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A B S T R A C T   

Onshore wind potentials are commonly mapped with site selection criteria that either fully include or exclude 
land for wind farms. However, current research rarely addresses the variability of these criteria, possibly 
resulting in overly conservative or optimistic potentials. This paper proposes a method to account for the 
variability of site selection criteria in resource assessments. We distinguish between static and flexible, non- 
binary criteria and assess onshore wind’s technical and economic potential with bias-corrected ERA5 data, 28 
turbine power curves, and a turbine-specific cost model. For Indonesia, we show that our flexible mapping 
approach improves the transparency of resource potential assessments and could contribute to more informed 
and useful recommendations. These recommendations could address the (1) calibration of site exclusion 
thresholds, (2) dilemmas of preferring one land type over others, (3) location-specific challenges of wind farm 
deployment, and (4) more direct support schemes for affected stakeholders and wind farm operators.. We report 
a technical potential of 207–1,994 TWh/year in Indonesia, which could cover more than 50% of 2030 electricity 
demand on all islands. LCOEs range between 5.8 and 24.5 US¢(2021)/kWh with an economic potential of 16 
TWh/year, which improves to 31–212 TWh/year with a carbon tax of 100 US$(2021)/tCO2e.   

1. Introduction 

The mapping of onshore wind power resources emerged as a popular 
research field with many studies published so far [1]. Like other re
newables, onshore wind potentials can be mapped on a geographical, 
technical, and economic level [2] with gradually more restrictive site 
selection criteria excluding unfavourable areas. Knowing about these 
resources and their location is important. Wind power has a great po
tential to decarbonise energy systems worldwide [1] but may compete 
against other land uses like forestry and urban development with its 
relatively large land footprint [3]. Therefore, available land must be 
allocated wisely to foster a socially just and acceptable energy transition 
[4]. 

The exclusion of unsuitable land is a well-established practice in 
resource assessment literature [1]. However, current studies mostly take 
on a binary approach, where certain areas are either fully included or 
excluded. Regarding the exclusion criteria, Ryberg et al. note that “there 
appears to be a lack of knowledge of the abstract geospatial qualities of these 
constraints, and […] how the application of one or more can impact the result 

of an [land eligibility] or similar analysis“ [5, p.2]. However, Ryberg et al. 
[5,6] address this shortcoming only in terms of land area, but not 
electricity production. Furthermore, McKenna et al. reviewed over 900 
articles and reviews on onshore wind energy and found that “[m]ost 
often, the set of criteria and their buffers are chosen once” and that “up to 
now, most approaches for the geographical potential are more or less static” 
[1, p.664]. Out of the reviewed documents, they only found few studies 
that assessed the impact of exclusion layers further, e.g. via scenarios. 
We reviewed these studies [6–10] mentioned by McKenna et al. [1] and 
further papers [11–13] and, despite their relevance, found three limi
tations. First, the reviewed studies only report on the results per sce
nario, but not on the impact of individual land types causing the 
differences. Second, even if the potentials exceed the local electricity 
demand by a manifold, it remains unclear which types of land would be 
used to meet the demand and which stakeholders would be affected the 
most by the wind farms. Third, only one study [8] compared the costs of 
onshore wind against local electricity tariffs, but not per land type. 
Consequently, contemporary studies do not show which land types play 
a key role in onshore wind power’s development, whether there is 
enough available land per land type to meet future electricity demand, 
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and whether there could be economic benefits and disadvantages from 
preferring certain land types for wind farm deployment over others. 

Against this background, this paper proposes a new method to 
include inconclusive, non-binary site selection criteria in resource 
assessment studies. The innovation of our paper is the distinction be
tween static and flexible site selection criteria for wind farm siting. 
Static criteria generally prohibit the deployment of onshore wind farms, 
like settlement areas. Flexible criteria apply to land which could be 
considered either via land transfer or co-existence, e.g. as forest- 
integrated wind farms. We demonstrate our method for Indonesia due 
to its strongly growing electricity demand and current dependence on 
fossil fuels [14]. There, onshore wind is considered unattractive by some 
[15–17], resource potential estimations are few [18–20], and none of 
these studies address the three limitations above. Therefore, we want to 
shed more light on Indonesia’s wind resources and challenge the com
mon belief that wind power is generally unattractive there. 

We calculate the technical potential using 20 years of hourly bias- 
corrected ERA5 wind speed data and the power curves of 28 currently 
available wind turbines. The potentials are compared to the present and 
projected 2030 electricity demand. We calculate the Levelized Cost of 
Electricity (LCOE) using a turbine-specific cost model to determine the 
economic potential, which is the part of the technical potential with 
LCOE ≤ local electricity tariff. Moreover, we conduct a sensitivity 
analysis on technical and economic parameters. 

The motivation of the article is to address the limitations detected by 
the leaders of the field and to showcase the usefulness of more flexible 
exclusion criteria for resource potential studies. Despite the regional 
focus of our case study, this paper gains a global relevance as it addresses 
a general shortcoming in literature with methods that can be scaled to 
other case studies with global, publicly available datasets. Besides re
searchers, we target Indonesian policymakers and offer them a 
comprehensive overview of onshore wind’s technical and economic 
potential, based on which wind power could be prioritised in national 
and regional energy transition strategies. 

The paper is structured as follows. Section 2 elaborates on the ma
terials, methods and assumptions used in this paper and their limita
tions. We report and discuss our results in section 3, and end the paper 
with conclusions in section 4. 

2. Materials and methods 

In this section, we elaborate on the methods and assumptions to 
introduce site selection flexibility to wind potential assessments. We 
apply them to our case study of Indonesia as a running example to aid 
understanding. Nonetheless, we note that these methods can be applied 
at any desired, computationally feasible, regional scope. 

2.1. Site selection with static and flexible criteria 

First, the Geographic Information System (GIS) environment needs to 
be prepared, starting with a base map of the region’s total land area and 
land use. Next, we distinguish between static and flexible exclusion 
criteria as shown in Table 1 for Indonesia. Static criteria generally 
prohibit the deployment of onshore wind power, and respective areas 
are fully removed from the base map. The criteria are based on technical 
and economic limitations, like maximum elevation and slope, environ
mental barriers from wetlands and volcanoes, and social restrictions 
from built-up infrastructure. We use a settlement buffer of 500 m based 
on observations on google maps [21] (see Supplementary Fig. 2). 

Flexible exclusion criteria cover land that may be available after 
further scrutiny. The need for further assessment may stem from the (1) 
site’s properties and their impact on the wind farm’s technical and 
economic feasibility, or the (2) affected stakeholders and their accep
tance to make land available for wind farm development. For the 
remainder of the paper, we label these two groups as site-property-related 
and stakeholder-related criteria. Regarding (1), local site properties affect 
the feasibility of a wind farm, but the thresholds determining feasibility 
may be perceived differently per region and person, and may change 
with technological progress. Regarding (2), some land types may require 
a more intensive involvement of affected stakeholders during the wind 
farm development process to ensure social acceptance. For clarity, and 
to prioritise assessment of sites with higher potential, we group land 
types as shown in Table 1 under “Open Land”, “Agriculture”, “Forestry”, 
and “Rest”. 

We include conservation zones as some countries, like Indonesia 
[17], offer a legal basis to use them for renewable energy deployment. 
We are aware that this could be perceived as controversial given the 
social and cultural significance of these areas to local communities. Our 

Abbreviations, symbols, and indices 

Abbreviation Meaning 
GIS Geographic Information System 
GWA Global wind atlas 
NREL National Renewable Energy Laboratory 

Symbol Meaning Unit (if applicable) 
α Shear exponent 
η Efficiency % 
a Availability factor % 
A Area km2 

BPP Biaya pokok penyediaan (basic costs of electricity 
provision) US¢(2021)/kWh 

C Wind farm correction factor % 
CAPEX Capital expenses US$(2021) 
CRF Capital recovery factor % 
D Rotor diameter m 
E Electricity production kWh/year 
h Hub height m 
H Number of wind turbines inside wind farm area 
i Discount rate % 
LCOE Levelized cost of electricity US¢(2021)/kWh 

N Lifetime years 
OPEX Operational expenses US$(2021) per year 
P Power kW 
S Spacing factor between turbines 
v Wind speed m/s 

Index Meaning (excluding cost components) 
±20% Variation by ±20% of reference value 
100m Hub height at 100 m 
50m Hub height at 50 m 
a Annual 
c Finely subdivided polygon 
C Number of finely subdivided polygons inside wind farm 

polygon 
f Factor 
farm Meshed wind farm polygon 
lat Latitudinal 
long Longitudinal 
rated Rated 
t Time step t 
T Total number of intervals (175,320 intervals over 20 years) 
Wake Wake losses of the wind farm  
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intention is to show what would happen if these regulations would be 
maximally utilised, knowing that this might not be socially acceptable in 
practice. 

Other stakeholder-related criteria may target project developers and 
investors, like distance to existing grid infrastructure (i.e. substations) 
and roads for site access. Expert consultation has indicated that a 
maximum distance to the electricity grid of 10 km is used in Indonesia. 
Therefore, we use this value as the most conservative threshold under 
practical project development conditions. 

2.2. Integration of flexible site selection into geospatial analysis 

After defining the static and flexible site selection criteria above, we 
present our step-by-step approach in Fig. 1 to integrate them in geo
spatial analyses. The steps are listed as follows:  

1. Apply static exclusion criteria  
2. Subdivide resulting wind farm polygon with a grid mesh  

3. Subdivide by land type  
4. Subdivide by wind speed class  
5. Assign location-specific attributes to resulting polygons 

After applying all static exclusion criteria in step 1, the resulting 
shapefile consists of thousands of polygons, each representing land 
(potentially) suitable for wind farms. We remove polygons smaller than 
0.65 km2 to curb computational efforts, which affected 0.08% of the 
otherwise suitable area. We acknowledge that the footprint of a single 
turbine is far smaller than the abovementioned threshold, so even those 
small areas could host individual turbines. Therefore, our potentials 
might be slightly too conservative. 

Polygons are split along the province borders so that the technical 
and economic potentials can be attributed to individual provinces. Even 
then, polygons might stretch over thousands of square kilometres. 
Averaging properties like wind speed over such large areas might affect 
the resource assessment negatively, as local landscape details would be 
disregarded. Hence, we subdivide the wind farm polygons in step 2. We 

Table 1 
Exclusion criteria for the mapping of onshore wind farm sites and open land layers. Unless stated otherwise, all thresholds and buffers are taken from the review by 
McKenna et al. [1], and land use data for Indonesia from 2017 originates from Ref. [22] as shown in Supplementary Fig. 1. The layer “Settlements” also contains former 
transmigration areas.  

Criterion Group Exclusion layers Layer type +
Resolution 

Threshold/Buffer/Remarks 

Static exclusion criteria 

Orography Slope [23] Raster, 463 m Slope ≥30◦

No buffer 
Elevation [23] Raster, 463 m Elevation ≥2,000 m 

No buffer 
Water bodies/wetlands Water bodies Vector 1,000 m 

Fish pond Vector 1,000 m 
Swamp Vector 1,000 m 
Swamp shrub Vector 1,000 m 
Coastline Vector 1,000 m 
Primary mangrove forest Vector 1,000 m 
Secondary mangrove forest Vector 1,000 m 
Primary swamp forest Vector 1,000 m 
Secondary swamp forest Vector 1,000 m 

Natural catastrophes Volcano [24] Vector 1,000 m 
Built-up infrastructure Transmission lines Line 250 m 

Settlements Vector 500 m 
Airports/harbours [25] Point + Vector 2,000 m 

Flexible stakeholder-related exclusion criteria 

Agriculture Dryland agriculture Vector – 
Estate crop plantation Vector – 
Shrub-mixed dryland farm Vector – 
Rice field Vector – 
Mining Vector  

Forestry Plantation forest Vector – 
Primary dryland forest Vector – 
Secondary dryland forest Vector – 

Rest Nature conservation zones 
[26] 

Vector – 

Earthquake [24] Vector No high risk areas (own criterion) 
Landslide [24] Vector No high risk areas (own criterion) 

Distance to built-up 
infrastructure 

Substations [27] Point Within 10 km–∞ (25–500 kV) 
Road [28] Line Minimum 0–500 m (classes: motorway, primary, secondary, service, tertiary, trunk, 

unclassified) 
Settlements Vector Minimum 500–2,000 m 

Flexible site-property-related exclusion criteria Range 

Wind speed Minimum wind speed Raster, 463 m 0 and maximum wind speed 
Orography Slope Raster, 463 m 0–30◦

Elevation Raster, 463 m 0–2,000 m 

Remaining open land (where none of the above exclusion criteria apply) 

Open land Bare land Vector – 
Bush/shrub Vector – 
Savannah Vector –  

J. Langer et al.                                                                                                                                                                                                                                  



Renewable Energy 202 (2023) 320–335

323

Fig. 1. Overview of polygon subdivision used in this paper as demonstrated for Bali, Indonesia, as an example. The result is a shapefile that contains all areas suitable 
for onshore wind, their site properties, and distinguishes between different land uses and wind speed levels. This paper mainly reports and discusses the results per 
meshed polygons (after step 2) and per finely subdivided polygons (after step 5). 
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lay a 0.125◦ × 0.125◦ grid mesh (about 14 km × 14 km) over the wind 
farm shapefile and intersect the polygons with the mesh. From now on, 
these polygons are called meshed polygons. In steps 3 and 4, we subdivide 
these polygons further by the land groups listed in section 2.1 and wind 
speed using data from the Global Wind Atlas (GWA) [29]. For the latter, 
we clip the GWA raster file to the wind farm polygons (after step 1), 
vectorise it, and group the wind speeds in steps of 1 m/s. The polygons 
obtained from step 4 are called finely subdivided polygons from now on. 

After step 4, all wind farm areas consist of several finely subdivided 
polygons. In step 5, we add location-specific information to them. Be
sides average wind speed, elevation, and slope inside the polygon area, 
we also add the impact of varying buffers around substations (electricity 
grid), roads, and settlements as shown in Table 1. For the latter group, 
we create duplicate versions of the shapefile from step 4 and remove the 
areas that overlap with the different buffers. Then, the areas of the new 
resulting polygons are re-calculated and added as a new data column of 
the original shapefile. 

After step 5, all finely subdivided polygons contain the following 
information:  

• Island (group) and province in Indonesia  
• Area of meshed and finely subdivided polygons in [km2] for different 

buffers around substations, roads, and settlements  
• Land type  
• Mean GWA wind speeds at 100 m and 50 m hub height in [m/s]  
• Mean elevation and slope in [m] and [◦]  
• Index of closest ERA5 point (see below)  
• Local electricity tariff in [US¢(2021)/kWh] (see section 2.3.3) 

One of the attributes is the index of the closest ERA5 point containing 
20 years of hourly local wind speed data at 100 m height. We use ERA5 
wind speed data to calculate the electricity production of the wind 
farms. By itself, ERA5 does not yet reflect the detailed local orography 
given its coarse spatial resolution of 0.25◦ × 0.25◦ (28 km × 28 km). 
Therefore, we complement the ERA5 data with GWA data, which pro
vides average, high-resolution wind speed data (250 m × 250 m). The 
abovementioned ERA5 index determines which wind profile from the 
ERA5 dataset should be used per finely subdivided polygon. Then, we 
compare the average wind speed of the ERA5 wind profile with the mean 
GWA wind speed assigned in step 5. As done in Refs. [30–34], we 
compute a time-invariant, constant correction factor from the difference 
between ERA5 and GWA. The ERA5 profile is then multiplied with the 
correction factor to match the GWA value. Recent studies indicate that 
correction factors are close to unity (between 0.8 and 1.2) in far-offshore 
regions but tend to be higher in (1) near-shore areas due to the 
complexity at the land-sea interface with factors above 2 [35], and in (2) 
mountainous terrain with factors above 3 [31]. Such high correction 
factors might lead to strongly fluctuating wind profiles with large am
plitudes. Therefore, we assess what causes high correction factors and 
whether they lead to disproportional wind speeds. In this study, wind 
speeds are considered disproportional if they exceed the 50-year return 
gust of the IEC wind class [36]. For example, if a polygon is situated at a 
IEC class III location (i.e. with average speeds of up to 7.5 m/s), wind 
speeds above 52.5 m/s are considered disproportional. 

2.3. Technical and economic analysis of onshore wind power 

2.3.1. Technical onshore wind potential 
The technical onshore wind potential is the aggregated annual 

electricity production Ea of the wind farms deployed over all suitable 
areas. We calculate Ea for each finely subdivided polygon with Eq. (1) 
using turbine-specific power curves P(v), the number of wind turbines H 
inside each polygon, and constant values for wake efficiency ηWake and 
availability factor af (88% and 97%, respectively [23]). With Eq. (1), we 
calculate the average net electricity production in kWh/year in a 
computationally inexpensive way. Nevertheless, a shortcoming is the 

omission of annual fluctuations of electricity generation, which in 
practice could affect the wind farms’ bankability, e.g. for loan repay
ment [37]. 

Ea,c =

∑T

t=1
P
(
vc,t

)

T
∗Hc ∗ ηWake ∗ af ∗ 8, 760

hours
year

(1)   

Variables Indices 

η: efficiency a: annual 
a: availability c: finely subdivided polygon 
E: electricity production f: factor 
H: number of turbines in a polygon 

(see Eq. (2)) 
t: time step (hourly) 

P: power output of single turbine T: total number of intervals (175,320 
intervals over 20 years) 

v: wind speed Wake: wake effects of the wind farm  

We use the power curves P(v) of 28 turbine models (see Supple
mentary Table 1) from The Wind Power [38] database. We select the 
wind turbines based on four criteria, namely (1) rated power ≥1,500 
kW, (2) cut-in wind speed ≤3 m/s, (3), rated wind speed ≤12 m/s, and 
(4) current availability on the global market (as of February 2022). We 
also include the turbine models deployed in Indonesia’s only two 
existing wind farms, Sidrap and Jeneponto, which otherwise would have 
been excluded for not being available anymore (Sidrap) and a too high 
rated wind speed (Jeneponto). We present and discuss the results not per 
turbine, but as median values and 25th and 75th percentiles. 

We compute the number of turbines inside a polygon H with Eq. (2) 
as a function of polygon area A, rotor diameter D, and dimensionless 
turbine spacing factor S (5D × 10D [23]). Initially, H is calculated for the 
finely subdivided polygons, which can lead to H < 1, i.e. less than one 
full turbine. This is to be expected, as the subdivided polygons merely 
represent a fraction of the entire wind farm area obtained from step 1. 
The sum of all H would be a float, although in practice it needs to be an 
integer. Therefore, we calculate a correction factor C with Eq. (3), which 
uses a floor function to ensure that all H of finely subdivided polygons 
inside a meshed polygon add up to an integer. 

Hc =
Ac

Slong ∗ D ∗ Slat ∗ D
∗ Cfarm (2)  

Cfarm =

⎢
⎢
⎢
⎢
⎣

∑C

c=1
Ac

Slong ∗ D ∗ Slat ∗ D

⎥
⎥
⎥
⎥
⎥
⎦

∑C

c=1
Ac

Slong ∗ D ∗ Slat ∗ D

(3)   

Variables Indices 

A: area of wind farm a: annual 
C: correction factor c: finely subdivided polygon 
D: rotor diameter C: Number of finely subdivided polygons 

inside meshed polygon 
H: number of turbines in a polygon farm: meshed wind farm polygon 
S: dimensionless spacing between 

turbines in a wind farm 
lat: latitudinal  

long: longitudinal  

One limitation of our approach is the use of time- and space-invariant 
constants for turbine spacing, wake efficiency ηWake, and availability 
factor af as found in literature [1,30]. It was computationally infeasible 
to model these parameters for more than 700,000 finely subdivided 
polygons and 20 years of hourly resource data. The wind farms in 
Indonesia can have a far denser turbine spacing than 5D×10D as seen in 
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Supplementary Fig. 2. But since we could not check the corresponding 
wake losses at these wind farms, we use a matching spacing S and wake 
efficiency ηWake from literature [23]. Another limitation is the omission 

of air density effects on the turbine power curves, which might be sig
nificant in locations with higher altitudes. 

Later, we evaluate the accuracy of our simulated power production 
profiles with Indonesian wind power statistics [39]. As of February 
2022, there are two wind farms in Indonesia, Sidrap and Jeneponto 
[40]. A full year of wind power production from both wind farms is 
available for the year 2020. For that year, we compare the recorded 
electricity production with the simulated production of the uncorrected 
and corrected ERA5 wind profiles. A sample of two wind farms and one 
production year is far too small to make a final statement about the 
accuracy of our production profiles. Moreover, we would have preferred 
to use real-life hourly production data for bias correction via a 
measure-correlate-predict approach [41]. However, such data is not 
publicly available for Indonesia’s existing wind farms. 

To put the technical and economic potentials into perspective, we 
compare them to the present and future electricity demand. For 
Indonesia, we use the (expected) electricity generation in 2018 [42] and 
2030 [14], respectively. We group Indonesia’s 34 provinces (as of 
February 2022) in “Sumatera”, “Java & Bali”, “Kalimantan”, “Sulawesi”, 
and “Nusa Tenggara, Maluku, and Papua”, which is in line with the 
practices of the country’s state utility company [14]. The electricity 
generation is then aggregated per island group and compared with the 
calculated electricity generation of our onshore wind farms. 

2.3.2. Levelized cost of electricity and turbine-specific cost model 
For the economic analysis, we calculate the Levelized Cost of Elec

tricity (LCOE), which indicates the electricity tariff needed to break even 
with all project costs at the end of the project’s useful lifetime and is 

Fig. 2. Impact of elevation, slope, and average GWA wind speed on bias-correction factors for meshed and finely subdivided polygon (i.e. the polygons obtained from 
step 2 and 4 in Fig. 1, respectively). 

Table 2 
Comparison of calculated electricity generation values with the recorded gen
eration of Indonesia’s two wind farms Jeneponto and Sidrap. For the original 
CAPEX of Jeneponto, we assume US$(2017) based on the start of construction 
[55].   

Sidrap Jeneponto 

Coordinates 119.71◦ E 
3.99 ◦S 

119.76◦ E 
5.65 ◦S 

Size [MW] 75 MW 72 MW 
Number of turbines 30 20 
Hub height [m] 80 133 
Rotor diameter 114 130 
Average 100m wind speed [m/s] GWA 7.18 6.16 

ERA5 3.21 4.91 
Correction factor 2.24 1.26 
Start of commercial operation 5th April 

2018 
14th May 
2019 

CAPEX [US$ (2017) million] 150 160 
Inflation-corrected CAPEX [US$ (2021) million] 162 173 
Calculated CAPEX [US$ (2021) million] and 

deviation [%] 
97 (− 40%) 106 (− 39%) 

Recorded electricity generation 2020 [GWh] 473 
Calculated electricity generation 

2020 [GWh] and deviation [%] 
Uncorrected 181 (− 62%) 
Bias- 
corrected 

494 (+4%)  
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calculated with Eqs. (4) and (5), assuming a discount rate i of 10% [43, 
44] and a lifetime N of 20 years [30]. The project costs consist of Capital 
Expenses (CAPEX) and Operational Expenses (OPEX) as elaborated below. 

LCOEfarm =
CRF ∗ CAPEXfarm + OPEXfarm

Ea,farm
(4)  

with CRF =
i ∗ (1 + i)N

(1 + i)N
− 1

(5)   

Variables Indices 

CAPEX: capital expenses a: annual 
CRF: capital recovery factor farm: wind farm (polygon after step 1 in Fig. 1) 
E: electricity production  
i: discount rate  
N: lifetime  
OPEX: operational expenses   

We use the mass-based cost model developed by the National 
Renewable Energy Laboratory (NREL) [45] to calculate CAPEX and OPEX. 
We calibrate the cost model with updated component costs and 
technology-specific correction factors derived from the most recent cost 
review report by NREL [46]. The component cost functions and 
correction factors are listed in Supplementary Table 2. We check the cost 
model by comparing the calculated CAPEX with the investment costs of 
the wind farms Sidrap and Jeneponto in Indonesia. Unless stated 
otherwise, all costs are converted to US$(2021) using the currency 
conversion rates listed in Supplementary Table 3 [47,48]. 

The cost model and surrounding assumptions come with three lim
itations. First, we did not consider land type specific cost components, 
like compensation payments to farmers. Second, we did not include 
system integration costs covering grid connection and management. 
Third, we do not consider cost developments from economies of scale 
and technological learning as two wind farms are too few to make 
tangible statements about the latter’s effects on wind farm costs in 
Indonesia. However, we recommend the consideration of the above
mentioned aspects in future research once wind power progressed 
further in Indonesia. 

2.3.3. Economic onshore wind potential with and without carbon tax 
The LCOE itself is already useful for comparing onshore wind’s 

economic performance against other power generation technologies. 
However, it does not reveal the economic feasibility against the local 
electricity tariff. As of February 2022, the receivable tariff in Indonesia 
is based on and capped by the Biaya Pokok Penyediaan (BPP – Basic cost 
of electricity provision). Based on a simplification of regulation MEMR Nr. 

Fig. 3. Impact of (a) minimum average wind speed at hub height, (b) maximum elevation, and (c) maximum slope on the technical onshore wind potential (blue line: 
median, light-blue field: 25th–75th percentile). 

Table 3 
Impact of exclusion criteria on land usage and technical potential. The per
centage of excluded area is based on the total Indonesian land area of 1,890,077 
km2. The range of excluded technical potential is based on the capacity densities 
of 2.9–5.3 MW/km2 in Supplementary Table 1. The excluded area and technical 
potential of the individual criteria do not add up to the total excluded land 
because some criteria overlap.  

Exclusion Group Excluded Area [103 

km2] 
Percentage of 
total area [%] 

Technical 
potential [GW] 

Static criteria 

Maximum slope 
and elevation 

50 3% 147–266 

Water bodies/ 
wetlands 

515 27% 1,493–2,729 

Volcanoes 36 2% 80–146 
Built 

infrastructure 
144 8% 418–764 

Total excluded 
static land 
(before 
excluding 
flexible land) 

687 36% 1,993–3,642 

Stakeholder-related criteria 

Nature 
conservation 

226 12% 659–1,195 

Agriculture & 
Mining 

583 31% 1,692–3,092 

Forestry 797 42% 2,319–4,208 
Natural- 

catastrophe- 
prone areas 

351 19% 1,018–1,861 

Site-property-related criteria 

Minimum average 
100m wind 
speed (0–2–4 m/ 
s) 

0–282–1,654 0–15–88% 0–8,766 

Distance from 
settlements 
(0.5–1–2 km) 

128–203–331 7–11–17% 370–1,752 

Minimum distance 
from roads 
(0–250–500 m) 

0–243–410 0–13–22% 0–2,176 

Proximity to 
substation 
(∞–100–10 km) 

0–118–1,674 0–6–89% 0–8,872 

Total excluded 
static and 
flexible land 

1,771–1,782–1,889 93.7–94.3–99.9 9,386–10,012  
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169/2021 [49], we assume that all wind farms receive 85% of the 
regional BPP, resulting in a tariff range of 5.37–16.59 US¢(2021)/kWh. 

With these tariffs, it is possible to calculate the economic onshore 
wind potential. In this paper, the economic potential is the part of the 
technical potential for which LCOE ≤ local electricity tariff. We want to 
stress that the receivable tariffs may differ in practice from the tariffs 
assumed here since we use cap values. Moreover, renewable energy 
support schemes frequently change in Indonesia [50], so it is unclear 
how renewable energy producers will be remunerated in the future. 

One criticism of the current BPP-based scheme is that external costs 
from pollution are not considered [51]. Therefore, we investigate the 
impact of a carbon tax on the economic onshore wind potential. We 
calculated the electricity tariffs with carbon tax via the 
back-of-the-envelope calculation in Supplementary File 1 based on 
general emission factors [52] and the 2018 primary energy consumption 
and generation mix in Indonesia [53]. 

2.4. Sensitivity analysis 

To address the limitations elaborated in section 2.3, we conduct a 
sensitivity analysis to understand their impact on the results better. We 
vary the CAPEX, OPEX, discount rate, wind speed, hub height, and BPP 
by ±20% to show the change of median LCOE, technical potential, and 
economic potential. For the hub height h, the wind speed v is adjusted 
with Eqs. (6) and (7). The local shear exponent α is calculated with GWA 
data at 50 and 100 m height [54]. 

v±20%,c,t = v100m,c,t ∗

(
h±20%

h100m

)αc

(6)  

αc =

ln
(v100m,c

v50m,c

)

ln
(h100m

h50m

) (7)   

Variables Indices 

α: shear exponent ±20%: variation by ±20% 
h: height 50m: hub height at 50 m 
v: wind speed 100m: hub height at 100 m  

c: finely subdivided polygon  
t: time step (hourly)  

3. Results and discussion 

3.1. Evaluation of bias-correction factors and cost model 

Before presenting the results of the technical and economic analysis, 
we assess the bias-correction factors, their impact on the wind profiles, 
and the accuracy of our wind farm and cost model. Fig. 2 shows the 
impact of elevation, slope and GWA wind speeds on the bias-correction 
factors across Indonesia. 

Three insights can be drawn from Fig. 2. First, most correction fac
tors are above 1, indicating that ERA5 mostly underestimates wind 
speeds on land compared to GWA data. Second, a more detailed subdi
vision of suitable wind farm areas enables a more comprehensive 
analysis of local site conditions. For example, the maximum averaged 
GWA wind speed in Indonesia increases from 9.7 m/s to 12.6 m/s if 
polygons are finely subdivided. Third, due to the more detailed repre
sentation of local site conditions, correction factors tend to increase with 
further subdivision, with the maximum correction factor increasing 
from 5.6 to 7.2. 

These insights show that ERA5, as well as other reanalysis datasets, 
cannot fully capture the local orography and its impact on local wind 
resources. This is in line with Gruber et al. [31], who found high 
correction factors above 2 in mountainous terrain in Brazil, USA, South 
Africa, and New Zealand. Indonesia’s complex, archipelagic geography 
might be a reason why our correction factors are higher. Then again, 
factors above 5 are exceptional even for Indonesia, as more than 95% of 
our factors range between 0.33 and 3. 

The correction factors presented above mostly do not lead to 
disproportional wind speeds as per our definition in section 2.2. Only 84 
polygons (or 0.01% of all finely subdivided polygons) showed peak wind 
speeds higher than the 50-year return gust of the IEC wind class to which 
the site belongs. Their correction factors range between 1.3 and 3.4 and 
almost all of them are on East Java, indicating that the ERA5 profile 
there already contains unusual spikes. The bias-corrected peak wind 
speeds rarely exceed 30 m/s (see Supplementary Fig. 3), even for 
extreme correction factors above 5. 

Table 2 shows a comparison of recorded and calculated electricity 
generation with and without bias correction. Bias correction 

Table 4 
Available land, technical potential, and share of present and future electricity demand of onshore wind power per island (group) in Indonesia depending on whether all 
land types or only open land are used. For distance to settlements, roads, and electricity grid, we assume the most lenient thresholds, i.e. 500 m to settlements, 0 m to 
roads, and no maximum distance to the next substation. Note that all island groups combined represent Indonesia as a country.  

Island (Group) Maximum available land for onshore wind 
[km2] 

Percentage of regional land area 
[%] 

Median technical potential [TWh/ 
year] 

Coverage of 
(projected) 
demand in 
2018 and 2030 
[times] 

All land types considered 

Sumatera 309,633 65.0% 509 12 6.0 
Jawa + Bali 64,371 46.6% 223 1.1 0.8 
Kalimantan 372,390 69.6% 408 35 15 
Sulawesi 139,718 75.3% 241 21 10 
Nusa Tenggara, Maluku, and 

Papua 
316,623 57.1% 613 102 38 

Indonesia 1,202,735 63.6% 1,994 7.2 4.5 

Only open land 

Sumatera 26,193 5.5% 45.5 1.1 0.5 
Jawa + Bali 502 0.4% 1.8 0.009 0.006 
Kalimantan 61,259 11.4% 74.9 6.5 2.8 
Sulawesi 12,476 6.7% 25.1 2.1 1.0 
Nusa Tenggara, Maluku, and 

Papua 
18,423 3.3% 60.6 10.1 3.8 

Indonesia 118,851 6.3% 207.2 0.7 0.5  
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Fig. 4. Land area and land type requirements to meet certain shares of 2030 electricity demand in Indonesia and its island groups. For Java & Bali, 50% demand 
coverage is illustrated as there are not sufficient resources to cover 100% demand. The sites are ranked by 100m GWA wind speed to ensure that technically 
favourable sites are selected for demand coverage. Mining areas are included in “Agriculture”. “Rest” refers to conservation zones and areas with high risk of 
earthquakes or landslides. The labels of the x- and y-axes apply to all subplots. Note that the land impact shown here refers to the area spanned by the wind farms. 
The footprint of the individual turbines (e.g. turbine tower) is much smaller. 
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significantly improves the accuracy of electricity generation estima
tions, from a deviation of − 62% without correction to +4% with bias 
correction. This underlines that re-analysis data should not be used for 
electricity production estimations without prior bias correction, espe
cially for onshore sites in complex terrain. 

Our CAPEX estimations in Table 2 are roughly 40% lower than the 
reported investment costs [56,57]. The cost model and calibration data 
originate from the US [45,46], so the different development stages of 
onshore wind in the USA and Indonesia could explain the deviations. In 
the USA, wind power is a mature technology with 118 GW of installed 
capacity in 2021 [58], while Sidrap and Jeneponto are the first two large 
wind farms in Indonesia. These wind farms might be more expensive due 
to first-of-its-kind costs, and hence not representative once wind power 
progresses further. Therefore, we continue to use the cost model with the 
US data to provide an outlook to onshore wind’s future economic po
tential in Indonesia. 

3.2. The technical potential and impact of static and flexible site selection 
criteria 

In this section, we report and discuss the technical onshore wind 
potential in Indonesia and the impact of static and flexible site selection 
criteria. Fig. 3 reveals that flexible criteria can help determining suitable 
thresholds for site exclusion. Most notably, the technical potential 
already declines sharply at a minimum average wind speed of 2 m/s. In 
literature, more stringent thresholds at 4.5 m/s and higher are used due 
to economic infeasibility [59,60]. From a technical perspective, such 
thresholds may exclude considerable resources from further analysis, in 
Fig. 3(a) almost 1,500 TWh/year. These resources might become 
economically feasible if low-wind-speed turbines are further developed 
and their costs gradually decline. The static elevation and slope 
thresholds of 2,000 m and 30◦ from Table 1 seem adequate and do not 
exclude noticeable technical resources. 

If only static criteria are used, 63.6% of Indonesia’s land area would 
be suitable for onshore wind as shown in Table 3. The most limiting 
static criterion are wetlands given Indonesia’s vast mangrove and 
swamp forests as well as more than 50,000 km of coastline [61]. 

Fig. 5. Impact of distance to the (a) closest substation, (b) settlements, and (c) roads on the median technical onshore wind potential on different land types in 
Indonesia and per island (group). Mining areas are included in “Agriculture”. “Rest” refers to conservation zones and areas with high risk of earthquakes or 
landslides. The labels of the x-axis apply to all subplots. 
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Moreover, Table 3 not only demonstrates the impact of flexible criteria, 
but also how their selection affects the results. For example, if conser
vative thresholds from literature [1] and practice in Indonesia apply, the 
share of suitable land declines drastically to 0.08%. However, the 
resulting potentials may be overly conservative as seen for a maximum 
distance to the next substation of 10 km. This threshold may reflect the 
practical perspective of Indonesia’s state utility company, project de
velopers, and lending institutions, but it also disregards the possible 
extension of the public grid and off-grid solutions, which could make the 
removed sites feasible again. Therefore, a critical assessment of exclu
sion criteria and their development over time may yield more than a 
snapshot of renewable resources. 

Furthermore, flexible site selection criteria could provide a more 
useful and transparent set of options for decision makers to allocate 
renewable capacity. In Table 4, Indonesia’s median technical onshore 
wind potential ranges between 207 and 1,994 TWh/year depending on 
the available land types. Both sides of the range come with benefits and 
limitations. 

The lower end limits onshore wind to open land, which might 
improve the social acceptance of the technology as no land is transferred 
from agriculture and forestry, and conservation zones remain unaf
fected. But again, this option might be overly conservative, as wind 
farms can be integrated into forests and agricultural land for shared use. 
Such integrated solutions could be especially interesting for islands 
where open land is scarce, like Java and Bali. Moreover, some farmers 

Fig. 6. Median levelized cost of electricity vs. weighted average 100 m GWA 
wind speed per meshed polygon. For clarity, the graph is limited to wind speeds 
≥2 m/s and LCOE ≤150 US¢(2021)/kWh as the LCOE move towards infinity at 
smaller wind speeds. 

Fig. 7. Median LCOEs of onshore wind farms in Indonesia with average 100 m GWA wind speeds ≥4 m/s. For each island (group), the range of minimum and 
maximum received electricity tariffs are shown. The tariffs are based on the BPP scheme and inflation corrected as described in section 2.3.3. 
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and forest owners might be willing to share or even sell their land. 
Regarding earthquake risk, wind farms can be designed to withstand 
seismic stresses, e.g. by following DNV’s recommended practice [62]. 

The upper end of the potential assumes that all flexible land is 
considered for wind farms, which boosts onshore wind’s impact for 
Indonesia’s energy transition but might also create fierce social resis
tance. Furthermore, too optimistic resource potentials may raise skewed 
expectations about their practical feasibility. Only 2.2% of all finely 
subdivided polygons have a median capacity factor above the global 
wind industry’s average of 34% [63], with values above 40% mainly in 
South Sulawesi, Maluku, and East Nusa Tenggara. In contrast, more than 
70% of the polygons have capacity factors below 10%. Lastly, the po
tentials do not reflect the actual regional electricity demand. For 
example, a technical onshore wind potential of up to 613 TWh/year in 
Nusa Tenggara, Maluku, and Papua is opposed by an expected combined 
2030 demand of 16 TWh [14]. Even without considering the economics 
of onshore wind there, only a small fraction of the technical potential 
can be materialised in practice, unless the local demand exceeds current 
expectations significantly. 

With these contemplations, more specific energy transition goals 
could be proposed with more adequate support schemes for affected 
stakeholders. Fig. 4 shows the electricity demand coverage and land use 
of onshore wind for Indonesia and its island groups. In one case, we only 
use open land; in the other we use all land types ranked by average 100m 
GWA wind speed. Considering all land types, onshore wind could supply 
100% of 2030 electricity demand everywhere except for Java and Bali, 
where 50% of demand could be covered. 

Fig. 4 illustrates the drawbacks of only considering open land for 
wind farm deployment, as more land is required to produce the same 
amount of electricity. Considering the subsequent surplus cost, this 
insight harmonises with Wehrle et al. [64], who found that leaving 
landscapes undisturbed could lead to considerable opportunity cost. 
Furthermore, our findings may raise a moral question about what is 
preferred: to use open, less socially controversial land with suboptimal 
wind resources and thus higher land requirements, or to resort to used 
and conserved land with better wind resources and lower environmental 
impact from land conversion, but with potentially negative implications 
for local communities and wildlife? Although we cannot provide an 
answer to this complex question here, we believe that flexible site se
lection may at least create an awareness of such dilemmas. 

However, flexible site selection also reveals the local challenges of 

onshore wind from built-up infrastructure and a lack thereof, as shown 
in Fig. 5. Urbanised islands like Java and Bali have an extended elec
tricity grid, but also a dense network of roads and settlements. Thus, 
onshore wind’s potential decreases significantly if a minimum distance 
from roads and settlements is introduced. The proximity to substations is 
less impactful in Java and Bali compared to other islands, but still sig
nificant with a reduction to roughly 20% of the original technical po
tential with a maximum distance to substation of 10 km. 

On the one hand, distance to roads and settlements is far less im
pactful on rural, less-developed islands. On the other hand, proximity to 
existing grid infrastructure wipes out most of the otherwise available 
technical potential, e.g. to as little as 2% of the original potential on 
Nusa Tenggara, Maluku, and Papua. These observations underline that 
there is no one-size-fits-all solution for the energy transition. On islands 
like Java and Bali, renewables that can be integrated into urban infra
structure, like rooftop solar PV, might be preferable over onshore wind, 
which could take a complimentary role at less built-up sites. On rural, 
less-connected islands, considerable investments in electricity grid and 
road infrastructure would be required to materialise the above
mentioned potentials. Especially in East Indonesia, many wind farm 
sites are situated hundreds of kilometres from the next substation, e.g. 
on remote islands. There, a solution could be small-scale wind farms 
integrated via micro-grid systems. 

3.3. The economic potential of onshore wind power 

In this section, we discuss the economic onshore wind potential in 
Indonesia, influence of flexible site selection criteria, and impact of a 
carbon tax. We start with the LCOE, which we calculate per meshed 
wind farm polygon. 

Fig. 6 shows the usefulness of minimum wind speed thresholds when 
mapping economic wind resources, but also potential pitfalls currently 
unaddressed in literature. There is an exponential relationship between 
LCOE and wind speed, and 4 m/s appears to be a reasonable threshold 
beyond which LCOE might reach competitive levels. At average wind 
speeds between 4 and 10 m/s, the LCOEs range between 5.8 and 24.5 US 
¢(2021)/kWh. The lower end of the range is on par with the industry’s 
average of 6 US¢(2018)/kWh [63], and shows that Indonesia could 
produce cheap renewable electricity if costs reach current US levels. 
However, Fig. 6 shows the complexity of choosing the “right” threshold. 
If too low, uneconomic sites are not filtered out and thus potentially lead 
to an overestimation of economic potential. If too high, economic sites 
may be excluded and the economic potential becomes too conservative. 
This dilemma underlines the benefits of flexible site selection criteria, as 
thresholds be determined transparently and evaluated critically. 

Our LCOE range of 5.8–24.5 US¢(2021)/kWh is wider than the 
14.6–14.9 US¢(2020)/kWh by Ref. [65] and 7.4–16.1 US¢(2019)/kWh 
by Ref. [43], which stems from differences in technical and economic 
assumptions, like CAPEX, as well as thresholds, e.g. for capacity factors 
and minimum wind speed. But since the ranges above are in the same 
order of magnitude, we see our results in line with existing work. 

Fig. 7 shows the median LCOE of onshore wind farms across 
Indonesia at sites with average 100 m wind speeds ≥4 m/s, as well as the 
ranges of local electricity tariffs. Most of the low-LCOE sites are situated 
in the high-capacity-factor areas in East Nusa Tenggara, Maluku, Java, 
South Sulawesi, and at the southern part of Papua. On Kalimantan and 
Bali, LCOEs are not as low, but still below 13 US¢(2021)/kWh. With 
LCOE below 9.5 US¢(2021)/kWh, onshore wind would be cost 
competitive against all other currently deployed power generation 
technologies in Indonesia, including subsidised fossil-fuelled plants 
[43]. 

The cost supply curves of onshore wind in Indonesia are depicted in 
Fig. 8. Using all flexible land, more than 50% of Indonesia’s 2030 
electricity generation could be provided at LCOEs of roughly 12.5 US¢ 
(2021)/kWh. With more restrictions on land types, the supply curves 
become much shorter and steeper as gradually more sites with 

Fig. 8. Cost supply curves of onshore wind power in Indonesia at sites with 
100 m GWA wind speeds ≥4 m/s for different land use restrictions against 
various shares of the projected electricity generation Egen,2030 in 2030. The 
LCOEs do not include the costs of local grid connection and extension. 
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potentially high wind resources are filtered out. With open land, only 31 
TWh/year could be produced at 12.5 US¢(2021)/kWh. 

Note that the costs of system integration, e.g. transmission and dis
tribution lines, are not adequately reflected here. We agree with 
McKenna et al. [1] that a more integrated approach should be taken 
when calculating the LCOE. This paper is part of an effort to catalogue 
Indonesia’s renewable energy resources and their rough technical and 
economic potential. We plan to study the integration of these resources 
into existing and future grid infrastructure in follow-up work. 

Fig. 9 shows the economic potential of onshore wind on all flexible 
land and only open land for different carbon tax rates. Without 
considering a carbon tax and local electricity demand, the economic 
potential ranges between 20 and 126 TWh/year (only open land and all 
flexible land, respectively), and decreases to a demand-restricted po
tential of 16 TWh/year, or 4% of national 2030 demand. This is because 
all of the economic potential is situated in East Indonesia (Nusa Teng
gara, Maluku, and Papua), where resources are plentiful but electricity 
demand is low. A carbon tax of roughly 100 US$/tCO2e could help 
spreading the economic potential to high-demand regions, like Java and 
Bali, with an electricity-demand-restricted range of 31–212 TWh/year, 
or 7–48% of 2030 demand. Such a carbon tax would be much higher 
than the current Indonesian carbon tax of 2.1 US$(2021)/tCO2e [66], 

but lower than the ones in Sweden, Switzerland, and Liechtenstein [67]. 
Furthermore, such a tax rate would be similar to the price of EU Emis
sion Allowances, which temporarily traded for 105 US$/tCO2e (96 
€/tCO2e) in February 2022 [68]. However, such a high carbon tax might 
not be socially accepted as the increases in conventional power pro
duction costs could be passed down to consumers via increased elec
tricity prices. Therefore, we recommend more research on how a socially 
acceptable carbon tax could be implemented without disadvantaging 
vulnerable groups in Indonesia. 

3.4. Sensitivity analysis 

Fig. 10 visualises how our results are affected by (1) uncertainties in 
input data (wind speed, CAPEX, OPEX, discount rate, BPP), (2) devel
opment of input data (CAPEX, OPEX, discount rate, BPP), and (3) design 
choices (hub height). Our results are the most sensitive to the wind 
speed. Therefore, we recommend to validate our results with measured 
long-term data, which was not possible for this research. There have 
been previous measurement campaigns in Indonesia, but, to our 
knowledge, only at heights between 30 and 50 m [69]. Future cam
paigns could take place at heights between 80 and 130 m at technically 
and economically attractive locations as suggested in this paper. The 

Fig. 9. Median economic potential of onshore wind per island (group) for different carbon taxes. The wind farms are situated on open and all flexible land. The 
potentials in (a) comprise all wind farms with LCOE ≤ local electricity tariff plus carbon tax without considering regional electricity demand, while the potentials in 
(b) are capped at the projected local electricity generation in 2030. The economic potentials are shown for wind farms on any flexible land (top row) and only open 
land (bottom row). The legend as well as electricity demand lines apply to all subplots. 
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CAPEX and discount rate also considerably affect the economic outputs 
of this research. This indicates that onshore wind’s economic potential 
in Indonesia might not be as high as projected here while experience 
with the technology is still limited. Then again, the industry expects the 
technology’s costs to decrease further in the future [63]. Once onshore 
wind gains traction in Indonesia, costs might decline below the costs 
assumed here and higher economic potentials might be possible. Out of 
all outputs, the economic potential is by far the most sensitive, which is 
in agreement with previous research [9]. Therefore, we suggest to 
re-assess Indonesia’s economic onshore wind potential once the tech
nology progressed further, a better understanding of investment and 
financing costs has been gained, or if new tariff and support schemes are 
introduced. 

4. Conclusions 

This paper proposes a method to account for the variability of site 
selection criteria when mapping onshore wind potentials. Our motiva
tion stems from the shortcomings in current literature, where site 
exclusion criteria are often used in a binary, in-or-out fashion. We 
distinguish between static site selection criteria, which always apply, 
and flexible criteria, which may require further scrutiny due to site- 
specific properties like wind speed and elevation and the impact on 
stakeholders from agriculture and forestry, amongst others. To assess 
the technical and economic performance of onshore wind, we use 20 
years of bias-corrected ERA5 wind speed data, 28 power curves, and a 
turbine-specific cost model. We demonstrate our method for Indonesia, 
a country with rising electricity demand and currently high fossil fuel 
dependency. 

We find that flexible exclusion criteria can increase the transparency 
and usefulness of resource mapping analyses. The impact of individual 
criteria can be measured and thresholds for site exclusion fine-tuned 
accordingly, for example the economic minimum average wind speed 
at hub height of 4 m/s. Furthermore, our approach shows how much 
land per land type would be required to cover certain shares of present 
and future demand, which enables more informed recommendations for 
policymakers and capacity planners. Flexible criteria from built-up 

infrastructure reveal the individual, regional challenges of the energy 
transition in urbanised and rural areas. Minimum distance to road and 
settlements are significantly more impactful in urbanised regions, like 
Java and Bali, while maximum distance to next substation is most 
effective in rural areas with less-developed grid infrastructure. With 
these insights, more direct policies can be developed addressing stake
holders affected by wind farm deployment and their (potentially con
flicting) interests. Of course, policy recommendations could already be 
deduced from the previous, binary resource mapping method, but we 
believe that our flexibility-based method can add considerable depth to 
them. 

For our Indonesian case study, we report a technical potential of 
207–1,994 TWh/year. The high end of the range could cover more than 
50% of 2030 electricity demand on all islands. LCOEs range between 5.8 
and 24.5 US¢(2021)/kWh with an electricity-demand-restricted eco
nomic potential of 16 TWh/year, which improves to 31–212 TWh/year 
with a carbon tax of 100 US$(2021)/tCO2e. We conclude that onshore 
wind may not be suitable for Indonesia’s national energy transition. 
However, with sufficient policy support, it could become an important 
complimentary technology in regions with sufficient wind resources. 

The methods presented here could be improved further by address
ing the limitations of our study, namely (1) limited site adaptation of 
wind farm design and assessment via constant turbine spacing, wake 
efficiencies, and availability factors, (2) omission of system integration 
cost and land-type-specific cost, and (3) omission of economies of scale 
and technological learning. 
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