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Introduction

Wind energy is expected to nearly double its capacity globally by 2030

Wind projects’ approval rates remain low

Global electricity generation by renewable energy technology

n

Wind opposition over time in north America [1] Municipal approval rate of wind powe
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Introduction

High social barrier due to various real and

perceived impacts [3]

Landscape Noise emission )%ji& ))> 6 wildlife O %
| 2

disturbance

impact

N

Climate

Shadow flicker .
change impact

Life Cycle

Stages

[ Addressing these concerns in planning is important! ]

Introduction

mzurICh Chair of Energy System Analysis "I ESA 27.03.2026 4



https://www.baslerhofmann.ch/en/reference/guetsch-wind-farm-repowering-and-expansion
https://www.energy.gov/eere/wind/articles/living-wind-energys-shadow
https://www.dtu.dk/english/news/all-news/nyhed?id=2cdee1b5-bc87-4923-ba06-5b21306463b2

Research gap & workflow

Standard techno-

economic
assessment [4]

A
\

5

Standalone
impact modelling

/

How to holistically assess wind
farm performance beyond techno-
economic aspects?

~

MCDA with impact assessment:
technical, economic,
environmental, social

ETH:zUrich

Chair of Energy System Analysis

Prospective wind farm layout

» Eligible land
 Layout optimization

Impact modelling
* Based on available data and models

Multicriteria assessment

* Attribute calculation & normalization
* Weighting and aggregation

Result analysis
 Correlation

* Sensitivity
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Objective hierarchy

Wind farm

performance

4 pillars (energy quadrilemma)

Technical Economic Environmental

Criteria
(based on model and
data availability and

resolution) e
(- T T 1 (- T \ - T o T T
: Job 1 Land use : Safety |
_creation ! | _change ,; .__risks__)
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Attribute calculation: socio-environmental @ wimby

Shadow flicker
[7]

N Affected population by computed 24-hour average
noise indicator above 45 dB (100 m x 100 m)

Landscape Area of (highly) scenic landscape based on
scenicness [8] model prediction (1 km x 1 km)

LCA [9] Climate change impacts (in kgCO2eq) with e
geographically refined inventory data (100 m x 100 m) oot oty

Habitat Modelled habitat suitability for 23 species in
suitability [10] Styria, Austria (250 m x 250 m)

Flicker
hours

I 906

0

Simulated annual flicker hours (30 m x 30 m)
considering terrain changes x population
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Normalization, weighting, aggregation, correlation and sensitivity

[ Normalization

J

* [g,1] with 5" and 95" percentile (¢: small

value to avoid zero - worst, 1: best)

* Opposite signs for beneficial (e.g.

capacity factor) and undesirable (e.g.

costs, noise exposure) attributes

[ Aggregation

Arithmetic mean (AM)

Arithmetic Mean

Geometric Mean
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[ Weighting

« Criteria weighting

1. Equal weights

2. Entropy weights (more variation, more
importance)

3. Survery-derived weights

* Pillar weighting

[ Correlation & sensitivity analysis
* Principal component oee
analysis (PCA) - key 2 F
directions for most o | M
variation e e
f‘.xn:
« Spearman correlation 1

« Sensitivity to weights RS
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Criteria weighting

Criteria Baseline Entropy- Entropy-
(equal based survey hybrid
weights weights weights

Technical Energy output 0.33 0.21 3 weighting schemes: equal, entropy-
Volatility 0.33 0.17 based, entropy-survey hybrid
Self-sufficiency 0.33 [0.62 !
Turbine costs 0.33 [0.74 !  No stakeholder inputs for technical
Internal and economic, only socio-
connection 0.33 0.16 environmental
costs
External .
connection 0.33 0.10 Entropy.
costs « Technical: Self-sufficiency
Environmental  REIEL 0.5 [ 051 « Economic: turbine costs
emissions I
Wildlife habitat ! . Ent .
disturbance 0.5 I\_(L4_9_ L niropy vs. survey.
|  Environmental: similar
ST e 0.33 0.29 « Social: noise vs. shadow flicker
Noise 0.33 [ 0.42°1
emissions Do
Landscape 0.33 0.29

impact
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Case study in Liezen, Styria: wind farm sites

Wind farm performance in Liezen: hybrid criteria and equal pillar weights

Gebirges

« Wind farms sites considering land
exclusion criteria [11]

Bad Aussee

/ Liezen / 0.7

Qj [ » Turbine locations: yield-maximizing
‘\ layout [12]

Rottenmann

S T B « MCDA performance with equal pillar
weights

« Smaller (210 turbines) and further
farms (from the valley) tend to
perform better

o
(o))

o
w
MCDA performance

-

Schladming

-0.4

Naturpark
Solktaler

0.3

v

(C) OpenStreetMap contributors
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Criteria correlations to identify synergies and trade-offs

Spearman Correlation Matrix of criteria - Liezen 100 PCA Biplot of criteria - Liezen
= === el 1 N
f 0.72 | 0.98 | |r0.21:
1
I i
] 0.75
ssr 0.77 : 0.1: 104
cv ; 0 25i
- 0.50 ., habitaternal
ca turb
turb 05 -
-0.25 _5 scenic
internal 4 % X
£ n
5 o
external 4 0.64 -0.4 0.25 | 0.11 0.4 -0.00 ‘-é ~ 0.0
g ~
Ica - oJ°ll-0.0031 0.23 | & @ g
--025 %
w
habitat - 0.2 5| 0.28 -0.5 1
—_———— B
flickhr 0.79 £-0.55 0-50
1
N _1_0 -
noise -0.43 —0.75
scenic
_1-00 T T T T

T
-1.0 -0.5 0.0 0.5 1.0

PC1 (39.9%)

cf 4

SSI o

cv

turb 4
internal
external
Ica 4
habitat
flickhr
noise -
scenic

« Synergies (positive correlations): life cycle emissions & habitat suitability; capacity factor & coefficient of variation

« Trade-offs (negative correlations): scenic landscape impact vs. (technical & other social criteria & external
connection costs)

» Independence (low correlations): turbine costs vs. others
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Sensitivity on criteria weighting

Sensitivity Analysis of Criteria Weighting - Liezen
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» Final score difference using equal, entropy

or hybrid criteria weights

* Below zero: equal weighting tends to give

a more generous score (less penalizing of
extreme scores)

» Close to the 1:1 line: both entropy-based

and entropy-survey hybrid weighting
schemes give almost identical scores,
despite the different focuses on noise and
shadow flicker

. -
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Sensitivity analysis — custom prioritization weights

Wind farm MCDA performance under each pillar priority (weight = 0.7)

technical priority economic priority environmental priority social priority
J e Gebirges y Gebirge

(C) Op@nStreetMap (C) O[QnstreetMap (C) OpenStreetMap (C) Op?nStreetMap
contributors contributors contributors contributors
_ T T T T _
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

MCDA performance

* Increase one pillar’s weight to 0.7 while keeping others at 0.1

« Small wind farms (< 10 turbines) north of valley more sensitive & worse techno-economic performance
(unbalanced pillar performance)

« Southernmost farms stay high performance due to good wind resources and low impacts (balanced)
* Robustness of scores is spatially dependent
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Summary and limitations

. Holistic MCDA for wind farm sites with « Lack of data (resolution and spatial coverage)

socio-environmental impact  Limited stakeholder inputs (only residents)
assessment « Simplified assumptions
* Attribute calculation, 3 criteria — Economic benefits not considered

weighting schemes, correlation and
sensitivity analysis

 Entropy-based weights have similar Outlook

structure to survey weights

— Uncertainty not included

« Trade-off between landscape and other « Gather more data through: data mining, crowd sourcing,
criteria survey, interview, etc.

« Small farms away from settlements « Economic benefits approximation
have lower impacts, but more sensitive . Uncertainty quantification

to pillar weight changes

SJESA  27.0320% 14
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Thank you for your attention!

Looking forward to your questions
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Objective hierarchy

Wind farm
performance

Tehnical Economic Environmental Social

. Internal Extemal
Self- Turbine . c
connection connection
costs cost

Wildlife
habitat
disturbance

Life cycle
emissions

Shadow Noise Landscape

Volatility flicker emission impact

sufficiency costs

. Grid
" - Self- Turbine Internal . Total Affected
Capacity Coefficient sufficiency costs per cabling costs connection

e shadow- population
factor of variation ratio MW per MW co?\}l?/&)er hour-person >=45 dB

INGCER

scenic
landscape

Each attribute is min-max normalized into [0,1] with 51" and 95" percentile
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