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SYSTEM SYSTEM
EFFICIENCIES EFFICIENCIES

Betz Limit
Electricity produced by the turbine

~ Total Energy Available in the Wind

Cp Maximum mechanical

efficiency 59.3%

Calculation Example

Given Information

Rotor Diameter D = 126 [m] & Power Coefficient Cp = 0.483 atv = 10 [m s~ 1|

Gather Useful Values |

p =123 [kgm3]

Seasonal &
Daily
Intermittency

Cut-off Maintenance
Speed & Repair

Calculate Potential

Puina = /2 * 1.23[kg m 3] » 12469[m?] * 103[m? s3] = 7.7 [MW]




Calculation Example Calculation Example: Wind turbine in Denmark

Calculate Potential Given Information

Pying = Y/ * 1.23[kg m~3] * 12469[m?] x 103 [m? s~3] = 7.7 [MW] Nominal Capacity = 5.07 [GW] & Energy Yield = 14.13 [TWh]

PERUBR LIRS TR e Calculate Capacity Factor
Prear = 7.7 [MW] % 0.483 = 3.7 [MW]

Cf =143[TWhyear ] x /g, [year h™1] « 1/c oo [GW™!] = 0.32

Global Perspective

\

apvantaces il criaLiences |

« Large Energy Potential Low Capacity factor Swennlormetion

Global Energy Yield= 960 [TWh year™']  Global Population= 7.5 * 10°[person]
Endanger Grid Stability

Good Wind Sites in
Remote Locations

Other Units

Egiobaiviela = 960 [TWh year—1] * 1/7-5 . 100 [person'] /265 [year day™]

Egiobatyieta = 351 [Wh person~'day ™|




Global Perspective
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Annual Investment in Wind Energy between 2009 - 2019 (bn USD)
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Source: BloombergNEF Clean Energy Investment database (Status January 16th, 2020)

Wind energy market
Global and Turkish Wind Energy Capacity and Statistics

Dr. Kasim Zor, Lecturer

New Installations (GW)
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LCOE for Renewables, 2010 — 2018
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New Capacity 2019 Installed by Region (%)

® APAC 50.7%

® Europe 25.5%

® NA161%

® LatAm O

@ Africa & ME 1.6%

Source: GWEC - Global Wind Report 2019

Capacity Factors for Onshore and Offshore Wind Power Plants, 1983 — 2018

Capacity factor
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Source: IRENA - Renewable Power Generation Costs in 2018

New Capacity 2019 and Share of Top 5 Markets (%)

® PR China 43.3%

® USA 151%

@ United Kingdom 4%
® India 39

o/ — @ Spain 3.8%
100% ® Other 29.8%

60.4 GW

Source: GWEC - Global Wind Report 2019



Onshore Wind Market
New Capacity 2019 and Share of Top 5 Markets (%)

® Top5 (China, USA, India, Spain, Sweden) 72%
© Other 28%

Source: GWEC - Global Wind Report 2019

Onshore Wind Market
New Installations (%)

@ PR China 44%

® UsAT7%

@ India 4%

@ Spain 4%

) Sweden 3%

® France 2%

@ Mexico 2%
Germany 2%

[ ) Argentina 2%

@ Australia 2%

@ Rest of World 18%

Source: GWEC - Global Wind Report 2019

Onshore Wind Market
New Capacity 2019 by Support Mechanism (%)

@ Market-based 35% @ USA-PTC 15%
@ Chino- FiT 44% @ Other 6%

Source: GWEC - Global Wind Report 2019

Onshore Wind Market
Total Installations (%)

@ PR China 37%
® UsA17%
@ Germany 9%
® India 6%
@ Spain 4%
@ France 3%
® Brazil 3%

UK 2%
@ Canada 2%
@ Iraly 2%
@ Rest of World 16%

Source: GWEC - Global Wind Report 2019



Onshore Wind Market Onshore Wind Market
Weighted Average Rotor Diameter and Nameplate Capacity Evolution, 2010 — 2018 Wind Turbine Price Indices and Price Trends, 1997 — 2018
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Onshore Wind Market Onshore Wind Market
Total Installengosts of Onshore Wind Projects, 19832018 Country-Specific Average Capacity Factors for New Onshore Projects, 2010 — 2018
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Onshore Wind Market
LCOE of Onshore Projects by Year of Commissioning, 1983-2018
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Offshore Wind Market
New Installations (%)

@ PR China 39%

@ United Kingdom 29%
@ Germany 18%

@ Denmark 6%

@ Belgium 6%

@ Rest of World 23%

Source: GWEC - Global Wind Report 2019

Offshore Wind Market
New Installations (GW)

560

2015 2016 2017 2018 2019
#UK Germany ® OtherEurope @ China ® Other Asia © USA
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Offshore Wind Market
Total Installations (%)

@ United Kingdom 33%
[ ) Germany 26%
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@ Restof World 8%

Source: GWEC - Global Wind Report 2019



Offshore Wind Market

Average Distance from Port and Water Depth for Offshore Projects, 2001 — 2018
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Offshore Wind Market

Total Installed Costs for Commissioned Offshore Projects, 2000 — 2018
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Offshore Wind Market

Turbine Sizes for Commissioned Offshore Projects, 2000 — 2018

8

7

Turbine size (MW)

00 20 w04 200
@ china

Capacity MW

Source: IRENA - Renewable Power Generation Costs in 2018

Offshore Wind Market

2008 2010 2012 2014

@ curope Other

i @uo @uo (@) a0

2016

2018

Capacity Factors for gommissioned Offshore Projects, 2000 — 2018

Capacity factor (%)

2000 2002 200 2006

2008 2010 2012 2014 2016

@im  @uope Other

Capactty MW

Source: IRENA - Renewable Power Generation Costs in 2018

o @ @ @

2018



Offshore Wind Market
LCOE for Commissioned Offshore Pro|
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Net Additions in Turkish Installed Renewable Power Capacity, 2001 — 2019 (MW) Turkish Cumulative Installed Renewable Power Capacity, 2001 — 2019 (MW)
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Distribution of Turkish Installed Renewable Power Capacity, 2018 — 2019 (%) Turkish Renewable Energy Employment by Technology
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Net Additions in Turkish Installed Wind Power Capacity, 2001 — 2019 (MW) Turkish Cumulative Installed Wind Power Capacity, 2001 — 2019 (MW)
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The wind resource
Origin and characteristics

The wind energy resource

Dr. Ir. Axelle Viré, Assistant Professor
Solar Energy

2850 Times

"\ All renewable sources
of energy provide
* | 3078 times the current
J global energy needs

— . Biomass Energy
(A 20 Times

Realistically: 25% “vfmf aatamal Erorey

5 Times
Wave-Tidal Energy
2 Times

Where does the wind come from? Where does the wind come from?
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Data from the German Advisory Council on Global Change



Where does the wind come from?

Wind variability
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Wind characteristics

Velocity
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Weibull distribution
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Wind energy conversion
Aerodynamics

Effect of a plate on a wind flow

Dr. Ir. Axelle Viré, Assistant Professor
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Optimum power extracted
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Why 2 or 3 blades?

19®

3 blades 4 blades 5 blades

Wind turbine components

« Blades
* Rotor hub and nacelle
« Tower

« Foundation

Effect of the rotation speed



Power production
Power curve and capacity factor

Dr. Ir. Axelle Viré, Assistant Professor
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Power produced by a wind turbine Power produced by a wind turbine
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Wind turbine control

e Control in normal conditions

e Control in off-design conditions

Pitch control Rated power

(at constant speed)

It i -

Power

0 3 6 9 12 15 18 21 24

Wind velocity (ms™)

Torque control

A &
P (kw) /
2500 7} ! «&— Max power
/ (at variable speed)

2000 7

| / o Us12 mst
1500 /

4
1000 u=9ms?
u=3ms}

] /

0 u=6ms?
1 | 1 >
0 10 20 30 Q
Capacity factor
C. = Tequivalent
L
actual
actual actual time to achieve production
(e.g. 1 year for the yearly production)
Tequivalent equivalent time to achieve the same production

if running constantly at full power



Capacity factor

Full power all year Switched off all year
The capacity factor changes with the location
. Power production
Capacity factor

Energy yield of a wind turbine and farms
Wind speeds between 10 m/s and 20 m/s

Dr. Ir. Axelle Viré, Assistant Professor

c., =1 cf<1

Power Power
kw kw

1MW MW




Prerequisites Energy yield of one wind turbine

g \
* Wind characteristics through probability density functions f;j
(histograms) § =
> \ i
Velocity X §
* Power curve
§u / :g%
2
e Capacity factor &
Velocity
Velocity Cut-in ~ ~ V@ Rated Cut-out
Energy yield calculation Energy yield calculation
Do you have turbine data? Do you have wind data?
Or do you have ‘nothing’?
g 3 Energy yield = hours/year * installed power * cf
=3 5]
g X S Estimate: capacity factor (cf) = 0.25 onshore
& = = 0.35-0.45 offshore
—

Velocity



Energy yield of a farm Wake effects

10 turbines
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Wake effects Wake effects
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Electrical System
From main shaft to power system

Requirements electrical system

Dr. Ir. Henk Polinder, Associate Professor
probability
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Power curve

Speed range

Voltage and frequency for grid connection
Minimum cost of energy

Control, safety and protection

L e

From main shaft to power system Secondary conversion: two main systems
. rotor power
Geared drive generator system
* Gearbox
probability . * Small high speed generator
H _»%P H % 4 [: H - gearbox converter
L ~~ - Direct drive rosor pouisr
Vo Vo o—e generator system

* No gearbox

* Large low speed generator

converter



Direct drive: Enercon E-126 7.6 MW

Geared drive: Nordex N117/3000 3 MW

A S

\ generator

market.com(May, 2016), courtesy Nordex.

= (May, 2016)

From main shaft to power system Collection and transmission systems
* OWEZ Af\ /ﬁ Af\
¢ 108 MW /f\/r\ /‘\ Q
probability e 10km
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Collection and transmission systems Collection and transmission systems

e OWEZ /‘\/f\ At\

. OWEZ
+ 100 MW ’f'f ‘f\ Q * 108 MW
e 10 km e 10 km
«  Prinses Amalia u i * Prinses Amalia
. 120MW T i'i . 120 MW
e 23km e 23 km

* Bard Offshore 1 u t

e 400 MW
Lo

Future trends

From main shaft to power system Going to deep water and high altitudes

Dr. Ir. Axelle Viré, Assistant Professor
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Moving offshore

Wind speed

ey
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Moving offshore

e.com (May, 2016).

Lorewind.biz (May, 2016)
ntus wind farm, Germany, i 4coffshor

Moving offshore

Types of offshore foundations

Newly installed foundations in Europe in 2015

97% monopiles (385 structures)
3% jackets (12 structures)

In 2015, there were 3,313 foundations
installed offshore in Europe
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1. The European offshore wind energy industry, ENEA (2016) .



Water depths in Europe Floating wind turbines

£
% ss|
*  Most seas are deeper than 50 metres %
<
*  Existing commercial foundations are not H 2
economically viable in deep seas .

0 N
Longitude (degrees E)

Source: N. Anscombe, Turbines take float, Power Engineer,

Vol. 18, Issue 3 (2004)

Tension leg platform Semi-submersible Spar buoy

Floating wind turbines Innovative wind turbine rotors p
S > . \ GE
- \ Rated i’g

i

ug. 2016)

1. Hywind Scotland Pilot Park

1. Source: http /1
2. Source: niip /20

Exhibit, New Orleans (2012), http://arc.aiaa.org/doi/pdf/10.2514/6 2012-3270

3. Source: Ichter, Steele, Loth, Moriarty, 42 AIAA Fluid Dynamics Conference and

1. Vertical-axis wind turbine 2. Two-blade downwind wind turbine 3. Segmented Ultralight Morphing Rotor

2.

Fukushima floating offshore wind farm demonstration project



Airborne wind energy
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