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ABSTRACT

With the current increasing trend for the non-conventional renewable energy (NCRE) in Sri Lanka,
interest has been focused on retiring of thermal/coal power plants and getting the energy via
renewable sources.

Since almost all the water sources have been used, the available options will be wind, solar,
biomass etc.

From them, wind energy is more promising as it is having less intermittency and more
efficiency compared to other sources. Offshore winds are more consistent than on shore winds
as well as they are higher in speeds. Considering the Sri Lankan Sea territory massive energy
can be harvested via offshore wind power with no or minimum affections to peoples’ lifestyle,
existing inland natural beauty, relocation of people etc. compared to the onshore wind power.
With being no/extremely little amount of effort required to relocate people and taking over
lands, offshore wind power can be quickly implemented.

However, development of offshore wind farms around Sri Lanka should be carefully and
seriously studied as it can also have negative impacts on some areas. It includes marine
mammals & fish, coral reefs, migratory pathways of birds, fishing industry, tourism industry
etc.

In this research a method is developed to locate suitable sites around a country for offshore
wind power considering its technical, environmental, regulatory constraints. The method
mentioned in this research is universal and validated on Sri Lanka. Initially the intended area
of research (part of the Country’s Sea territory) was divided into equal areas. Then for each
area the technical, environmental and regulatory constraints were analyzed using digitized
maps. Creation of digitized maps using GIS software is also a part of this research.

Then weightage factors are developed for each constraints using a model developed in this
research and a total value for each area is calculated. Then the intended area of study is linked
with the values table for that particular study area using a GIS software to visualize the suitable

sites.

Keywords: Offshore wind power, constraints, GIS software, digitization of maps



DEDICATION

To my parents, my sister, and my beloved wife



ACKNOWLEDGEMENT

First and foremost, I would like to pay my sincere gratitude to my project supervisor Dr.
Asanka Rodrigo for his continuous guidance and support throughout the research to develop

the result into a fruitful outcome.

Secondly, | would like to a pay my sincerest appreciation towards the academic staff of
Department of Electrical Engineering for their valuable feedback and constructive comments

during the progress reviews.

I would like to sincerely thank Mr. Anuruddha Kariyawasam, my cousin, of Sustainable Energy

Authority Sri Lanka for the support given to me during the research.

| pay my special gratitude to Mr. Shantha Perera — Chief Engineer, Kukule Ganga Power
Station, CEB and Mr. Thushara Wickramasinghe — Electrical Engineer (1&C), Kukule Ganga
Power Station, CEB for providing continuous support given during the working time at the

Kukule Ganga Power Station.

I would like to thank all the personnel in Petroleum Resources Development Secretariat,
Department of Coastal Conservation and Coastal Resource Management, Marine Environment

Protection Authority who spend their times to answer my clarification requests.

Last but not the least, | would like to convey my sincere gratitude to my wife, parents and
family members for their understanding, support in numerous ways to achieve my targets all

the time.



Contents

] O I 2 N I [ SR i
F N S 2 ¥ X PSPPSR i
DEDICATION ...ttt ettt e e e e sat e e e s ab e e e te e e e be e e e nsaeeasaeeanneeannes ii
ACKNOWLEDGEMENT ..ottt ettt st sbe e e e e nnae e e nnneean \Y
LISt OF TADIES ...t bbbttt bbbt vii
LIS OF FIQUIES ...ttt et e e s e be et e et e sse e reenaenneenneans viii
LiSt OF ADDIEVIALIONS .....ooviiiiii ittt be e Xi
I 111 70T L1 Tox (o] 4 ISP PRPRSPR 1
1.1 BACKGIOUNG ....coeiiiiiiieii ettt 1
1.2 RESEAICH GAP ...ttt bbb 3
1.3 RESEAICH ODJECHIVES ... 4
2. LITErAtUIE REVIBW .....eiiieeiieiie sttt ettt ne e teeteaneesneeteeneenneeneaneenreas 5
2.1 Identification of intended area of StUAY..........ccoeeviiiiicii i 5
2.2  ldentification of potential wind power and the lying constraints...............cccccccvevennen. 5
K |V 1= 1 oo (0] [0 ) OSSR 17
3.1  Declaration of Area of STUAY .......ccceoviiiiiiiic e 17
3.2 Identification of Selection Factors/Constraints............ccocveveeeeieneneneseseseeeeeen, 19
3.21  Wind speed and Water depth ..........ccoiiiiiiiiieiinieeee e 20
3.2.2  Distance to the nearest grid SUDSEALION...........cccoiiririiiiieiecc e, 21
3.2.3  VISUAL IMPACT ...ttt 27

3.3 Identification Of Other CONSIIAINTS ..........cceieirierieie e 29
3.3.1  Government/Regulatory CONSLIaints ...........ccceveeieiieii e 30
3.3.2  Environmental CONSIIAINTS.........ccoiviieieiieieie e 41
3.3.3  Tourism related CONSIIAINTS........ccoiiieieiieieie e 47
3.3.4  TechniCal CONSIIAINTS .....ccecuiiieiieie e e 52

34 MOAEIING . 53
341 WING SPEE. ...ttt ettt b bbbt 53
342 WaLEr ePTN .o e 54
3.4.3  Distance from the onshore substation...........cccccvevviieiiecc s 59
344 ViISUAL IMPACT.......ciiiiiie it be e re e 63
345 Other CONSIIAINTS .....ceiiiiiieecie ettt 64

3.5 EVAIUALION. .. bbb 68
3.5.1  Evaluation of the FIrst SCreeNiNg........ccccueveriiieiieiie e 68
3.5.2  Evaluation of the Second SCreening ........cccevevveieiiieiie e 71

\Y



4. Validation OF the MOUEL........coo oottt e e e e e et ee e e e 78

5. SENSOMY ANAIYSIS ...eeuiiiiieiti ettt e te e et naa e re e re e e nne e 80
5.1.  Sensory Analysis on Constraints due to Coral Reefs...........ccccovvevviiiiiieiicceseen, 80
5.2.  Sensory Analysis on Constraints due to Marine Mammals ...........cccceeveviiieieenenn, 82
5.3.  Results of the SENSOry ANAIYSIS ........cocuiiiiiiiieieiesee e 83

GO0 o] [0 [ o OSSR 84

I L) (=] (] [o0 S SRRSO 85

AppendixX 1 Soil Map Of SriLaNKa ........c.ccoveiieiicie e 87

Appendix I1 Initial validation of model for Sweden — Considering only the main selection

L2101 (0] £ J OSSPSR 88

Vi



List of Tables

Table 2-1 Foundation design and depths [2]........ccoieiiiiiiiieeeee e 5
Table 2-2 Responses for the survey qUESEIONS [22] ......ccooeiiiiriiieieeee e 14
Table 2-3 Comparison of results of different surveys on public opinion on offshore wind
AT )Y 27 OSSR 14
Table 2-4 Visual Impacts of Offshore Wind Turbines with the increasing distances from the
] (101 C N 145 [ S SUOSSRSPR 16
Table 3-1 List of existing Wind farms...........ccooiiiiiieiice e 55
Table 3-2 sample table for calculating the total weightage for the selection factor “distance
TTOM the SUDSTATION ....uviiiiiie i e e bbb beeeanes 62
Table 3-3 Results table 0f 15 SCrEENING .........ceeieiieieicee e, 70
Table 3-4 Calculation of total potential of the secondary screening using high resolution cells
.................................................................................................................................................. 74
Table 4-1 Existing offshore windfarms in SWeden..........c.cccvevviiiiiciecie e 78

vii



List of Figures

Figure 1-1 Generation Mix and NCRE contribution in Sri Lanka for 2018: Source CEB........ 1
Figure 1-2 Generation Mix and NCRE contribution in Sri Lanka for 2019 (up to June):
SOUICE CEBi....c ettt ettt b e et be e e b e e sbe e e beeabeeente e 1
Figure 1-3 Windspeed around Sri Lanka: Source-Global Wind Atlas............c.ccocooviiiiiene, 2
Figure 2-1 Summary of the generalized impact assessment [11]......cccccooererirenienienienieeieien 9
Figure 2-2 Acoustic paths for underwater noise from an offshore wind turbine under
OPEIALION [15] ...ttt bbbttt et b bbbt 11
Figure 2-3 Approximate frequency ranges of marine mammals sounds and ambient noise [16]
.................................................................................................................................................. 11
Figure 2-4 Porpoise (sea pig) Figure 2-5 DOIPhINS........ccooviiiiiiieeeee e 12
Figure 2-6 Sea lion FIQUIE 2-7 Sl ... 12
Figure 2-8 Baleen WA ..........cooiiiei e 12
Figure 2-9 Offshore wind farm artificial reefs acting as “biofilters [20] .........c..cccovvvvenunnnn. 13
Figure 2-10 Visual impact from Offshore wind farms — Ormonde (9.5 km) — Thanet (12.3
01 ISR 15
Figure 3-1 draft methodology for selection of SIteS.........ccccviieiiiic i 17
Figure 3-2 Sri Lanka SE8 ArEa.........cc.cceeiuieieiieieeieseeseesie e s e e ste e staesae e e sraesteaneesneessaennennes 17
Figure 3-3 Sri Lanka Sea area deSCriptioN .........ccccveivieiieiieiieieese e 18
Figure 3-4 selected area for intended study - ArcGIS .........coooieiiiic i 18
Figure 3-5 Main Selection Factors for Sri Lanka Offshore wind power site selection ........... 19
Figure 3-6 Raster image of wind speed over 100m above the sea level intended area of study
IS SNHOWN OVEFIAPPEM...... .ot re et e et esreesreenreens 20
Figure 3-7 digitized wind speed (based on the extracted values for the each cell from the
ADOVE TASTEL TMAYE) ...ttt bbbttt b et bbbt 20
Figure 3-8 Map of Sri Lankan Transmission System 2019: Source-CEB.............cc.ccoovvenennn. 21
Figure 3-9 locations of grid substations near the shore, Sri Lanka and the highest voltage

L= Y2 S 22
Figure 3-10 distances to the nearest grid substation (132 kV) for each cell...............cccceeee. 23
Figure 3-11 visualization of the distances for nearest 132 kV grid substations near the shore
.................................................................................................................................................. 24
Figure 3-12 distances to the nearest grid substation (220 kV) for each cell...............cccceeee. 25
Figure 3-13 visualization of the distances for nearest 220 kV grid substations near the shore
.................................................................................................................................................. 26
Figure 3-14 distances to the shore foreach cell.............cccooiiii i, 27
Figure 3-15 visualization of the distances to the shore for each cell ..., 28
Figure 3-16 other constraints for selection Of SIteS..........ccovieiiiiiiiiiie e, 29
Figure 3-17 Intended area of study and the legal limits of Sri Lankan Sea territory............... 30
Figure 3-18 Fishing restrictions around Sri Lanka ...........ccccceevieiiiiiie e 31
Figure 3-19 digitized map of fishing restricted areas around Sri Lanka..............cccccoeevveennne, 32
Figure 3-20 Shipping traffic of the WOrld .............ccoooiiiii e 33
Figure 3-21 Shipping traffic related Sri Lanka — a localized image..........ccccocovevveiieciiecnnnnn, 33
Figure 3-22 extraction of values for the shipping traffic ............ccccooi i 34
Figure 3-23 digitized map with shipping traffiC ............ccooceiiieii 34

viii



Figure 3-24 offshore exploration block map, 2013/3/12 .........cccocveieiiieiieecece e 35

Figure 3-25 offshore hydrocarbon exploration block map, 2021/6/28...........cccccceevvvveivenenne. 36
Figure 3-26 Oil well locations around Sri LanKa...........ccccveveieeieiieiieesece e 37
Figure 3-27 Coastal zone of Sri Lanka, Definition...........ccccccovveiiiie i 38
Figure 3-28 Coastal protected zone data access in website of coastal conservation and

coastal resource management depPartMent. ..........ccocuvvvierereiene s 39
Figure 3-29 Coastal reserve and restricted zone data of Colombo district............c.ccccevennee. 39
Figure 3-30 Coastal reserve and restricted zone data of Ampara district.............cc.coevvienennn. 40
Figure 3-31 coral reefs around Sri LanKa ..........cccooveiiiieriiiiiiisceeeieee e 41
Figure 3-32 digitized coral reefs of Sri Lanka using ArcGIS Software ............ccoovovrveiieienn. 42
Figure 3-33 siting of marine mammals around Sri Lanka ...........ccceoveeienencnenescseeee 43

Figure 3-34 noise level variation with the distance during construction phase of windfarms 44
Figure 3-35 digitized map of marine mammals around Sri Lanka with indicating a 2 km

DUTTEE ZONE....cc et e st et e s s e ste e teere e s te e s e aneenreeneennes 45
Figure 3-36 Migratory pathways of birds around Sri Lanka ............ccccceveieniiiininiiiiceien, 46
Figure 3-37 digitized migratory pathways of birds around Sri Lanka.............c.ccccevevrvninnnennn. 46
Figure 3-38 tourism related constraints to be adopted............ccceeveiieiieiieiccecec e 47
Figure 3-39 major surfing Sites in Sri Lanka ...........ccceiveiiiieiiececc e 47
Figure 3-40 digitized surfing areas around Sri Lanka ............ccceevivveiieieiic s 48
Figure 3-41 routes of whale and dolphin watching in 3 main SiteS .........ccccceveevieveveeveenen 49
Figure 3-42 Whale and dolphin watching routes with 5km buffer zone ............c.ccccoovevven 50
Figure 3-43 offshore wind farm burbo bank seen form shore 16.7 Km..........ccccccoevveinennnn. 51
Figure 3-44 Selected digitized beaches of Sri Lanka............ccccceevviiiiieiiiiciiecece e 51
Figure 3-45 existing nearshore windfarms in Sri Lanka.............ccccooevieiiiiciiece e 52
Figure 3-46 Buffer distance of 2 km from Existing windfarms.............ccccoociveiiiic e, 52
Figure 3-47 Capital Expenditure for the fixed-bottom offshore reference wind power plant

Project (SOUrce — NREL 2017) ..ocooiieieiie ittt sttt sra s 56
Figure 3-48 Capital Expenditure for the floating offshore reference wind power plant project
(SOUICE = NREL 2017) ...ttt bttt bbbt 56
Figure 3-49 Capital Expenditure for the fixed-bottom offshore reference wind power plant

project (Source — NREL 2019) .....cooiiiiiiiiieiee e 57
Figure 3-50 Capital Expenditure for the floating offshore reference wind power plant project
(SOUICE — NREL 2019) ..ottt bbbttt 57
Figure 3-51 Plotted graph of Cost for foundation and installation per unit capacity against the
WALEE GEPTN ...t bbbt bttt e bbb bbbt 58
Figure 3-52 data collection for onshore substation diStance............ccccovevereniieniniiiccee, 59
Figure 3-53 Breakdown of Costs - typical offshore bottom-fixed wind farms in Europe........ 60
Figure 3-54 Plotted graph of Cost for export cable and installation per unit capacity against

the distance to the Nearest SUDSLALION ...........ccveiiiiiiieice e 61
Figure 3-55 Weightage for shipping vessel density..........cccccveiieiiiiiie i 64
Figure 3-56 Weightages for fiSNING @reas..........cccccveiiiiiie it 65
Figure 3-57 Weightage for migratory paths using the digitized map .......c.cccecvevveiieeiieinnnnn, 66
Figure 3-58 Location of bird sanctuary in Mannar.............ccceveiiieiie e 67
Figure 3-59 results of the first SCreeNING PrOCESS .....ccvveiiieiiiieiie it 68
Figure 3-60 Wind farm spacing (aSSUMEA)..........eeieeiiieiieiieeiie e see et sree e 69
Figure 3-61 High marks areas of 1% screening (grid resolution 1 km by 1 km)...................... 71



Figure 3-62 Mannar area selected for secondary SCreening.........cccecevvvevveresieeseeresiesseeseennns 72

Figure 3-63 Soil condition in Mannar — Source: Irrigation Department, Sri Lanka................ 75
Figure 3-64 archeological sites in Sri Lanka (Source- Archeological department of Sri Lanka)
.................................................................................................................................................. 76
Figure 3-65 Detailed digitized map of intended area of study of the secondary screening —
IMIBININET GIBA ...ttt ettt s e st et e e et e b e e s s et e b et e r e e nb e e e neennneenre e 77
Figure 4-1 Offshore windfarm to be considered in SWeden ..., 78
Figure 4-2 Location of Karehamn Offshore wind farm (in the vicinity of highest marks
obtained areas as per the MOUEI) ..........ooviiiii e 79
Figure 5-1Total marks for each cell with weightage value of 0.3 for coral reefs.................... 80
Figure 5-2 Total marks for each cell with weightage value of 0.5 for coral reefs.................. 81
Figure 5-3 Total marks for each cell with weightage value of 0.7 for coral reefs................... 81

Figure 5-4 Total marks for each cell with weightage value of 0.2 for marine mammals........ 82
Figure 5-5 Total marks for each cell with weightage value of 0.5 for marine mammals........ 82
Figure 5-6 Total marks for each cell with weightage value of 0.7 for marine mammals........ 83



List of Abbreviations

SL ; Sri Lanka

NCRE : Non-Conventional Renewable Energy
LTGEP : Long Term Generation Expansion Plan
CEB : Ceylon Electricity Board

USA ; United States of America

NREL : National Renewable Energy Laboratory
OWF ; Offshore Wind Farm

DFIG : Doubly Fed Induction Generator

UK : United Kingdom

UN ; United Nations

EEZ : Exclusive Economic Zone

HSZ : High Security Zone

GIS : Geographical Information System

uSsD : United States Dollars

MW : Mega Watts

kv : Kilo Volts

GW : Giga Watts

FPSO : Floating Production Storage and Offloading

Xi



