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Abstract

All of countries are attempting to work on global climate change with explicit goals
and effort into new and renewable energy instead of sticking with conventional
energy. It is notable that wind power generation has lower CO2 emission among
renewable energy. According to NEA (Nuclear Energy Agency), Levelized Cost of
Energy (LCOE) for onshore wind power would become equal or lower than other
conventional energy except nuclear energy from 2020. In order to describe and
compare the fundamental economics with other countries and to estimate
representative Levelized Cost of Energy (LCOE) for onshore wind power for South
Korea LCOE was calculated and analysed based on actual data from a wind farm in
operation. This is the first time to calculate and analyse LCOE for wind power in
South Korea while there are already some of studies and researches have been
released for LCOE for photovoltaics.

It is essential for financial investors to conduct a preliminary feasibility study
including wind resource measurement of a potential wind farm development to
evaluate economic efficiency as well as wind farm efficiency, and determine whether
investment should be made or not. In order for this purpose to be feasible, LCOE
should be calculated with consideration of all of the costs such as CAPEX and OPEX
over the project lifetime. Data such as CAPEX, OPEX, and AEP used in this thesis is
real data from AB wind farm located Jeju Island, South Korea. As data was only
available from 2012 to 2015 from AB wind farm, LCOE was only calculated and
averaged for available years and estimated representative LCOE for South Korea.
The same amount of CAPEX was applied to respective years since it is one time cost
incurred during wind farm construction but OPEX varied especially with
unscheduled service in each year. It was found that low wind speed substantially
impacted on AEP and capacity factor which eventually impacted on LCOE.

As a result the range of LCOE values of AB wind farm are 0.096$/kWh ~
0.118$/kWh which are slightly higher range values than other countries. OPEX range
of AB wind farm is from $1,213,645 to $2,414,322 and the average OPEX is
$1,718,786 which is equal to 52,084$/MW/yr. The total OPEX includes average 60%
of wind turbine O&M costs, which is average 31,251$/MW/yr, paid to contractor

(wind turbine manufacturer) as warranty contract payment and 40% of scheduled



costs such as land lease, insurance, utility bill, labor management, and support fund
for local society and so on of which average scheduled costs are 20,833$/MW/yr.
CAPEX of AB wind farm is $59,329,998 which is equal to 1,797,879$/MW, which was

similar to that of other countries except wind turbine cost that varied by countries.



=X ]

AMIK| IO = A JtsSel SHYTEX
OHX|ZS2HHIEE A4St 451 FHEUFT
HABEHE =S &

0|83l OHX|#EHIE&S AL A 2MGY &=
HHX|ZS2HHIEES OFSt2  HFE  US g

O X|ZS2HHIE& &= 20| oFsl EUCE SHOUHX|= MIH-A oK
Az O7F 2LE (Megawatt-hour)CHH| Of£totERA HIZO| 74 RAH LHEFLE
EESE NEA(Nuclear Energy Agency)Ofl A 2HESH At=0f [HEH 2020 H7HX| 4
A|ZSHE 9F 181709 7|&E UFA (MEH AXE S)52 MHMACIH| LUHE

off A K|

=

Io
I
IS
m
1]
o
ol
Ot
r> 2
N
pm
|.|-|

=t
rtr
>
fin
N
£Q
N
Mo
=2
or M Ofm
[
r
Mo
Ral
lo
)

Hu
=
10
o o
2 oA
> ur XA Mmoo
Do 1o e lo ng

f

1%
> 32

Mo

—_

S5lH| & (Levelized Cost of Energy)e Hlwst Zit 2020 & 7|&ES
P

19| 4% O|HX|2S=tH[E0| 7|E 20 HISH HISAHL HS

N
I
bu hu o

ol
|0

(S

TRl =g T OBEtEE ZAL

seto] £xf

i
n=
>
of
e
el
n
O
u
m nx
r
1
Ral
1o

ox 2
4
ro o

o 2 od rd Ho
b
%
m
>
=T
o
2
s

J > % o oB ox
0 © O pE H1 o

e R T
|
Y
=

> O M
i
m'!'
>
r
Ral
72|
m
o

> op M
o
o

7|
oiHx|el 7tAF™HE 7t
X #7} =LHoll= oI X{ XK Sket. oo O] = A1 X Oof| A K| AL 2 2
Renewable Energy Laboratory)e OlM= Ofsf E7|Ho=
oy % XM AMZES 085N O|=ZAEMAMel =
X ESSHHI8E ZASHY O|HX|ZSHH[82] EMESR}
HOIHE M33stn ULk Ol OHX|ZS2HHIES S8 7|

Tdots FRESSS JHHEW0| ofH 2t SO X0 el

ra
N
i
>
Ot
L
0z
rx
m
rr
T of
J

r_l_
o]
=

o 0z ox Al
oH @ B>

-

fo

ro

mn

=2

i}

of

132 on
ro
Ofe
J

SIS LUTER| O FHG(M, 1Y, QRS ©

7
Z 2 9L E (Kilowatt-hounZ &7
o

B
mz
Rl
o
|0
HU
=

2 Hr rlo
N
[0 O
Hu m
>_ r
=)
n 10

o
NESAH HYUHEROM YME Ho| HFAS &

= =
7teg = ULk
A Qs P 7teS el SHUT K|Sl A
L4M7] 7|1XH H|E, & HX| HE 52 EZ25SH= Capital expenditure(CAPEX),
M EEX| 2 GH|Of| 8| &Sl= Operating expenditure(OPEX) X S 2™ 7| o] LM 2
AN SEHLUXNCX| Q| HO|HE AHE X8R, &Ql&(Discount rate)2 =Ly
=x

=
55%S ANg5IQUct. EHYHCIX|C| 2012 WEEH 2015 W7NHX| Q]

4% on o o r>
A rlo J® Jm b

=2
A
il



Z3HO[HE Aoty Zt H= & HO|HE AL, 0|5 4ol Enil2 aid
SHETEXS oUXZSeHHIES  OSoHACE £t ofY SHEHTXC
X ?S=HEE 2ot gt sl AMAStE XE @S Hluwsto] =
SHETAIYES BHdE 20| 243l ERACE

FSEETERL

olof cHet Atz s{E o| 2012 WEEH 2015 Y7NX|Q LCOE =
0.096$/kWh ~ 0.118$/kWh @2 L}E}GtT 0|0 CH3t ®H# LCOE = 0.1035$/kWh 2
LIEFSCE  Ol= dHeloM  HMAISt= 2 L2t Xl® 420 =2 40[X|Tt
Of| L X| A A| & L 2l (KEEDO| A K| A|BF 2016 H LCOE (0.117$/kWh) 2t Sf &S 24 2 M EHX| O
2015 & LCOE($0.118%/kwWh)7} 22 +=F0|E22 FHYHN7| FA[EFE N AN

Hdst= =9 = %Q%*EF_FIIOI LCOE = 22 £ZQ Hoz o= 4 Qrh

7ls HEQl A OPEX H|8L $1,718,786 = 20| HA|st= Z+ Ligtg X|=®
W ECH= SO| =A LbELtD 9,19L+ OPEX H|2 & 60%0 Zdl= ZZHEUH7

FX| 20| 2 Warranty contract payment 7} Z&E ZZANA S| OPEX 210|7|
{20 CHE Li2ket £Z0| warranty contract payment Z710] MEL|X| %AS EL
H=ot +=&2 2 o|F &L

Z CAPEX H| 8= $59,329,998 0| O|= &3

T

FX 2| 7| XA H| 82 2F 77%E KFX|SLC}

—

of
FO|SH7| 20 &3t CAPEX H|ETF

HJ

Ligt g2 SEHET| 71X =80 =84 o

HIRME B2 CHE Lieke] X[ 7ot =25 22 22 0|5 0.

HSSHEUEAC| oid B 8 BoSEH2 OHEtSE =A A0 0|5 BuS%
Brt ¥2 +F2=2 =0 Lol Z4FE oI5z Qs dUEHY U 0|88
#Ib ofL|Zr ZMMe=E LCOE 7HA| s O A=z LiEfLt QUCh Of=
OIHIELEE AL A0 &AIStE SHOIH =AF 8l 249 SRdS 2071 /s
# O OFL|2E LCOE 7 H& Xl 2450 o8 s & =+ Att=s AS EAF2 ot



Acknowledgement

At the end of my thesis | would like to express my deepest gratitude to all those
people who made this thesis possible and because of whom my graduate

experience has been unforgettable that | will cherish forever.

First of all, | would like to express my sincere appreciation to my supervising
professor, Jong-Chul Huh, who inspired continually and opened my eyes towards
the knowledge developed in wind power. Without his guidance and persistent help

this thesis would not have been possible.

| also would like to express deepest appreciation to professor Kyung-Nam Ko,
whose lecture and constant guidance demonstrated to me that concern for
levelized cost of energy for wind power for this thesis. | am hugely indebted to him

for giving his precious and kind advice regarding the topic of my study.

In addition, a thank you to professor Bum-Suk Kim for his encouragement and
dedication during my studies in Wind Energy Engineering Graduate School of
Industry, Jeju National University. | am very much grateful for all of his lectures |
took. My thanks also go to my colleagues at the Graduate School. Without them it

would be very difficult to overcome all the difficulties to finalize the thesis.

Finally, I am pleased to take this opportunity to express the profound gratitude
from my deepest heart to my beloved wife Sera, wonderful and precious children
Kwon and Soo-hyun, and my parents and siblings for their love and continuous

support. This would not have been possible without their love and patient.



Table of Contents

F Y o E 1 T OO i
ACKNOWIEAGEMENT ...ttt sttt st s e st s s a s s s s s s nas '
LISE OF FIQUI@ ..ttt st st e s asstesssas s asssesssassssnssssssanssssssasssssnssnsssansas Vi
[T 0 1= ] = OO vi
LISt OF ACTONYIMIS ......nneeeeeececeeeeeeeeeeeeeeeeeseesessesesssessessessessessessessessessessessessessessessessessessessensens vii
T INTRODUCTION .....cooiitiiitnnctcnsnctenssctessstssssstssssssstssssssssssstssssssssssssssstsssssssssssssssssassssssssssssssssass 1
1.1 BACKGIOUNG ...ttt 1
1.2 ODJECLIVE oottt bttt 2
2 GLOBAL TRENDS IN CAPTITAL EXPENDITURE AND OPERATING EXPENDITURE................ 3
2.1 Capital expenditure (CAPEX)......ccocoririenriineiensisessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss 3

2.2 Operating eXxpenditure (OPEX).......cocoiriniiniieeiesiise it ssssssssssss s ssssssssssssssssssssssssssssnnes 6

2.3 Levelized cost Of @Nergy (LCOE) ...t ssssessssss st s ssssssssssssssssssssssssssesssns 9

3 ANALYSIS OF LEVELIZED COST OF ENERGY FROM WIND FARM..........coevvtrevurecrecerccereacene 14
3.1 Location of the site and regional deSCriptioN ... seneees 14

3.2 Wind farm present CONAITION ...ttt ss s neses 14

3.3 Estimation of levelized cost of energy for 20 years of wind farm operation..................... 15

3.4 Analysis of levelized cost of energy for the Wind farm ... 18
3.4.1 Levelized cost of energy analysis for 2012 ... sesessaes 18

3.4.2 Levelized cost of energy analysis for 2013 ... 21

3.4.3 Levelized cost of energy analysis for 2014 ... 23

3.4.4 Levelized cost of energy analysis for 2015 ... 25

3.4.5 Comparison of levelized cost of energy 2012 t0 2015......coerieererirneeeniseeesiseris 27

4 DiSCUSSION ....ecuiuienienientencententententesesensessestestestestestestestessestestestestestestestestestestestestestestestessestessessessessans 29

4.1 Comparision of estimated and calculated levelized cost of energy for the wind farm...35

5 Conclusion

Reference




List of Figure

Figure 1: Installed wind power capacity from 1999 to 2013 in South Korea.........cooreconercnnrinnenes 1
Figure 2: Cost of energy for @ Wind farm ... sssse st sssss s 2
Figure 3: Breakdown of CAPEX for onshore wind farm project [ 20 ] ..o 4
Figure 4: Wind turbine cost share of capital expenditure for onshore wind farm ........c.ccccccovvvvevuence. 5
Figure 5: Breakdown Of Wind POWET @CONOMICS.......cuuriereereeeeeseseeseessesesssesssssssssses s ssssssssssssssssssessssnes 10
Figure 6: Breakdown of variation in LCOE for wWind farms ... 11
Figure 7: Wind power LCOE trends from 2009 to 2015 in U.S...oreeneceseeneeeiseeseessseenenee 13
Figure 8: Location of the AB wind farm for this StUAY ... 14
Figure 9: Comparison of LCOE, yearly average SMP and yearly OPEX with years........c.ccccouveemmreunne. 27
Figure 10: Comparison of LCOE, yearly average SMP and yearly AEP with years .......cccouevonmeeunne. 28
Figure 11: Comparison of LCOE, yearly average SMP and yearly mean wind speed with years .29
Figure 12: LCOE prediction for onshore wind farm in South Korea [ 22 ] oo, 31
Figure 13: Range of OPEX of onshore wind farm by COUNErIEs ... 33
Figure 14: Range of LCOE of onshore wind farm by COUNIIES. ... 34
Figure 15: Range of LCOE of onshore wind farm by COUNIIES ... 35

List of Table

Table 1: Estimated average CAPEX comparison between 2012 and 20713.......ccccoovvermrrrnrennrennrrnnnenn. 5
Table 2: Average scenario range of CAPEX fOr 20713 ssesssssssssesssssesssesssenns 6
Table 3: An example of breakdown of O&M cost categories in percentage(%) ........coeoeeveermeeeerereenne. 7
Table 4: Average scerario range of O8M oSt fOr 2073 ... 8
Table 5: The major results estimated by feasibility study for AB wind farm ... 15
Table 6: Practical data for AB WINA farMmi.......cooirinsee et sssssss st sssssessens 16
Table 7: CAPEX, OPEX and practical data, and the LCOE estimated for 2012......ccoocomrvommrrrmrrennneens 19
Table 8: CAPEX, OPEX and practical data, and the LCOE estimated for 2013........ccccoevevrrrerrcrnrrnnnns 21
Table 9: CAPEX, OPEX and practical data, and the LCOE estimated for 2014........ccccoevevrrcrerrcnrrennnnn. 23
Table 10: CAPEX, OPEX and practical data, and the LCOE estimated for 2015 ... 25
Table 11: The estimated SMP variation until 2024 ... eseeees 30
Table 12: Comparison of LCOE of AB wind farm of South Korea and other countries presented in
T, [ 15 ] ettt ettt ettt sttt et ae et et e s e e et et e et st et eeas e et s e eraseerastenans 32
Table 13: Comparison between estimated data and actual data for AB wind farm.......c.cccoevuuue..... 36

Vi



List of Acronyms

kWh
MWh
GWh
LCOE
CAEPX
OPEX
AEP
BoP
TIC
o&M
GIS
NPV
PPA
REC
FIT
SMP
a.g.l
MAA
WAA
NREL
NEA
IEA
EWEA
KEEI
PV
WT

Vi

Kilowatt hour

Megawatt hour

Gigawatt hour

Levelized Cost of Energy

Capital expenditure

Operating expenditure

Annual energy production
Balance of Plant

Total installed cost

Operation and Maintenance
Gas-insulated switchgear

Net present value

Power purchase agreement
Renewable energy certificate
Feed in Tariff

System marginal price

Above ground level

Measured average availability
Warranted average availability
National renewable energy laboratory
Nuclear Energy Agency
International energy agency
European wind energy association
Korea energy economics institute
Photovoltaics

Wind turbine



1. INTRODUCTION

1.1 Background
Wind power as a part of renewable energy has been growing up in South Korea thanks to
predefine government target so called green growth despite of unfavourable conditions in
small geographic size and limited wind power restraining from development of wind farms.
Wind industry is small compared to other countries but accumulated wind power at the end of
2015 is 804MW and 184MW capacity of wind turbines will be installed in 2016, which will bring
the total installed capacity is nearly TGW soon [ 7 ] .

(MW)
250
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Figure 1: Installed wind power capacity from 1999 to 2016 in South Korea

Wind power is environment-friendly and cost effective compared to other renewable
energy [ 2] . Wind power is the cheapest resources and the cost of electricity production by
wind is much more competitive than conventional energy such as fossil fuel based electricity
production. However there has been not many information or study about evaluating and
estimating wind generation costs, which can be done based on levelized average lifetime cost
approach [ 2 ] using LCOE equation, for Korean wind power sector whereas there are already
several researches and studies discussing and estimating LCOE for Korean solar PV market
sectors. Thus there is none of real data and information available in Korea market for wind

power as reference to estimate energy costs (LCOE) and to make a decision whether to carry



out the project or make an investment based on estimated energy cost (LCOE) even though
the first commercial wind farm was built back in the early 1990s. On the other hand energy
laboratories and agencies such as EWEA, NREL, IEA, NEA [2], [4], [8], [11] in other
countries have been issued reports periodically to maintain wind generation cost trends and
their drivers for the stakeholders such as project developer, wind farm operator, financial
institutions, and OEMs, etc. Therefore calculating and analysing LCOE together with CAPEX and

OPEX for Korea wind power market was carried out.

1.2 Objective
The main purpose of this thesis is to calculate and analyze LCOE based on the data from
33MW capacity of wind farm located in Jeju Island, South Korea and to help understanding of
wind generation costs and their drivers. This is also intended to provide insight in estimating
current and future LCOE for Korean market for the assessment of average lifetime costs
providing as either dollars per kilowatt-hour($/kWh) or dollars per megawatt-hour($/MWh) for
the production. In order to achieve this objective wind farm visit was made to ascertain all of

real data and factors which are required to calculate LCOE.

X

Figure 2: Cost of energy for a wind farm



Cost of energy for wind power is subject to projects and wind farms specific characteristics and
that in specific wind farms input data but standard methodology that includes basic inputs of
CAPEX, OPEX, AEP, and discount rate is the same. So localized CAPEX, OPEX and cost factors as
stated in Figure 2 will be also reviewed and compared with the data from other countries to
review the trends and difference in specific cost drivers. Overall thesis is not only to describe
the methodology of LCOE calculation but also to calculate current LCOE based on data and
estimates from a wind farm in operation. As a result the estimation of reasonable or
recommendable LCOE for Korea wind power which will definitely help especially developers
and operator compare and select the optimal wind turbine and its technologies. This will also

help make optimized decision making for final investment decision.

2. GLOBAL TRENDS IN CAPTITAL EXPENDITURE AND OPERATING EXPENDITURE

2.1 Capital expenditure (CAPEX)
CAPEX costs basically represent the total costs of constructing a wind farm or a plant but it
does not include escalation costs because they can vary with country inflation and other
factors. CAPEX is derived from real projects and this is well known that main contributor to
CAPEX is wind turbine composed of main components of nacelle, rotor, and tower, etc. CAPEX
is simply divided into following elements of wind farm project, wind turbine, foundation,
electrical, and wind turbine installation, etc. but transportation costs also can cause CAPEX to
increase and it is basically dependent on site location. NREL annually publish the breakdown of
CAPEX for the NREL onshore reference project through annual report [ 4 ]. The data of cost
elements used in a bottom-up model developed by NREL is based on US project site analysis
and recent trends [ 4 ] . This result slightly over predicts the total cost but it can provide better
accuracy in component cost and relevant components cost changes. Turbine capital cost take
majority of cost parts followed by BoP capital cost and planning and miscellaneous costs. This
breakdown is not a project site specific but calibrated data of average in site analysis and
recent trends. Figure 3 is not just only giving better understanding of breakdown of CAPEX but

the data can be used as reference of what kind of cost elements make up CAPEX.
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Figure 3: Breakdown of CAPEX for onshore wind farm project [ 20 ]

Main contributor to CAPEX is the cost of wind turbine. It may be as high as 70% but its
proportion has been reducing from around 70% to around 62% in few years [ 14 ] . Blade and
towers are priced as separate items since their price vary with their size based on the site
condition especially tower size has been heightened from 80m to 100m to capture more
efficient wind resource. Other costs except wind turbine costs are called BoP costs that consist
of foundation costs that include erection, and civil works and grid connection that include
substation, cables, control system related to grid connection.

Other costs can be separated in two classes of costs as follows. (i) Planning costs which incur
prior to construction start and (ii) miscellaneous costs which incur during project construction
until the project commissioning. In addition other costs also include cost of met mast in the
wind farms before the project and the additional cost would be added if it has to be
dismantled once the project kick off.

The percentage of reduced cost cannot be applied to all wind farm projects in the countries or
be referred as representative costs for respective countries since there are countries where
proportion of wind turbine cost in CAPEX has been also increased. As for increased cost of

wind turbine will be explained through Figure 4.
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Figure 4: Wind turbine cost share of capital expenditure for onshore wind farm

Figure 4 shows different cost of wind turbine in CAPEX in respective countries. Data for China
is different because they may not include foundation, tower, or electrical equipment, etc.
[ 14 ]. So data for China cannot be compared with other countries. Proportion of wind turbine
cost in CAPEX has been reduced clearly in Austria while there has been increased in US which
may be due to larger wind turbines. As it is clearly shown proportion of wind turbine cost in
CAPEX is different in all countries but wind turbine cost still has the highest proportion in
CAPEX in all countries.

Table 1: Estimated average CAPEX comparison between 2012 and 2013

Country Turbine costs Capital costs Installed capacity
(EUR/KW (*)) (EUR/KW (*)) (MwW)

2012 2013 2012 2013 2012 2013
Austria 1 430 1 390 1 675 1715 296 308
China (*) 464 480 1 220 960 12 960 16 048
Germany onshore 1 053 1427 2 904
Italy 1 200 1200 1750 1750 1273 444
Japan 1 740 1 380 2610 2070 88 50
Norway 912 1412 1955 97.5
Portugal 1 080 1350 196
Switzerland 1450 1 450 2 070 2 070 4 13
United States 853 799 1 470 1227 13 124 1129



Data missing for respective countries in Table 1 is because of lack of reliable data and different

methodology but they were only included for illustration purpose [ 14 ] .

Average CAPEX for 2012 is 1,799 EUR/kW except Germany, Norway, and Portugal and average
CAPEX for 2013 is 1,553 EUR/kW. As simply observed total average costs based on limited data
and countries has been reduced even though wind turbine cost was increased in some of
countries. This may be thanks to each innovation that impact different ranges from wind farm
development, BoP, and wind turbine [ 17 ]. Therefore it is predicted a large range of
innovations and maturity of the technology for onshore will reduce CAPEX in any of countries
but the impact would not be big but small in CAPEX.

Table 2: Average scenario range of CAPEX for 2013

Countries India China Brazil us Australia UK France | Germany
CAPEX 1.08- 1.36- 2.27- 1.43- 1.43- 1.36-
1.67 1.83
(USDm/MW) 1.25 1.37 2.45 1.52 1.52 1.46
Countries Sweden NL DK Italy Spain Poland | Romania | Bulgaria
CAPEX 1.59- 1.44- 151 | e | 13 1.52- 1.61- 1.57-
(USDm/MW) | 1.71 1.61 1.61 o 1.63 1.73 1.85 1.88

By means of comparing the data between Table 1 which was released from European
commission [ 14 ] and Table 2 which was released from World energy council [ 15 ], it is also
anticipated that average CAPEX for the same country for the same year are similar which

means CAPEX for representative countries can be used as their reference for the coming years.

2.2 Operating expenditure (OPEX)
OPEX basically consists of operation or fixed cost operation which is also known scheduled
service costs, rent, tax, utilities, insurance, administration management, and other finance
charge and maintenance or variable cost which include unscheduled service costs of repair

either in wind turbine or in BoP for wind farm. They can be simply categorized as below.

» Operation costs — Wind farm management, administrative management, insurance,
transmission, land lease, taxes

= Maintenance costs — Scheduled and unscheduled service of wind turbine and wind farm




Scheduled costs so called fixed costs are easy to compute as they are predetermined and
annually incur but unscheduled cost which is also called variable costs are not easy to forecast
or compute since their problem such as wind turbine break down or any of failure in BoP
comes up irregularly and unexpectedly.

Table 3 [5]clearly shows the breakdown of cost elements of O&M costs. The rest not
specified in the table are tax, transmission, land leases administration and management of wind
farm, and other costs of which costs are more local and counties specifics compared to O&M

costs.

Table 3: An example of breakdown of O&M cost categories in percentage (%)

Operation and Maintenance Costs Proportion (%)

Labor

Personnel
Field salaries 14.3
Administrative 2.3
Management 5.7
Labor/personnel subtotal 22.3

Materials and services

Vehicles 2.2
Site maintenance and miscellaneous services 0.9
Fees, licenses 04
Utilities 1.7
Insurance 16.6
Fuel(motor vehicle gas) 0.9
Consumables/tools and misc. supplies 5.6
Replacement parts/equipment/spare parts 49.3
Materials and service subtotal 77.7
Total O&M cost 100.0

Once project is completed manufacturers provide warranty. Warranty period for respective sites
and countries are all different. However as the technology of wind turbines mature,
manufacturers provide warranties that include even BoP operation which is normally operated
and maintained by the operator and minimum 96% availability guaranteed performance with

yield based guarantee for 5 to 10 years [ 14 ] . It is difficult to predict O&M costs with very



limited data in most of countries and O&M under manufacturers’ warranty and post-warranty
are differently take place due to some of the issues such as spare parts, special tools, and
technical issues, etc. O&M costs can be simply expressed as dollars per megawatt per year
($/MW/yr) [4].

O&M costs have changed for onshore since 2008 [ 14 ] but O&M costs for respective countries
are as stated in Table 5. It does not represent or reflect actual values but the range values
given in the table are an average scenario range released from Bloomberg New Energy

Finance [ 14 ].

Table 4: Average scenario range of O&M costs for 2013

Countries India China Brazil us Australia UK France | Germany
OPEX 10,694- | 17,000- 24,000- 20,000- 19,000-
24,000 33,907 28,750
(USD/MW/yr) | 24,391 25,138 24,400 22,500 21,500
Countries Sweden NL DK Italy Spain Poland | Romania | Bulgaria
OPEX 19,000- | 20,000- | 20,000- | 20,000- | 20,000- | 23,000- | 22,000- | 22,000-
(USD/MW/yr) | 21,500 | 22,500 | 22,500 | 22,000 22,500 24,500 24,500 23,500

Average costs for O&M contracts have dropped 38% in the last 4 years, boosting the
competitiveness significantly. This is thanks to significant improvements not only in capital
costs and performance of the turbines but also in O&M costs. Average full O&M contract
service excluding BoP operation and maintenance fell to EUR 19,200 MW/yr in 2012 from EUR
30,900 MW/yr in 2008 of which cumulative drop is 38% [ 18 ] . This is thanks to innovation on
technically advanced wind turbine, improved BoP management, and more sophisticated siting
and management of wind farms. Better planning or scheduling of O&M, more efficient and
lean spare parts supply and management also helped reduce unplanned downtime which is
directly related to O&M costs. As a result well organized and managed O&M has been an

important resource of revenue.

OPEX including insurance, tax, land lease, administrative costs, etc can be predicted as they are
recurring costs. OPEX in Table 4 does not represent each year of OPEX but the average
predicted based on available data from limited wind farms. OPEX in Table 4 includes all of
costs incur in operation and maintenance, so it contains uncertainty that should be considered

since land lease payment for wind farms would be all different and other cost elements would



be also all different in respective countries. It is difficult to predict OPEX since it can vary
substantially among projects and countries but they can be used as reference and trends.
OPEX has been also reduced thanks to innovation on wind turbine, BoP, Wind farm operation,

and maintenance and service, etc.

2.3 Levelized Cost of Energy (LCOE)
Varieties of costs are involved with wind farms and they can be divided into several life cycle

components:

» Capital cost: fixed cost of BoP consisting of construction, civil, installation, substation,
grid connection and transportation, etc.

» Operating costs: fixed costs annually incurred for running wind farm

LCOE is the primary measurement to describe and compare the fundamental economic of
power generation plants. For wind power, LCOE measures the sum of life cycle costs of the
generation technology divided by per unit of energy produced by a wind farm [ 20 ] . LCOE is
constant unit cost and is calculated over 20 to 40 years of the designed lifetime. LOCE is given
in the units and it can be expressed as dollars per kilowatt hour ($/kWh) or megawatt hour
($/MWh). LCOE calculation or measurement require a number of factors to be
determined [ 6 ] which can be divided into factors that determine costs and factors that
determine energy production, but the main cost elements of LCOE of wind power include
CAPEX, OPEX, and predicted AEP. Figure 5 simply shows the information that is required to

estimate the costs and energy production for a wind farm.



Wind
Turbine
Capital Cost

Balance

of Plant
Operations =
Lifetime Operations & |2
Cost Maintenance O
Spare Parts &

Decommissioning
COST OF
ENERGY

Availability Reliability
Wind 6
Energy — Turbine x

iciency
Produced ATTa L
ray =
Efficiency w
Wind
Resource

Figure 5: Breakdown of wind power economics

There are a range of variation scope in estimating LCOE, which are introduced by different use
of methods, assumptions, and uncertainty. They are specified as stated in Figure 6 and they

can be categorized in four [ 6] .

* Input data variation that arising from used scenarios, geographic locations, and timing

» Uncertainties arising from dominating financial treatments, tax rate, adjustment for risk
or inflation, financial assumptions

= difference in wind turbine technology, fluctuation in material and labor costs, and wind
resources

» system boundaries analyzed and whether cost categories are included or not
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Figure: 6 Breakdown of variation in LCOE for wind farms

LCOE represents system costs in terms of the expected life time of wind farms or plants. It is
calculated as the sum of discounted capital and operating costs over the generator’s lifetime
including sum of discounted units of electricity output. LCOE calculation can be approached

with simplified LCOE calculation by:

LCOE = Sum of costs over lifetime

Sum of electricity produced over lifetime

If main cost elements such as investment expenditures, operation and maintenance
expenditures, energy produced, discount rate, and expected lifetime are available, LCOE can be
calculated as the net present value of sum of costs over the lifetime divided by sum of

electricity produced over lifetime.

11



LCOE is the energy value that yields zero NPV [ 5 ], that is:

NPV =0 = Z(LCOE en(i) — rc()/(1+ 1) — CAPEX 2-1)

=1

Where i is the year index, L is overall life time of the project years, en(i) is the total amount of
energy wind turbines generated in year i, rc(i) is the total recurring cost annually in year i, ris

the discount rate (%), and CAPEX is the total installed cost [ 5] .

LCOE = (Z re(i)/ (1 +7r)t + CAPEX) /2 en(i)/(1+ 1)t (2-2)

=1

In the above equation, a simplification is utilized based on the assumption that CAPEX occurs
in the first year. LCOE does not depend on the equity, debt structure of the project, incentives,
taxes, and other factors. When comparing LCOE of different sources of energy, the

assumptions used in calculating recurring cost and discount rate must be the same.

The project would be profitable if the energy produced from the wind farm can be sold at an

effective price that is greater than LCOE [5].
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Figure 7: Wind power LCOE trends from 2009 to 2015 in U.S [ 21 ]

Wind power has become relatively competitive in cost compared to conventional generation
technologies and this was thanks to many of impacts that caused substantial reduction in LCOE
through innovation in the design of hardware and software, or process and technology [ 17 ] .
Many of technology innovations are in development and they will cause more reduction and
reliable operation and maintenance of wind farms. As a result of that wind power LCOE has
been decreased as shown in Figure 7 [ 21 ] . It represents average percentage of decrease from
high and low end of LCOE. The main reason of decrease in LCOE is thanks to material decline
in wind turbine price and substantial improvement in efficiency and technology among other
factors according to LAZARDS [ 21 ] .

It only represents U.S. but the trend of decreasing LCOE also can represent other countries as
the trends in turbine cost and improvement in technology and system efficiency are the same

factors that made wind power competitive and sustainable.
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3. ANALYSIS OF LEVELIZED COST OF ENERGY FROM WIN FARM

3.1 Location of the site and regional description

Figure 8: Location of the AB wind farm for this study

The site is located in the east of Jeju Island, South Korea. It is approximately 6 km from the site
to the sea in the south direction. The site is relatively flat with average elevation of 136m
above sea level. The main vegetation on the site is high grass with a few dispersed trees and

bushes. Several small rounded hills near the site are covered with dense pine trees.

3.2 Wind farm present condition
Wind farm has started running since Oct. 2009 and the site has been under warranty by wind
turbine manufacturer.
Specific information about wind farm is as follows:
» Rated capacity of the wind farm: 33MW / IEC 1A wind turbine
=  Wind farm area: 29,146 m’
= Transmission line: 8 km of 154KV Grid connecting from site substation to the
substation / 5 km of 22.9KV transmission line from site substation to each turbine
» Manpower at the site: A site manager from the owner of the wind farm and three
technicians from the manufacturer.
» Estimated AEP is 84.9 GWh/year
* 96% of available guarantee by manufacturer including main components such as blade,
transformer, gearbox, and generator.

»= Wind farm owner only operate and maintain wind farm and BoP.

14



3.3 Estimation of levelized cost of energy for 20 years of wind farm operation

Preliminary wind resource assessment based on initial data from the onsite measurement mast
was conduct for AB wind farm located in Jeju Island, South. The final report of this preliminary
assessment, which includes an evaluation of the site specific wind climatology and a wind farm
energy generation as well as a financial analysis, was created. The purpose of estimating LCOE
for 20years, which is wind turbine lift time, of wind farm operation is to compare LCOE before
and after the wind farm project commissioned and to analyze variation in LCOE.
The result of the final report of the assessment presents the production estimate for AB wind
farm. The production estimate includes array losses due to shadowing effect (wake effects)
from one turbine to another within the wind farm if there is any. Electrical and availability
losses have not been included in the calculation according to wind farm owner.

Based on the available information, the following results have been derived:

Table 5: The major results estimated by feasibility study for AB wind farm

Total installed capacity (MW) 33MW
Hub height (m) 80m
Estimated Park Production 84.9 (GWh/year)
Capacity factor 29.4%
Yearly average wind speed at hub height 7.4 m/s
Mean temperature at hub height 12.7°C
Maximum in-flow angle +2.4°

Financial analysis was also done to evaluate the wind farm project under the fact that financial
model for wind farm projects are unique in many aspects. As a matter of the fact the

uniqueness is:

= wind farm projects are capital intensive with large amount of upfront investment

* no raw material costs involved

= relatively small portion of operating costs but significant tax related incentive

» Tax related incentive and other cost factors in Jeju Island is different from main land

even in Korea

That uniqueness was considered and reflected in financial analysis for decision makers but
CAPEX and OPEX data assessed during financial feasibility study couldn't be taken for this

15



thesis due to internal issue in AB wind farm operator, thus real CAPEX and OPEX data was
used to estimate LCOE for 20 years for AB wind farm. There should be unascertainable
difference because real CAPEX and OPEX are used to estimate and compare LCOE for before
and after the wind farm project. However using real CAPEX and OPEX would give more
credible LCOE for not only AB wind farm but also future wind power evaluation as reference in

Korean market.

Table 6: Practical data for AB wind farm

CAPEX breakdown for 33MW wind farm Total cost
Wind turbine $46,200,833
Wind turbine installation $8,450,000
Transmission $2,500,000
Other facilities for BoP $833,333
Electrical layout and construction supervision $583,333
Spare parts for BoP $368,333
Special tools for BoP $77,500
Training $66,666
Land purchase and compensation expense $250,000
Total CAPEX $59,329,998

Estimated Park Production

2012 OPEX $1,425,211
2013 OPEX $2,422,510
2014 OPEX $1,223,353
2015 OPEX $1,822,598
Total Average OPEX $1,723,418

84.9 (GWh/year)

Capacity factor

29.4%

Calculated total LCOE 0.079%$/kWh

v Exchange rate #1,200 equals $1.
v" Average OPEX was calculated based on annual OPEX from 2012 to 2015. OPEX also

include wind turbine O&M costs which is done by the manufacturer. 4 years OPEX was



averaged to calculate representative AB wind farm OPEX. Detail OPEX in each year will
be discussed in other sections.

v" Average OPEX also include land lease cost and all of other costs related to wind farm
operation and maintenance.

v Field salaries for the operator are not included in OPEX

CAPEX in Table 6 is one time cost that incurred during wind farm construction and taxes
related to the construction is not added. Wind turbine costs proportion take most of total
CAPEX of which wind turbine cost is 77% out of total CAPEX. Wind turbine cost varies with
countries and has been up and down. As mentioned above estimated OPEX from financial
study and real OPEX for certain period of time are not available for the use, so only available
OPEX from 2012 to 2015 are used to calculate representative LCOE for AB wind farm. The
reason why average OPEX is used is OPEX is different in each year due to variable factors that

will be discussed in other sections.

As a result, considering a 33MW wind farm project with a production of 84,989 MWh of

electrical energy annually. Assume the following to estimate LCOE:

= CAPEX = $59,329,998 or 1,797$/KW

= Discount rate = 5.5% (recommendable discount rate used in Korean market), life of
project = 20 years

= OPEX including wind turbine O&M, land lease, insurance, and all of other costs =
$1,723,418

L
2 en(i)/(1+ 1)t = 1,015,657 MWh

=1

L -
re(l
Z a _{_(3)1. + CAPEX = 20,595,054 + 59,329,998 = $79,925,042
i=1

LCOE= 0.079 $/kWh
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Where i is the year index, L is the life of the wind farm project in years, en(i) is the amount of
energy generated in year i, rc(i) is the total recurring cost in year i, r is the discount rate, and
CAPEX is the total installed cost.

As a result AB wind farm is profitable in LCOE aspect as electrical price is greater than LCOE
and as long as LCOE is less than FIT, which is the minimum price AB wind farm receive, AB
wind farm will be profitable during the life time of 20 years. For AB wind farm, pricing of FIT is
107 per kWh, which is equal $0.089, for overall life time of wind turbine project FIT is a
common pricing model which was introduced to Korea in Oct. 2001. In this model, the price of
energy is transparent, fixed, and applies to all producers of renewable electricity. As of March
18" 2010 FIT for wind power is essentially nonexistent in Korea but REC replaced it. AB wind
farm is still backed up with FIT, so if unit cost of electric power which is called SMP (System
Marginal Price) falls below ¥107 during wind farm project period AB wind farm will receive
W107 rather than SMP. FIT is minimum cost that AB wind farm can get when SMP get lower
than FIT. There will be variation in wind farm operation and maintenance costs and other
factors but as a result of feasibility study including financial analysis wind farm turns into
profitable project based on data estimated during feasibility study. But this is not known yet if
LCOE calculated based on real data also show the same indication. This will be analyzed in

other section.

3.4 Analysis of levelized cost of energy for the wind farm
As mentioned above wind farm data is limited but data, used in this thesis, from 2012 to 2015
is actual wind farm data from AB wind farm owner, therefore all of numerical values are correct
and represent AB wind farm. CAPEX used in this section is one time charge incurred during
wind farm projects, so CAPEX will be common value for each year from 2012 to 2015 whereas
OPEX varies with years. Detail cost variation is specified in respective years and wind farm
performance data is also included to check the trend and to figure what kind of factor has

been impacted on the final result of LCOE.

3.4.1 Levelized cost of energy analysis for 2012
Wind turbine O&M has been done by the manufacturer since 2009 and wind turbine O&M
costs are fixed cost. As shown wind turbine O&M cost account for 65.6% of total OPEX
followed by insurance that is 12.8% of total OPEX and land lease that is 7.8% and so on. They

are annually recurring costs together with other costs stated in Table 7.
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Actual wind farm production, yearly average wind speed, capacity factor are less than the
estimated data in feasibility study result stated in Table 5. This is basically because the study
was based on updated meteorological one year input data of onsite mast with measurement
heights up to 60m a.g.l. Even though site specific long-term adjustment reanalysis was done
and the extrapolated long term wind speed at hub height conditions is determined by wind
flow model, etc. there is still possibility site mean wind speed from one year measurement

could be different years to years.

Table 7: CAPEX, OPEX and practical data, and the LCOC estimated for 2012

$59,329,998
Labor management $12,284
Site facilities, office $39,253
Utility bill $56,444
Scheduled costs Support fund for local society $49,709
Land lease $110,833
Insurance $183,333
Tax and the public utilities charge $15,280
O&M contract with i i
- Wind turbine O&M costs $936,832
Unscheduled costs Substation repair $24,041
$1,428,009
Actual Wind farm Production 66,831.78 MWh/yr
Capacity factor 23.1%
Wind farm Availability 98.4%
Yearly average wind speed 6.5m/s
Yearly average SMP $0.20
Discount rate 5.5%

0.096%/kWh
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As a result, actual wind farm production for 2012 was 66,831.78 MWh and annual OPEX for
2012 was $1,428,009 which is equivalent to #1,713,610,800. CAPEX is not changed as this is
one time charge during the wind farm project. To compute LCOE for 2012, the following is

enumerated:

= CAPEX = $59,329,998 or 1,797$/KW
= Discount rate = 5.5% (recommendable discount rate used in Korean market)

» OPEX including wind turbine O&M, land lease, insurance, and all of other costs =
$1,428,009

L
Z en(i)/(1 + )i = 798,665 MWh

i=1

L .
rcii
Z a 4_(3)1 + CAPEX = 17,065,254 + 59,329,998 = $76,395,252
i=1

LCOE = 0.096 $/kWh

Where i is the year index, L is the life of the wind farm project in years, en(i) is the amount of
energy generated in year i, rc(i) is the total recurring cost in year i, r is the discount rate, and
CAPEX is the total installed cost.

Based on the result of LCOE, AB wind farm is profitable in LCOE aspect as average SMP for
2012 is $0.20 which is equivalent to W245.

However, LCOE has been increased compared to LCOE result from feasibility study. It is mainly
due to lower yearly mean wind speed which eventually caused lower actual AEP while there is
not much difference in total OPEX. Thanks to competitive average SMP the wind farm is still
profitable but if SMP get lower than FIT of which guaranteed price is $0.089, site development

or investment should be reconsidered at this situation in development aspect.
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3.4.2 Levelized cost of energy analysis for 2013
As shown in Table 8, 59.1% of total OPEX has been increased compared to 2012 total OPEX.
This was mainly because of unscheduled landscaping works that was carried out to make wind
farm look better for visitors and the public. It accounts for 24.7% of total OPEX. The
percentage of wind turbine O&M costs have been decreased compared to 2012 data but the

total amount has been increased.

Table 8: CAPEX, OPEX and practical data, and the LCOC estimated for 2013

CAPEX CAPEX for wind farm project $59,329,998
Total CAPEX $59,329,998
e

Labor management $13,405
Site facilities, office $16,809
Utility bill $57,517
Scheduled costs Support fund for local society $67,875
Land lease $110,833
Insurance $183,333
Tax and the public utilities charge $15,280

O&M contract with ) i
manufacturer Wind turbine O&M costs $1,288,750
Unscheduled costs Substation repair $64,687
Wind farm landscaping works $595,833
Total OPEX $2,414,322

Actual Wind farm Production 73,192.53 MWh/yr

Capacity factor 25.3%

Wind farm Availability 99.2%
Yearly average wind speed 6.7
Yearly average SMP $0.177

Calculated total LCOE

0.1008%/kWh
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5% of yearly escalation was added in total wind turbine O&M cost and incentive payment to
the manufacturer (contractor) was also made since MAA was higher than the WAA according
to AB wind farm. The cost of wind turbine blade upgrade was also added in wind turbine O&M
cost. Substation cost also increased because GIS inspection was made in substation. This
inspection is carried out every 7 years and the next inspection is planned 2021 according to AB

wind farm.

As yearly average wind speed was increased actual AEP for 2013 was also increased compared
to 2012. This will eventually impact on 2013 LCOE. Yearly average SMP was decreased to
$01.77.

To compute LCOE for 2013, the following is enumerated:

= CAPEX = $59,329,998 or 1,797$/KW

= Discount rate = 5.5% (recommendable discount rate used in Korean market)

» OPEX including wind turbine O&M, land lease, insurance, and all of other costs =
$2,414,322

L
2 en(i)/(1 +r)" = 874,679 MWh

i=1

L -
re(l
Z a -i-(:)l + CAPEX = 17,065,254 + 59,329,998 = $88,182,069
i=1

LCOE = 0.1008 $/kWh

Where i is the year index, L is the life of the wind farm project in years, en(i) is the amount of
energy generated in year i, rc(i) is the total recurring cost in year i, r is the discount rate, and
CAPEX is the total installed cost.

Based on the result of LCOE, AB wind farm is profitable in LCOE aspect because average SMP
for 2013 is $0.177 which is greater than LCOE. However average SMP has been decreased and
it is required to keep an eye on SMP trend since it directly impact wind farm production and

profitability.
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3.4.3 Levelized cost of energy analysis for 2014

Total OPEX was decreased compared to not only 2013 but also 2012. This was mainly due to
wind turbine O&M costs. 5% of yearly escalation was added but incentive payment was not
made due to internal debate with the wind turbine O&M contractor. Yearly average SMP and
actual AEP were lowest among two years operation. Yearly mean wind speed also dropped to
6.1m/s which mainly impacted on lower actual AEP. Wind turbine O&M accounts for 61% of
total OPEX followed by 15% of insurance and 9.6% of land lease, etc. There were not
unscheduled activities except a minor substation repair. Total OPEX of 2014 is less than 2012

and 2013 but this does not make 2014 turn into profit year due to lower wind speed, capacity

factor, and eventually AEP eventually.

Table 9: CAPEX, OPEX and practical data, and the LCOC estimated for 2014

CAPEX

CAPEX for wind farm project

$59,329,998

Total CAPEX

$59,329,998

Labor management $11,694
Site facilities, office $13,620
Utility bill $68,888
Scheduled costs Support fund for local society $50,728
Land lease $117,500
Insurance $183,333
Tax and the public utilities charge $18,455
O&M contract with ) i
- Wind turbine O&M costs $743,668
Unscheduled costs Substation repair $5,759
Total OPEX $1,213,645

Actual Wind farm Production

63,807.16 MWh/yr

Capacity factor 22.1%

Wind farm Availability 98.6%
Yearly average wind speed 6.1
Yearly average SMP $0.162
0.097$/kWh




As a result of 2014 performance, estimating accurate wind speed is very important because it
directly impact entire wind farm performance and economic result as well.

Availability has been maintained above 96% that is guaranteed performance by the contractor
through 2012 to 2014 but it does not mean wind farm actual AEP or capacity factor have been
increased thanks to high availability. In other words, conventional availability guarantee is
somewhat related to wind turbine production but it is not directly related to maximizing
energy production during the life time of the project. It only ensures that turbine is on
regardless of production output. In order to make the wind farm more profitable yield based

performance guarantee is required as proved in this analysis.

To compute LCOE for 2014, the following is enumerated:

= CAPEX = $59,329,998 or 1,797$/KW
= Discount rate = 5.5% (recommendable discount rate used in Korean market)

» OPEX including wind turbine O&M, land lease, insurance, and all of other costs =
$1.213,645

L
2 en(i)/(1 +r)' = 762,520 MWh

=1

L -
re(l
Z a -i-(:)l + CAPEX = 14,503,522 + 59,329,998 = $73,833,520
i=1

LCOE = 0.097 $/kWh

Where i is the year index, L is the life of the wind farm project in years, en(i) is the amount of
energy generated in year i, rc(i) is the total recurring cost in year i, r is the discount rate, and
CAPEX is the total installed cost.

AB wind farm is still profitable in LCOE aspect because average SMP for 2014 is $0.162 that is
greater than LCOE. However average SMP has been again decreased through 2013 and 2014. If
SMP keeps decreasing each year and get lower than FIT price, wind farm would turn into
unprofitable. In this aspect negative SMP trend is also one of cost factor that is directly related
to LCOE.
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3.4.4 Levelized cost of energy analysis for 2015

Total OPEX was increased. This is basically because of wind turbine O&M costs and substation
works. Incentive payment for 2014 which was not paid to wind turbine O&M contractor was
added in 2015 wind turbine O&M costs together with 5% of yearly escalation and 2015
incentive payment. Main transformer and main switchgear were inspected in substation so
unscheduled costs were also increased. As a result wind turbine O&M costs account for 60% of
total OPEX followed by 13.9% of substation repair, 10% of insurance, and 6.4% of land lease.

Total OPEX was increased compared to 2014 data because of 2014 incentive payment which

was made to 2015 OPEX and substation repairs. Other costs are almost similar.

Table 10: CAPEX, OPEX and practical data, and the LCOC estimated for 2015

CAPEX for wind farm project $59,329,998

Labor management $12,683
Site facilities, office $12,517
Utility bill $68,888
Scheduled costs Support fund for local society $50,750
Land lease $117,500
Insurance $183,333
Tax and the public utilities charge $20,883
O&M contract with i i
I Wind turbine O&M costs $1,099,311
Unscheduled costs Substation repair $253,304
Total OPEX $1,819,169
_ windfarmPerformanceandotherdata
Actual Wind farm Production 57,493.13 MWh/yr
Capacity factor 19.9%
Wind farm Availability 98.5%
Yearly average wind speed 5.89
Yearly average SMP $0.104

0.118$/kWh
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Wind speed was lowest through operation years from 2012 to 2014, thus capacity factor was
also decreased below 20%. This was not something the wind farm ever estimated or expected
but it happened because unexpected low mean wind speed. Actual AEP also decreased
together with SMP. Average SMP is not below FIT but SMP trend have to be monitored and
reviewed continuously. If SMP keeps on descending trend the wind farm will not be profitable

for the rest of wind farm operation.
To compute LCOE for 2015, the following is enumerated:

= CAPEX = $59,329,998 or 1,797$/KW

= Discount rate = 5.5% (recommendable discount rate used in Korean market)

» OPEX including wind turbine O&M, land lease, insurance, and all of other costs =
$1,213,645

L
Z en(i)/(1 + )i = 687,065 MWh

i=1

L .
re(i
Z a 4_(3)1. + CAPEX = 21,739,765 + 59,329,998 = $81,069,763
i=1

LCOE = 0.118 $/kWh

Where i is the year index, L is the life of the wind farm project in years, en(i) is the amount of
energy generated in year i, rc(i) is the total recurring cost in year i, r is the discount rate, and
CAPEX is the total installed cost.

As a result of LCOE calculation, AB wind farm is not profitable in LCOE aspect since LCOE is
greater than yearly average SMP that is $0.104. Wind speed and SMP are not something that
the wind farm owner can control but they have to check all the trend of wind speed and SMP
since they are impacting not only LCOE but also entire wind farm production which directly
impact on wind farm profitability. By checking LCOE for 2015 it is assumed that AB wind farm
ran a deficit on the wind farm production and it may continue if wind speed and SMP trends

are not changed to favorable condition.
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3.4.5 Comparison of levelized cost of energy 2012 to 2015

As CAPEX is onetime costs associated with wind farm project development, installation, and
commissioning, etc, fixed CAPEX was used as a part of cost factors to calculate each year's
LCOE. Therefore CAPEX used in each year is the same factor but OPEX and AEP were variable
through 2012 to 2015. Cost elements in OPEX are mostly similar in each year but unscheduled
service in substation and incentive payment to wind turbine O&M contractor were main cost
factors impacted on total OPEX in each year. OPEX did not vary with wind turbine availability
but impacted on LCOE. As data indicated yearly average wind speed impacted on actual AEP
and capacity factor, thus it eventually impacted on LCOE in each year though. Wind farm is
backed up with FIT but average SMP was not lower than FIT through 2012 to 2015 but LCOE
was greater than average SMP in 2015. This theoretically means wind farm was not profitable
in 2015 in LCOE aspect while average SMP through 2012 to 2014 was economical since the
production could be sold at an effective price that was greater than LCOE.

As SMP price is only comparison criterion of LCOE, each year of SMP data is included in all
graphs together with LCOE data to show the result whether the wind farm is profitable or not
in LCOE aspect.
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Figure 9: Comparison of LCOE, yearly average SMP and yearly OPEX with years
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As shown Figure 9, average SMP was economical in 2012 but decreased continuously till 2015
due to that fact that oil price was also decreased continuously in global.

OPEX variation is not constant but changeable mainly due to unscheduled service. Wind
turbine O&M costs is scheduled costs and the payment is made periodically if wind turbine
O&M is covered by the manufacturer warranty, but unscheduled service like repair in
substation and landscaping works are not predicable and it mostly impact on variable OPEX
like year of 2013. Other costs like land lease, insurance, and administrative management are
not very changeable but constantly same or similar in each year. LCOE from 2012 to 2014 was
economical in LCOE aspect compare to respective average SMP, and their average LCOE is
0.098%/kWh which is also profitable. However LCOE in 2015 was greater than average SMP
which means the wind farm is not profitable in LCOE aspect. Increased OPEX somewhat
impacted higher LCOE in 2015 but OPEX is not really main factors caused higher LCOE if
compared with the result of year of 2013 data. OPEX in 2013 was the highest but LCOE was

not highest in 2013. So other factors also need to be checked and reviewed
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Figure 10: Comparison of LCOE, yearly average SMP and yearly AEP with years
As shown in Figure 10, AEP has been also decreased from 2013 to 2015. AEP in 2013 is the

highest but it does not mean LCOE is in 2013 was the lowest. Decreased AEP does impact
LCOE but LCOE does not vary with a certain factor solely as seen in Figure 10.
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As shown in Figure 11, it is clear that wind speed does impact AEP, so wind measurement

during feasibility study is very important to select a potential wind farm.
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Figure 11: Comparison of LCOE, yearly average SMP and yearly mean wind speed with years

Yearly mean wind speed has been decreased from 2013 to 2015 and that is substantially
different from yearly mean wind speed from estimated data from feasibility study.

As mentioned above wind speed does impact AEP, thus LCOE also get impacted. If wind speed
and SMP keep on negative trends, the wind farm would never be profitable for coming
operation years. As a result unexpectedly decreased SMP and wind speed impacted LCOE in

respective year.

4 Discussions
From the result of LCOE and other elements through 2012 to 2015, it is clear that a certain
factor does not impact LCOE solely but LCOE vary with combined factors and be associated
with factors. Yearly mean wind speed which impacts AEP was substantially different from the
estimated wind farm data from feasibility study and it is not predicable for the future operation
since the trend is not constant. It is unknown if wind speed would be increased but it is clearly

come out that the LCOE highly varies with wind speed. Amount of production yield from the
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wind farm is an important parameter with a considerable influence on LCOE and the maximum
full load hours of a wind farm could be computed from the wind conditions at the wind farm
as a function of wind speed. Estimated yearly average wind speed at hub height was 7.4m/s for
the wind farm and this wind speed was wind farm representative and was intended to be
indicative of wind farm location. However actual average wind speed from 2012 to 2015 was
6.23m/s which may turn into unfavorable wind farm location requiring low wind technology.
Wind resource measurement is very important and estimating wind speed may require more
conservative approach.

SMP has been decreasing and it is not easy to predict future SMP but SMP will fall
continuously till 2024 according to KEEI [ 22 ] . As shown in Table 11 SMP trend is not positive
for the wind farm and AB wind farm would be also unprofitable since average LCOE is
0.103$/kWh in LCOE aspect.

Table 11: The estimated SMP variation until 2024

2016 ¥90.6 ($0.0755)
2017 #88.1 ($0.0734)
2018 ¥86.9 ($0.0724)
2019 ¥#87.7 ($0.0730)
2020 #88.3 ($0.0735)
2021 ¥#85.3 ($0.0710)
2022 ¥79.7 ($0.0664)
2023 ¥77.7 ($0.0647)
2024 W76.7 ($0.06390

SMP in Table 11 was calculated based on a scenario of 7™ basic plan for electricity supply and
demand from Korea power exchange [ 22 ]. This is based on assumption that the 7" plan
would be achieved.

AB wind is only profitable when SMP is greater than LCOE (FIT for AB wind farm is $0.089 and
average LCOE is $0.103) but as an assumption from the wind farm result LCOE will not be less
than $0.096, which is lowest LCOE among year 2012 to 2015 since wind turbines and other
facilities get old and require more OPEX costs and average wind speed is still unfavorable.
Together with wind speed, SMP is main factor the wind farm should consider about for future
operation and maintenance and if two of main factors do not turn into positive the wind farm

seriously consider restructuring wind farm operation and maintenance for future operation.
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According to KEEI LCOE continuously fall from 140.60W/kWh, which is equivalent to
0.117$/kWh in 2016 to 136.83%/kWh, which is equivalent to 0.114$/kWh in 2024 [ 22 ] .

LCOE calculated based on a running wind farm is between 0.096$/kWh to 0.118$/kWh which is
equivalent 115.2%W/kWh to 141.6¥/kWh through the operation years from 2012 to 2015. This is
an actual data, it thus more reliable to predict LCOE for the wind farm. As per predicted LCOE
in Figure 12 by KEEI, LCOE for 2016 is 0.117$/kWh and LCOE calculated based on AB wind
farm 2015 data is 0.118%/kWh. There is one year gap between LCOE estimated by KEEI for
2016 and LCOE calculation in this thesis for 2015 but the result of LCOE is almost same.
Therefore LCOE for coming year for the wind farm would be similar with LCOE KEEI predicted
since SMP will fall until 2024 according to KEEI [ 22 ] and this may be representative for South

Korea.
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Figure 12: LCOE prediction for onshore wind farm in South Korea [ 22 ]

Data in Table 12 was created based on market scenario by BNEF (Bloomberg New Energy
Finance) [ 15 ] except the data for South Korea which is referred to AB wind farm data. Table
12 originally did not include the data for South Korea but it was added in this thesis with data

from AB wind farm as representative data of South Korea.
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The range given in Table 12 is an average scenario range and does not represent or reflect
actual minimum and maximum values for respective countries except South Korea. They are
released to indicate range and trend as reference. 4 years of operation data from AB wind farm
is not enough to represent South Korea and estimate future trend but this is worthwhile to

compare and analyse the range and trend together.

Table 12: Comparison of LCOEs of AB wind farm of South Korea and other countries

presented in ref. [15]

S. Korea 52,084
(AB wind farm) e WT O&M(31,251) > 20118
India 1.08-1.25 10,694-24,391 15-33 47-113
China 1.36-1.37 17,000-25,138 19-35 49-93
Brazil 1.67 24,000 23-45 55-99
Us 1.83 24,000-24,400 20-46 61-136
Australia 2.27-2.45 33,907 30-42 71-99
Europe 1.61-1.94 23,000-28,750 20-36 71-117
UK 1.43-1.52 28,750 28-31 72-74
France 1.43-1.52 20,000-22,500 26-31 75-82
Germany 1.36-1.46 19,000-21,500 24-27 79-82
Sweden 1.59-1.71 19,000-21,500 28-33 79-83
Netherlands 1.44-1.61 20,000-22,500 25-31 79-84
Denmark 1.51-1.61 20,000-22,500 26-30 80-85
Italy 1.46-1.6 20,000-22,000 24-30 87-95
Spain 1.39-1.63 20,000-22,500 26-29 88-91
Poland 1.52-1.73 23,000-24,500 25-30 93-97
Romania 1.61-1.85 22,000-24,500 24-30 100-107
Bulgaria 1.57-1.88 22,000-23,500 24-29 105-106

v"Actual data from AB wind farm was used to represent South Korea
v' CAPEX, OPEX, and capacity factor for South Korea is the average values of AB wind

farm’s operation year from 2012 to 2015
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v" LCOE data for South Korea is the minimum and maximum values of AB wind farm'’s
operation year from 2012 to 2015

v' Three of graph below were created based on data in Table 12.

Figure 13 was created based on data in Table 12. As shown Figure 13, total OPEX for South
Korea is $1,718,786 which is equivalent to 52,084$/MW/yr. This consists of 60% of wind turbine
O&M cost paid to the contractor (wind turbine manufacturer) as warranty contract payment
and 40% of scheduled costs such as land lease, insurance, utility bill, labor management, and
support fund for local society and so on of which average scheduled costs are 20,833$/MW/yr.
As the O&M warranty contract for AB wind farm includes main component repair, replacement,
and 96% of availability guarantee its cost is high and different range from OPEX for other
countries.

OPEX range for South Korea is only based on turbine O&M cost which is paid to the
contractor. OPEX is still high compared to other countries but it is required to ascertain if wind

turbine O&M contract is the same condition or not for better and accurate comparison.
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Figure 13: Range of OPEX of onshore wind farm by countries
Capacity factor only represent AB wind farm so the data is very limited to compare with other

countries and estimate the trend. However it is good to know that the average wind speed in

2015 was relatively lower than other years nationally. Capacity factor is lower than most of
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countries but it only represent the wind farm since capacity factor varies with sites and
countries.

As shown Figure 14, LCOE is also higher compared to most of other countries but it can
represent South Korea as KEEI also predicted similar range of LCOE. As shown in Figure 12,
decreasing LCOE trend for South Korea is positive for future wind farms but predicted future
LCOE is still high compared to decreasing trend in other countries as shown in Figure 7 and it
is not proved whether it can be also applied to the existing wind farms.

Decreasing trend in LCOE can be applied to the future wind farms but it is hard for existing
wind farms to apply since most of wind farms are backed up with FIT, and CAPEX, which is
fixed, and OPEX, which is annually recurring cost, are already high and difficult to reduce under
warranty contract period. Even each year of LCOE for AB wind farm is also not constant but
very variable with unscheduled service and unpredicted factors such as low wind speed and
decreased SMP, etc. Only way to reduce cost element for the existing wind farms is to reduce
OPEX, so next challenge for South Korean market should be discussing and looking into wind
farm O&M status.
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Figure 14: Range of LCOE of onshore wind farm by countries
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As shown in Figure 15, CAPEX for AB wind farm which represents South Korea in this thesis is
also higher than most of other countries but the range values are not big. The proportion of
wind turbine costs is around 77% in total CAPEX which means CAPEX without wind turbine
costs are not high compared to other countries since the proportion of wind turbine costs in
most of other countries as shown in Figure 4 lower than AB wind farm. However it is required
to check more actual data from other wind farms in South Korea to have more reliable data

which can represent the trend of South Korea.
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Figure 15: Range of CAPEX of onshore wind farm by countries

Most of countries that are favor in wind power have their own data representing CAPEX, OPEX,
and LCOE as reference. This is making good use for all of stakeholders of wind power. Having
representative and recommendable CAPEX, OPEX, and LCOE will assist Korea wind power
market as well but more researches and studies have to be carried out to reduce uncertainty

and predict more reliable data.

4.1 Comparison of estimated and calculated levelized cost of energy for the wind farm
The same amount of CAPEX was used in both LCOE estimation from estimated wind farm
data and LCOE calculation from actual wind farm data. Average OPEX of 2012 to 2015 data
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was used for LCOE estimation since estimated OPEX was not available from the wind farm.
Main difference between both estimated and calculated LCOE was AEP, wind speed, and
capacity factor. Estimated AEP was much higher than actual AEP since yearly average wind
speed was over predicted. If actual LCOE is similar with estimated LCOE the wind farm will be
continuously profitable in LCOE aspect regardless of SMP trend since estimated LCOE is $0.079
which is always greater than 0.089%/kWh of FIT.

Table 13: Comparison between estimated data and actual data for AB wind farm

$59,329,998 $59,329,998 $59,329,998 $59,329,998 $59,329,998
$1,723,418 $1,428,009 $2,414,322 $1,213,645 $1,819,169
84,900MWh 66,831TMWh 73,192MWh 63,807MWh 57,493MWh
74m/s 6.5m/s 6.7m/s 6.1m/s 5.8m/s
29.4% 23.1% 25.3% 22.1% 19.9%
0.079%/kWh 0.096%/kWh 0.1008$/kWh 0.097$/kWh 0.118%/kWh

5 Conclusions

The analysis and calculation results led to the following conclusions:

*= LCOE for the wind farm in operation was observed to be from 0.096 to 0.118%/kWh
which are equal to 115.2 to 141.6%/kWh

» |t is observed unscheduled service such as repair in substation and other wind farm
related works mainly impact on OPEX together with incentive payment to the wind
turbine O&M contractor.

= LCOE can vary with several key factors but in this study the most influential impact on
LCOE is wind speed which eventually impact on AEP and capacity factor.

» CAPEX is $59,329,998 which is equal to 1,797,879%/MW

*= OPEX ranged from $1,213,645 to $2,414,322 and the average OPEX is 1,718,786 which
is equal to 52,084$/MW/yr. Total OPEX includes 60% of wind turbine O&M cost paid
to the contractor as warranty contract payment annually and 40% of scheduled and

unscheduled costs for BoP of wind farm operation and maintenance.

This analysis and calculation present a picture of LCOE for a wind farm in operation using real

data that represent the wind farm. LCOE calculation in this thesis is only one way to measure
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the cost of wind power for an operating wind farm. It includes most of costs but discount rate
is not real data but assumption from the market value. LCOE is highly sensitive to not only
wind speed but also discount rate. So there could be a possibility that LCOE could vary
compared to current LCOE calculated in this thesis if different input data is used but it will not
be a wide variation in the effect on LCOE.

Over-estimated wind speed during wind resource measurement could lead to wrong
investment decision since wind speed impacts on AEP as well as capacity factor which are
significant factors for financing assumption. FIT was introduced to support not only wind
power technology but also other generating technologies to reduce financial risks and it was
expected that FIT would play one of the most important role to support wind farm. It did
support wind farm in some of aspects when SMP get lower than FIT but it is not competitive
compared to REC and it does not support financial risks in the aspect of LCOE of which the
assumption of Korean LCOE based on the result of an operating wind farm is at least minimum
0.103$/kWh which is average LCOE from the running wind farm.

Finally as this thesis clearly demonstrate that changes in wind farm wind speed, AEP, and
capacity factor have a significant impact on LCOE that small improvement through wind
resource measurement and feasibility study can yield more benefits. It is expected that the
result of this thesis give the first realization that would bring more benefit not only for wind
farms but also wind industry by reducing uncertainty and examining feasibility for the future

wind farm project thoroughly. .
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