were
presentearroneous installed capacitiesh@ve since been upgraded with larger installed capacities, such
the Pak Mun and Akosombo dams.

The study of Goodland on the environmental sustainability of hydro prf]@&khas been cited in several
occasions, when discussing hydroelectric land[84€109,111] Many of the projects presented in this
study are the same with thogeesentedin the datagt of Ledecet al.[109], with the difference that the

few small projects with extreme land use that Ledec et al. have included in their data are not included in
the study of Goodland. Similao Ledec eal., land use data originate mainly fralaveloping and least
developed countrie@®9 out of the 73 projects). Goodland himself however, makes no claim that the data
set he compiled in his study is representative of the global average of hydroeledtrisdeand comments

that "corrections or additions would be most welconfie He also comments on the purposes of the
reservoirs presented that thedst are hydropower, rather thiangation or flood control reservoitsbut
evidently not all incorporatirg additional bias to the use of his estimations as a generic estimate of
hydroelectric land use

Appendix B — Detailed methodology and results ofhe perception analysisof section 2.5

The exactlgorithmic procedure followed to labglblicatiors over their perception on landscape impact
of RE technologiesomprised of the following steps:

32



1095

1100

1105

1110

1115

1120

1125

1. The abstract and keywords were read to determine if landscape impaetas the main point

of focus or one of the main points of focus of theche. If it was not the article was labelled

"Irrelevant” and did not proceed to the next stéps

The introduction, conclusions and discussion of the article were read.

3. If at least one sentence was found, by the authors or by reference to othershiit whs evident
that landscape impact was considered a problem dREhechnology examined, the article was
marked for having at least one negative reference.

4. If at least one sentence was found, by the authors or by reference to others, in whigvidevas
that theRE mentionedwas considered thave a positive contribution to the landscape the article
was marked for having at least one positive reference.

5. If either a positive or negative or both types of references had not already been fourthl¢he w
article was then searched for the words: landscape, visual, aesthetic and tourism. Sentences
containing any of these words were read to ensure that no relevant parts of the text had been
omitted.

6. Based onthe sentences found arahalyzedin this secod search the article was marked
accordingly, as having at least one positive or negative reference.

7. If only one of the two types of references had not yet been found, the article was searched with
some additional keywords to ensure that the other typefefence did not exist in the text.

8. If only a positive reference had been found, the article was searched for the words: negative,
problem and impact.

9. If only a negative reference had been found the article was searched for the words: improve,
enhance anteritage.

10.  According to the sentences found amalyzedn this third search the article was marlechaving
at least one positive or negative reference.

11. If the article was marked for having both one negative and one positive reference after all of the
previous steps, then the article was labelled as being of "Mixed" perception. Otherwise, if the article
was marked for having exclusively negative of positive references, it would be labelled accordingly
as being of "Negative" or "Positive" perceptidn.

N

The results of these analysesjairesented in Table 8 and the sentences used tdhalaelicles areecorded
and areprovidedin tablesas supplementary material.

Table 8 Publications that wera@nalyzed in the perception analysis of literatuggoupedby perceptionlabel
Publications labelled as "Irrelevant" are not cited in this tableabriteerenced in the supplementary material and
their percentage is reported alongside the general statistics of the anadfygigeb

Publisher  Type of Positive Negative Mixed
RE
ELSEVIER Hydro [183][168] [2] [167]
[170]
Wind [125] [58]
[153] [7]

10 Articles labelled irrelevant are those tliatluded the keywordthat weresearchedut in any context

that wasirrelevant to landscape impact analysisaddition,articles that wereat specificallyaddressed
on landscape impact bjutst included relevant comments by #nghor without further justificationwere

classified in this category too.
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[11] [169]

[2] [194]
[165] [195]
[196]
[160]
[197]
Solar [7]
[2]
[169] [58]
[198]
WILEY Hydro [199] [200]
Wind [189]
[144]
[201]
[146]
[202]
[16] [203]
[164]
[171]
Solar [14]
SPRINGER Hydro [204] [61]
[184] [205] [174]
[206] [207]
Wind [208]
[163]
[209]
[210] [[21&?]
21 23
[212] 6]
[38]
[213]
[42]
Solar [172]
[212]
[59]
[42]
[207] [166]
[216]
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