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Abstract

Utilization of renewable energy in Aceh is still limited mainly to
small-scale electricity through micro-hydro and solar power
plants, accounting for less than 1% of the energy composition.
Sabang stands out as a region with significant wind energy
potential, boasting a speed of 8 m/s and an average power density
of 537 W/m? for the windiest 10% of the region. Therefore, to
explore the viability of harnessing wind energy, a pre-feasibility
study is needed. This study aimed to assess the techno-economic
feasibility of constructing a wind power plant for electricity
generation in Sabang by evaluating the region's wind energy. The
statistical method of the Weibull distribution probability density
function was employed to evaluate Wind Power Density (WPD),
wind turbine capacity factor, and energy output. Additionally,
economic feasibility analysis involved calculating Net Present
Value (NPV), Benefit Cost Ratio (BCR), Internal Rate of Return
(IRR), Discounted Payback Period (DPP), and Levelized Cost of
Energy (LCOE). The results showed that Sabang exhibited
favorable wind characteristics with a shape parameter (k) of 1.6,
average wind speed (Vm) of 7.9 m/s, and scale parameter (c) of 9
m/s. These features classified Sabang as wind power class 6 with
a WPD of 735 watts/m? at a height of 50 m, and the results were
categorized as excellent. The study concluded that constructing a
wind power plant in Sabang using the Enercon E-70 turbine at a
hub height of 100 m was technically feasible. The shape
parameter (k) was 1.6, the average wind speed (Vm) was 9.3 m/s,
scale parameter (c) was 11 m, and the WPD reached 1213 W/m?,
leading to a turbine capacity factor of 0.53 and an annual energy
production (AEP) of 64,876,560 kW. The economic analysis
yielded promising results for wind power projects. The DPP value
was estimated at 5.6 years, the BCR at 1.96, the NPV amounted
to USD 14,434,994, the IRR reached 17.9%, and the LCOE was
assessed at USD 32.50/MWh. Considering all these economic
indicators, it was evident that constructing a wind power plant in
Sabang was highly feasible and financially viable.
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1 Introduction

The world's energy demand is on a continuous rise, and the
International Energy Agency (IEA) estimates a 45% increase or an
average annual growth of 1.6% by 2030. Additionally, fossil fuels
currently supply approximately 80% of the global energy demand

[1].

In 2020, Indonesia experienced the installation of a newly built
Wind Power Plant with a total capacity of approximately 135
MW, distributed between 75 MW and 60 MW in the Sidrap and
Janeponto regions respectively. To promote renewable energy, the
Government Regulation No. 79 of 2014 sets a target of at least
23% for the share of new and renewable energy mix by 2025, and
31% by 2050. Aligned with the above, the target capacity for
Wind Power Plant in 2025 is set at 255 MW [2].

One of the regions in Indonesia, Aceh province, boasts an
extensive coastline spanning 1,865 km and is adorned with 119
islands that face both the Andaman Sea and the Indian Ocean. The
electricity system consists of two parts which include a 150 kV
North Sumatra-Aceh interconnected and a separate isolated
structure operating at 20 kV distribution voltage. The primary
source of electricity stems from the 150 kV North Sumatra-Banda
Aceh interconnected system, supplying power to various regions,
including the East Coast, Meulaboh, and surrounding areas.
However, certain regions such as the West Coast, Central Aceh,
and the islands continue to rely on Diesel Power Plants through a
20 kV network [3].

Sabang City currently requires an additional electricity
capacity of approximately 10 megawatts (MW) to supplement the
existing 8 MW capacity. This increase is essential to meet the
growing electricity demand driven by the development of the
tourism industry on Weh Island [4]. Electricity generated by
Diesel Power Plant in the city comes at a relatively high average
price of IDR 3,064/kWh [5]. In contrast, the community’s selling
price stands at IDR 1,444.70/kWh [6], making the current
electricity cost economically burdensome. The utilization of
Renewable Energy Sources in Aceh is still limited, accounting for
less than 1% of the energy mix as of 2019. It mainly involves
small-scale power plants such as Micro-Hydro Power and Solar
Power Plant operating in various districts and cities [7].

Sabang presents promising wind potential with a zephyr
velocity reaching 8 m/s and an average power density of 537
W/m? for the windiest 10% of the area [8]. This substantial wind
resource offers an excellent opportunity for the development of a
Wind Power Plant in the city, allowing a reduction of dependency
on Diesel Power Plants as electricity sources. On average, the fuel
consumption of power plants is approximately 0.33 L/kWh, and
the emissions from diesel generators range from 0.8 to 0.93 kg
CO?/kWh [9].

In a study conducted by Himri et al. (2020) on wind energy in
the southwest region of Algeria, wind data collected by the
Algerian Meteorological Office showed good wind energy
potential. The study identified important wind characteristics such
as average speed, dominant direction, frequency, and Weibull
distribution parameters (scale and shape factors). The Adrar
location demonstrated strong potential for economically feasible
wind energy projects, boasting a Capacity Factor of 36%.
Moreover, it exhibited a competitive levelized Cost of Electricity
(COE) at 3.25 US cents/kWh and a relatively short payback period
of 3.9 years [10].

Ismail et al. (2015) conducted a feasibility study for the wind
power plant in the Southern Coastal Region of Purworejo. The
study employed a comprehensive method involving economic
analysis and evaluation, which covered three types of analyses
namely economic scenarios, risk assessment, and sensitivity. The
most favorable outcome, observed under scenario 1, showed a
significant Net Present Value (NPV) of USD 70,422,642.29 and
an impressive Internal Rate of Return (IRR) of 11.38% [11].

B.S. Premono et al. (2017) conducted a comprehensive study to
assess the wind energy potential and performance estimation of Selected
Wind Turbines in the Northern Coastal Area of Semarang. The study
utilized wind statistics obtained from the Semarang Meteorological
Station, which provided ten-minute average time series data for one year
at a height of 10 meters. The Weibull distribution was employed to
assess wind power and energy density, yielding shape parameter (k) and
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scale parameter (c) values of 3.37 m/s and 5.61 m/s, respectively. The
study showed an annual average and maximum energy wind speeds of
5.32 m/s and 6.45 m/s, respectively. The annual energy density at the
location was calculated to be 103.87 W/m?, leading to a Capacity Factor
of 29.79%. This high Capacity Factor led to an impressive energy
production of 261 MWh per year [12].

2 Method

The specific methodology employed in this study was based on
a techno-economic analysis of wind fields. The method involved
evaluating wind data collected by BMKG and utilizing statistical
techniques, such as the Weibull probability density function. This
method ensured the most accurate verification for classifying wind
fields according to the IEC 61400 standard which facilitated the
selection of turbines suitable for wind characteristics in the field.
Consequently, it formed an economic basis for choosing the most
appropriate turbines.

The step-by-step sequence of the methodology was
summarized: 1) wind speed conditions in the Sabang Island region
were measured and technically evaluated, 2) the Weibull
distribution was used to obtain wind characteristics at the location,
3) turbines that were suitable for wind characteristics at the
location were selected, 4) Wind Power Density (WPD), Wind
Turbine Capacity Factor, and Energy Output were calculated for
technical feasibility analysis, 5) NPV, Benefit Cost Ratio (BCR),
IRR, Discounted Payback Period (DPP), and Levelized Cost of
Energy (LCOE) were calculated for economic feasibility analysis.

Wind speed data from the Sabang Meteorological Station was
collected using an anemometer placed at a height of 10 meters
above ground level. The data was collected over one year,
spanning from October 2021 to September 2022. Accurate
calculations were ensured by extrapolating wind speed data to the
turbine hub height considering the surface roughness. Wind speed
at a specific height was calculated using Eq. 1 [12].

In G5
V(Z) =V(Z)—= 1)

In ()

The variables are defined as follows, Z represented the height
of wind data, Z, denoted the surface roughness height, represented
the hub height, V(Z) denoted wind speed at the height of Z, and
V (Zy) represented wind speed at the height of Zj.

The Weibull distribution was widely used as a model to
characterize wind speed variation. This distribution involved two
functions, namely the probability density and the cumulative
distribution function. Wind speed variation was represented using
two parameters, namely the shape (k) and the scale parameter (c).
The shape parameter (k) was obtained by utilizing actual wind
speed data from the field and was found sufficient in representing
distribution. Eq. 2 was applied to calculate the value of k, and the
process necessitated the use of the mean and variance of the data.
The findings were determined from Eq. 3 and Eq. 4 [13].

k= (&)—1,090 (2)

Vm

where, gy, represented the standard deviation of wind speeds, and 1,
denoted the average wind speed.
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where f; represented the frequency, and V; was the midpoint value of the
wind speed interval.

WPD was the most significant indicator for wind, which
described the quantity of energy generated by various speeds at a
specific location. It was calculated based on Eq. 6 using Weibull
distribution parameters as described by [14]. With the knowledge
of WPD, the Wind Turbine Generator (WTG) was selected to
match the WPD value at the chosen location.

P _ k+3

WPD =% = [“2pvef()av =1 p 31 (2 ©)

_ 1 3 k+3
WPD =2pc I‘(T) 6)
where p represented the air density, and c¢ denoted the scale

parameter of the Weibull distribution, which was obtained using
Eq. 7 [13].
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For greater accuracy, ¢ was calculated using Eqg. 8.
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The Capacity Factor (CF) was crucial for evaluating wind
turbine field performance. It represented the ratio of the actual
energy developed by the Wind Energy Conversion System
(WECS) at a specific location which was generated when the
machine operated at the rated power continuously [13]. The
Capacity Factor depended on wind resources and the type of
turbine used, with typical ranges from about 25% and 40% in low
and high wind speed locations respectively. A higher value
indicated a highly favorable location [15]. The calculation of the
Capacity Factor was described by [16].

Cr= ——x100% )

T (PT)

During the early phase of project identification, information
about the turbine's Capacity Factor at a specific location was not
available. In such situations, it was recommended to calculate the
Rough Capacity Factor (RCf) using Eg. 10 as demonstrated by
[13].

RC; = 2vm (10)

Py

where P,,, represented the Rated Power of the turbine at the
average wind speed, while B. denoted the turbine's Rated Power.
With the known RCf, the Annual Energy Production (AEP) of
wind turbine was calculated using Eq. 11. The results represented
the total amount of electricity generated by the turbine in one year
as stated by [17].

AEP = RC; x P x 8760 (12)

To conduct the investment feasibility analysis, it was essential
to possess knowledge of the value and assumptions for the input
data as shown in Table 4. The percentages used were based on
references that evaluated market conditions and data from projects
installed in a specific year. This information was crucial for
understanding the total land-based Capex, Annual Energy
Production (AEP), Annual OpEx for newly installed projects, and
representative turbine technology (Stehly et al., 2020).

NPV was determined as the difference between the discounted
cash inflows and outflows, utilizing the social opportunity cost of
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capital as the discount factor. NPV was calculated using Eq. 12
[13].

L .
NPV = Z 240) (12)

=0 A+

where cf represented the net cash flow, r denoted the discount
rate, and i represented the operational lifetime of the wind Power
Plant.

BCR was utilized in the cost-benefit analysis to summarize the
relationship between the relative costs and benefits of the
proposed project. BCR was calculated using Eq. 13 [13].

BCR = _NPVBA1_n (13)

C1+NPVca,_p,

where NPV, represented the benefits, NPV, denoted the fixed
cost, C, signified the capital cost, and n symbolized the
operational lifetime of the wind Power Plant.

DPP referred to the time required to recover the investment
outlay with the discount rate of cash flows expected or the time
needed to reach the break-even point of the investment. DPP was
calculated using Eqg. 14 [13].

In (1-—-C17

{B4g—C1im (14)

bpp = In(1+7r)
where m represented the difference between Operation and
Maintenance costs and capital costs per year. Eq. 15 was used to
calculate m.

m = fom (15)

C1

where C; represented the capital cost, B, denoted the revenue of
wind Power Plant, r signified the discount rate, C,, is the
operation and maintenance cost.

IRR was frequently employed to assess investments and served
as a measure of profitability. A higher IRR indicated a more
favorable economic performance of the wind Power Plant project.
IRR was defined as shown in Eq. 16 [13].

NPV =r for NPV is equal to zero (16)

where r represented the discount rate.

LCOE measured the energy cost generated by wind turbines in
dollars per kilowatt-hour. LCOE served as an industry-standard in
power plants to calculate the life-cycle COE. It was calculated
using Eq. 17 [13].

= Com
LCOE = (5 x fer) + (G 17
where, fcr represented the Fixed Charge Rate (routine expenses
such as rent, taxes, or interest need to be met), and AEP denoted
the Annual Energy Production of the wind turbine.

3 Results and Discussion

Based on wind speed records obtained from the meteorological
station, along with data from the atlas application and other
studies in Sabang City (as shown in Table 1), the average wind
speed at a height of 50 meters was determined to be v,,,7.91 m/s.
Additionally, WPD was calculated to be 735 Watt/m?.

Based on the information shown in Fig. 1 for 2021-2022, it
was observed that the prevailing wind direction was from the
west, with wind velocity exceeding 8 m/s. Due to the surrounding
semi-forested areas, the most suitable turbine type for wind power
plants was the Horizontal Wind Axis Turbine (HWAT). The

location Cot Pawang complied with IEC 61400-1 and fell under
Wind Turbine Class 1l (medium wind) with average wind speeds
of 9.07 m/s and 9.30 m/s at heights of 85 m and 100 m,
respectively. After evaluating several turbine options available in
the market (as shown in Table 2), only the Enercon E-70 model
was deemed suitable for the Sabang location.

Table 1. Wind speed data from Wind Atlas, Meteorological
Station, and Sabang City Manual Station

Data Wind Speed WPD
Meteorological Station 7.91 m/s 735 W/m2
Wind Atlas 7.62 m/s 595 W/m?
Sabang City Manual 9.15 m/s -
: g ==
2000 Hours i3] '
& 1500 e '
1000
- —
500
0
=z w
J‘,I' é«,

S

Fig. 1. Wind rose throughout the year.

Table 2. Wind turbine type HWAT
Rated power WPD (W/m?)  Wind class IEC

Turbine model

Enercon E-40 600 kKW 3945 i
Enercon E-48 800 kW 442.1 |
Enercon E-70 2000 kW 526.2 1
Enercon E-101 3050 kW 380.7 |

The requirements for constructing a wind Power Plant in
Sabang City were fulfilled by selecting a turbine that matched
wind characteristics in the area. Therefore, the Enercon E-70
turbine, a German-made wind with a capacity of 2 MW, was
chosen. Table 3 presented detailed specifications.

Table 3. Specifications of the Enercon E-70 Turbine [18]

Model Enercon E70
Rated power 2,000.0 kw
Cut-in wind speed 2.5m/s
Rated wind speed 15.0 m/s
Cut-out wind speed 34.0 m/s
Diameter 71.0m
Swept area 3,959.0 m?
The number of blades 3
Rotor speed, max 21.0 U/min
Top speed 78 m/s
Material GRP
Manufacturer Enercon
Power density 1 581.0
Hub height 100 m

The Enercon E-70 wind turbine was initially tested in Aurich,
Lower Saxony, Germany, back in 2002. With a rotor diameter of
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71 m, the turbine had a minimum and maximum hub height of 64
m and 113 m, respectively. Wind coverage for the turbine ranged
from a cut-in speed of 2.5 m/s to 34 m/s [18].

After selecting the Enercon E-70 wind turbine at a hub height
of 100 m, wind speed in July 2022 was observed to be 12.72 m/s.
The lowest wind speed was recorded in April 2022, reaching 6.76
m/s, and the annual average velocity was calculated to be 10.58
m/s. Fig. 2 presented the detailed data for the entire year.

140 1 124 12.7
1.8 118 416

120

(=2 o =
[=] = =]

Keocepatan (m/s)

e
(=)

2.0

0.0

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 2. Average Wind Speed (m/s) for the previous year's period
(2021-2022).

Based on the data presented in Fig. 2, the highest wind velocity
at the height of 100 meters occurred in July 2022, measuring a
speed of 12.72 m/s, while the lowest was recorded in April 2022,
reaching 6.76 m/s. The annual average wind speed was 10.58 m/s.

In this study, wind speed data was collected from the Maimun
Saleh meteorological station in Sabang, measured every hour
throughout the year from October 2021 to September 2022. Based
on the selection of the Enercon E-70 turbine and using Eq. 2, Eq.
3, and Eq. 5, the parameters were obtained, namely shaped factor
k = 1.6, average wind speed },, = 9.30 m/s, and scale factor ¢ =
11 m/s, as depicted in Fig. 2 and Table 3.

Eq. 5 of the Weibull distribution function was used to plot the
probability density of wind speed at the height of 100 meters as
shown in Fig. 3. The function value at both 100 and 85 meters was
found to be 6 m/s. Based on power curve of the Enercon E-70
turbine, a wind speed of 6 m/s resulted in a power output of 240
kW. The shape factor (k) values at 100 and 85 meters were
identical, both being 1.6. Additionally, the scale factor (c) values
at 100 and 85 meters were 11 m/s and 10 m/s, respectively.

0.08
0.07
0.06
0.05
0.04
0.03

0.02

Probability Density

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
Wind Velocity, m/s
Fig. 3. The Weibull distribution for the previous year's period
2021-2022.

Wind speeds were derived from data obtained from BMKG, as
illustrated in Fig. 2. The air density was considered to be the
standard value of 1.2 kg/m®. The WPD at the height of 100 meters
was calculated using Eq. 6. The highest value, reaching 2064
watts/m?, was observed in October 2022. It was evident that power
output increased with higher wind speeds. Conversely, the lowest
WPD was recorded in April 2022, amounting to 341 watts/m?.
Further detailed data throughout the year was presented in Fig. 4.

2500
2064

2000

1500

WPD (kW)

1000

300
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Fig. 4. WPD (kW) for the previous year 2021-2022.

The Enercon E-70 wind turbine, which operated at a hub
height of 100 meters with an average wind speed, achieved a
Capacity Factor of 0.53 for the entire year. Detailed information
about the Capacity Factor throughout the year was provided in
Table 4, showcasing fluctuating values for each month due to
varying wind speed conditions.

Table 4. Capacity Factor throughout the year

Month Vi (M/s) Capacity Factor
October 10.9 0.80
November 8.1 0.31
December 9.3 0.45
January 9.5 0.53
February 9.0 0.45
March 6.5 0.20
April 55 0.06
May 11.0 0.80
June 10.5 0.70
July 11.3 0.80
August 10.5 0.61
September 10.3 0.61

With the known cf average of 0.53 for the entire year, the
AEP was calculated using Eq. 9. The AEP was determined to be
64,876,560 kW per year. To meet the electricity needs of Sabang
City, a total of 7 wind turbines were installed.

The Enercon E-70 wind turbine was selected for installation in
a wind Power Plant, with the potential location being Cot Pawang,
Iboih Village, Weh Island, Sabang, and coordinates 05° 88' 69" N,
95° 21' 72" E, as depicted in Fig. 5. Table 5 presented the specific
turbine installation costs sourced from National Renewable
Energy Laboratory (NREL).

The economic feasibility analysis was conducted,
encompassing calculations for NPV, BCR, IRR, DPP, and LCOE.
Table 6 presented detailed results of the economic assessment.
Fig. 6 illustrated that the IRR was twice as large as the discount
rate, indicating the feasibility of wind Power Plant installation in
Sabang City.
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ig. 5. Cot Pawang, Iboih Village, Sabang City.

Table 5. The installation costs for the Enercon E-70 wind turbine
[41].

Wind Turbine Specification Cost ($)
Rotor module 277
Blades 184
Pitch assembly 60
Hub assembly 44
Nacelle module 488
Nacelle structural assembly 98
Drivetrain assembly 192
Nacelle electrical assembly 167
Yaw assembly 32
Tower module 215
Total capital cost 991
Development cost 16
Engineering and management 18
Foundation 59
Site access and staging 44
Assembly and installation 44
Electrical infrastructure 145
Balance of system 326
Construction financing cost 34
Contingency fund 86
Financial costs 120
Total capital expenditures (kW) 1436
7 Wind Turbin x 14000 kW 20,104,000
35.000.000 +
30.000.000 +
° 25.000.000 +
f‘ 20.000.000 +
E 15000000 +
% 10.000.000 T
2 5.000.000 +
0 5!% 10|% 15|% 2 ; 25i% 3ﬂi% 3;%
(5.000.000) T

(10.000.000) 1

Discount Rate

Fig 6. IRR of the 14 MW Wind Power Plant.

Table 6. Economic feasibility of the 14 MW Wind Power Plant

Item Description 0 1 10 20

Cash flow 6.656.335 6.656.335 3.989.908
Capex -20.104.000
Discount rate [11] 75%
Fer [13] 6,5%
Opex (O&M) [13] 746.080 746.080 746.080  746.080
Tax 20% [11] 1.021.219 1.021.219 487.934
Depreciation 20% [11] 804.160 804.160  804.160
NPV 14.434.994
BCR 1,96
DPP 5,6 year
IRR 17,9%

LCOE USD 32,28 / MWh

4 Conclusion

This study has assessed the techno-economic feasibility of
developing wind power plants for electricity generation at Cot
Pawang, Iboih Village, in Sabang. The location was deemed
feasible after thorough measurements and calculations, showing
wind power density of 735 Watt/m? and wind energy density of
6437.83 kWh/m?/year respectively. The findings indicated an
average wind speed of 7.91 m/s at a height of 50 m. To meet
Sabang’s electricity demand, 7 wind turbines of the HWAT type
and Enercon E-70 model with a capacity of 2000 kW were
recommended. Economic evaluation utilizing NPV, BCR, IRR,
DPP, and LCOE methods confirmed the feasibility of proceeding
with the construction of this wind power plant. Moreover, there
are no economic risks associated with the development of wind
Power Plants.
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