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GIS-based optimization – achieving
Austria’s 2030 wind energy target
R. Gaugl , T. Klatzer, U. Bachhiesl, S. Wogrin, S. Jodl

In this paper, we take a look at Austria’s renewable energy targets established in the Renewable Energy Expansion Act (EAG), aiming
to annually generate an additional 10 TWh of wind power by 2030. We conduct a GIS (geographic information system)-based analysis
to determine average wind power density in Austria on a cellular level while considering prohibited regions, such as national parks,
where building wind turbines might not be allowed. The calculated expansion potential for all remaining regions of Austria is allocated
to the closest corresponding transmission nodes. Furthermore, we suggest an optimization algorithm to geographically distribute the
expansion of wind power capacity to applicable transmission nodes. Finally, we conduct a case study to validate the algorithm using
historical data on expansion and utilize it to predict an annual scenario for wind power expansion from 2021 to 2030 on a regional
level. The total expansion required to achieve the goal of 10 TWh is assessed to be 4 GW based on predefined full load hours while
assuming an exponential increase in annually added capacity (from 250 MW in 2021 to 590 MW in 2030).
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GIS-basierte Optimierung – Realisierung des österreichischen Windenergieziels bis 2030.

Diese Arbeit befasst sich mit dem im österreichischen Erneuerbaren-Ausbau-Gesetz (EAG) festgelegten Ziel, bis 2030 jährlich zu-
sätzlich 10 TWh aus Windkraft zu erzeugen. Wir führen eine GIS (Geographic Information System)-basierte Analyse durch, um die
durchschnittliche Windenergiedichte auf zellulärer Ebene unter Berücksichtigung von Ausschlusszonen wie Nationalparks, in denen
der Bau von Windkraftanlagen nicht erlaubt sein kann, zu bestimmen. Das berechnete Expansionspotential für alle übrigen Gebiete
Österreichs wird den räumlich nächstgelegenen Übertragungsknoten zugeordnet. Darüber hinaus schlagen wir einen Optimierungs-
algorithmus vor, um die Erweiterung der Windkraftkapazität geografisch auf die entsprechenden Übertragungsknoten zu verteilen.
Schließlich führen wir eine Fallstudie durch, um den Algorithmus anhand historischer Expansionsdaten zu validieren und daraus ein
jährliches Szenario für den Ausbau der Windenergie von 2021 bis 2030 auf regionaler Ebene vorherzusagen. Die insgesamt erforderli-
che Kapazitätserweiterung zur Erreichung des Ziels von 10 TWh wird anhand der vordefinierten Volllaststunden mit 4 GW berechnet,
wobei von einer exponentiellen Erhöhung der jährlich zugebauten Windkraftkapazität ausgegangen wird (von 250 MW im Jahr 2021
auf 590 MW im Jahr 2030).

Schlüsselwörter: Windkraft; erneuerbare Energie; GIS-basierte Analyse; Windkraftpotential; Weibull-Verteilung; Optimierung
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1. Introduction
The European electricity sector is facing radical changes as the Euro-
pean Union (EU) aims to achieve climate neutrality by 2050 (net zero
greenhouse gas emissions). By then, projections estimate electric-
ity to represent 53% of final energy demand [1]. In order to tackle
those sophisticated challenges, EU Member States are adopting their
national energy and climate strategies. Austria set the objective of
100% renewable electricity by 2030 (national balance) [2]. Wind
power plays a key role in achieving this target, as the technology is
expected to provide 10 TWh of additional annual generation.

To determine resulting effects on the electricity system, it is es-
sential to integrate wind energy into electricity economic models.
In general, renewable penetration/generation targets are defined as
top-down scenarios for given years, which presents a challenge since
none or only few specific expansion projects including correspond-
ing locations are determined yet. However, locational information
(e.g. feed-in transmission system node) is a necessary condition for
electricity economic models to determine significant load flows and
identify congestions on a transmission system level. One such model
is ATLANTIS, which is developed at the Institute of Electricity Eco-
nomics and Energy Innovation at Graz University of Technology [3].

ATLANTIS is an optimization model determining the optimal power

flow in a transmission network. Model results include detailed infor-

mation on electricity generation per power plant, power flow, etc.

Wind power generation is limited to cut-in (between 2.5 and

4.5 m/s) and cut-out (between 20 and 34 m/s) wind speeds. Lower

wind speeds are not sufficient to initialize turbine rotation while at

higher wind speeds turbines are shut down to prevent mechanical

damage [4]. Given those limits, average wind speeds represented in

wind maps (for a given height above ground) do not reflect wind

power potential properly, as they may result from a sequence of

(very) high and (very) low wind speeds. Therefore, our analysis of
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Fig. 1. Illustration of the six-step method

wind power density is based on a Weibull distribution which reflects
the probability of different wind speeds at a given location.

This paper is organized as follows: in Sect. 2, candidate areas and
their wind power potentials are associated to corresponding trans-
mission nodes; Sect. 3 describes our novel algorithm for optimizing
wind power expansion planning; in Sect. 4, the algorithm is evalu-
ated by actual wind power expansion from 1995 to 2020; in Sect. 5,
the algorithm is applied to transform Austria’s 10 TWh top-down
wind power target into specific annual expansion plans per trans-
mission node. Sect. 6 discusses the results and ultimately, Sect. 7
presents the final conclusion.

2. Determining wind power potential
Utilizing a GIS (geographic information system)-based analysis, we
determine the average wind power density of candidate areas per
transmission node on a cellular level. The developed six-step method
is depicted in Fig. 1.

Step 1: Calculation of wind power density for each cell.
Step 2: Determination of prohibited areas.
Step 3: Exclusion of prohibited areas.
Step 4: Assigning candidate areas to transmission nodes (closest

spatial distance).
Step 5: Computation of available wind power potential per trans-

mission node.

Step 6: Computation of average wind power density per transmis-
sion node.

We calculate the Austrian wind power density Wpd (1) for a
grid of square cells (resolution 250 m) based on data from Global
Wind Atlas (Technical University of Denmark [5]). The database pro-
vides the shape parameter k and scale parameter a of the applied
Weibull distribution as well as air density ρ per cell. Those param-
eters are available for specific heights above ground (10, 50, 100,
150 and 200 m). In Austria, current average hub-height is approxi-
mately 90 m (calculated based on [6]), thus the dataset for 100 m
is applied.1 With respect to cut-in and cut-out wind speeds, only
the velocity spectrum v from 5 to 25 m/s is considered. The rate
at which wind power plants can transform kinetic wind energy into
electricity is limited by the power coefficient cP . According to Betz’s
law, the theoretical limit of cP is 0.593 but practically the factor is
0.500 which is applied in this work.

Wpd =
∑

v

1
2

ρv3 k
a

( v
a

)k−1
e−( v

a
)k

cP (1)

1Average hub-height is expected to increase. Therefore, future analysis based
on dataset for 150 and 200 m is considered.
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Table 1. Area per federal state available for wind power plants and
corresponding maximum technical potential

NUTS-2 Fed. State Area [km2] Potential [MW]

AT11 Burgenland 2062 1031
AT12 Lower Austria 10667 5333
AT13 Vienna 15 7
AT21 Carinthia 5449 2725
AT22 Styria 7122 3561
AT31 Upper Austria 8872 4436
AT32 Salzburg 3150 1575
AT33 Tyrol 3409 1704
AT34 Vorarlberg 856 428
AT Austria 41602 20801

Exclusion of prohibited areas due to legal or technical circum-
stances is crucial for deriving relevant results. Prohibitions include:

(a) Areas with slopes exceeding 15° [7].
(b) Areas 2000 m above sea level.2

(c) Nature conservation areas [8], [9].
(d) Settlement areas [10].3

Applying aforementioned restrictions, a theoretically available
area of 41602 km2 is derived. Table 1 summarizes the results per
federal state. Vienna, which is the smallest, most urbanized federal
state features 15 km2, while Lower Austria features 10667 km2 of
applicable area. The authors in [11] find that in general 0.5 W/m2

of wind power capacity can be installed without turbines interfering
with each other (0.3 W/m2 for areas lager 10000 km2). Since there
is no single continuous area larger than 10000 km2, 0.5 W/m2 is
used to determine the maximum technical potential.

Available areas are assigned to their closest transmission nodes
using a spatial analysis. From the aggregated area per node, we
calculate the maximum technical potential per node Pn limiting wind
power expansion in the model. Since areas with higher wind power
potentials should be utilized first, we aggregate the wind power
density per node and normalize it by the nodes corresponding area
to determine its average wind power density AWpdn (Fig. 1, bottom
right side).

3. Utilizing optimization for annual wind power expansion
Since the national target of 10 TWh annual wind power genera-
tion by 2030 represents a top-down formulation, annual expansion
plans have to be derived and implemented to the model. Since a
private investor’s objective is to maximize profits (generally by max-
imizing their electricity generation), it is very likely that areas with
higher wind power potential will be utilized first. Moreover, from a
social welfare maximization point of view, it is more efficient to use
the areas with the highest potential first. We apply an optimization
algorithm maximizing the overall utilized wind power potential (2),
while distributing the required wind power capacity across all nodes

2In Austria, approval of wind power projects is regulated on federal state level.
Since legislation varies in federal states, we take a conservative approach and
therefore excluded areas 2000 m above sea level.

3The Global Human Settlement Model Grid (GHS-SMOD) is based on a square
cellular approach (resolution 1000 m) and classifies cells as one of eight cat-
egories (from ‘urban centre’ to ‘very low-density rural area’). In our analysis,
only ‘low-density rural areas’ and ‘very low-density rural areas’ have been con-
sidered.

until 2030.

max
∑

n,t

cn,tAWpdn (2)

∑

t

cn,t ≤ Pres
n ∀n (3)

∑

n

cn,t = Cyear
t ∀t (4)

∑

k

cin,t ≤ 1∀n, tt ≤ k ≤ (t + x − 1) x ∈ Z
+ (5)

cn,t ≤ cin,tC
year
n,t ∀n, t (6)

n node
t year
cn,t installed capacity per node n and year t [MW]
AWpdn average wind power density per node n [W/m2/km2]
Pres

n residual wind power potential at node n [MW]
Cyear

t annual expansion target [MW]
cin,t binary variable for expansion at node n and year t
x duration of cooldown phase [years]
C

year
n,t maximum expansion per node n and year t [MW]

Constraint (3) represents the residual potential (difference of po-
tential Pn as determined in Sect. 2 and already installed wind power
capacity per node) limiting total expansion capacity at node n. Con-
straint (4) specifies the annual expansion target to be met. Con-
straint (5) represent the limitation, that expansion at node n is
only possible every x years to achieve a better distribution across
the nodes. Finally, constraint (6) represents maximum expansion per
node while considering the cooldown phase between new installa-
tions.

4. Validation
To validate our approach, we model wind power expansion from
1995-2020 for Austria. For Cyear

t we use annual expansion data from
[12]. For 1995, Pres

n is equal to the potential Pn determined in Sect. 2
since up to this point zero applicable area has been utilized. C

year
n,t is

limited to 15 MW/year. Expansion is set to be possible every x = 2
years per node. We compare the results to actual expansion within
set timeframe on a NUTS-3 level.

Figure 2 depicts actual installed capacity as well as modelling re-
sults for 2020. Reality and modelling results diverge due to various
federal states’ legislations, prohibiting or promoting certain areas
which are not considered in the optimization. Key findings are:

(a) In Northern Burgenland (AT112) and the south of Vienna
(AT127) realized expansion is higher than optimization results.

(b) There are five areas where optimization results in expansion lev-
els exceed 100 MW. However, actual expansion levels are less
than 100 MW.

(c) Carinthia (AT212) has high expansion potential. However, little
has been utilized yet due to regulations based on visibility issues.

(d) Lower Austria and Styria: Variance in expansion density due to
‘suitability and priority zones’ specified by the federal states [13],
[14].

(e) Region (AT122) is prohibited due to ‘near-natural tourism zones’
and ‘alpine regions worthy of protection’ [15].

(f) In Styria, regions (AT223) and (AT224) hold the highest expan-
sion potential. Region (AT224) includes several suitability zones
(Fürstkogel, Herrenstein, Pongratzer Kogel) as well as priority
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Fig. 2. Actual installed capacity (top) and modelling results (bottom) for 2020 on NUTS-3 level

Fig. 3. Existing wind power plants as of 2020 [6]

zones (Steinriegel, Pretul). Some smaller wind park projects have
already been realized (Herrenstein, Pongratzer Kogel, Planko-
gel). However, since total capacity is less than 100 MW, region
(AT224) is not highlighted in Fig. 2 (top).

Optimization results for 1995-2020 reveal a spatial distribution
pattern close to actual expansion, despite the lack of integration of
legal restrictions. However, achieving the ambitious expansion tar-
get implicates adaptation of legal restrictions. Therefore, we con-
sider our optimization applicable for simulating future wind power
expansion.

5. Case study: 10 TWh top-down scenario
We conduct a case study, modelling wind power expansion from
2021-2030. As initial starting point, we refer to georeferenced
data on existing wind power plants for 2020 found in [6] and de-
picted in Fig. 3. Utilizing a spatial analysis, we reference those wind
power plants to their closest transmission nodes. For 2020, Pres

n is
equal to Pn reduced by existing capacity. Again, C

year
n,t is limited to

15 MW/year and expansion per node is limited to every other year
(x = 2).

According to (7), total wind power C2030 corresponding to the
energy target E2030 of 10 TWh is determined. FLH represents full
load hours applicable for wind power plants (in Austria: 2500 h/year
[2]). This results in a 4 GW expansion target by 2030.

C2030 = E2030

FLH
(7)

To reach this target, we assume an exponential increase in annual
expansion, depicted in Fig. 4.

Modelling results per transmission node are depicted in Fig. 5.
As expected, in already highly utilized regions expansion levels are
relatively low (compare to (AT112), (AT127) and (AT126) in Fig. 2
and Fig. 3). Aggregated annual expansion is summarized in Table 2
in descending order.

6. Discussion and prospects
The presented findings illustrate the ambitiousness of Austria’s 2030
wind energy target. However, due to ongoing electrification, espe-
cially in industry and the transport sector, national electricity gen-
eration is estimated to be 81 TWh in 2040 compared to 70 TWh
in 2020 and 71 TWh in 2030 [16]. This presents yet another chal-
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Fig. 4. Annual expansion and aggregated annual expansion for 2021-2030

Fig. 5. Aggregated annual expansion per transmission node by 2030

Table 2. Aggregated annual expansion at NUTS-3 level by 2030

NUTS-3 Cap. [MW] NUTS-3 Cap. [MW]

AT121 677,5 AT224 119,0
AT122 402,7 AT212 112,4
AT314 369,9 AT127 111,0
AT223 313,9 AT213 75,0
AT124 301,3 AT226 75,0
AT111 197,3 AT323 75,0
AT311 183,5 AT222 66,5
AT312 180,6 AT126 57,9
AT123 177,5 AT225 37,1
AT112 159,1 AT130 35,7
AT125 132,0 AT322 10,8
AT221 129,2

lenge for wind power expansion and the power system in gen-
eral. Repowering of existing wind parks and further exploitation
of candidate areas alongside enhancements in hub-height will be
the setscrews of the future. In the context of spatially distributed
intermittent renewables the role of transmission system expansion
cannot be overlooked. Generally, there are two categories of wind
turbines. Turbines with nominal power of up to 2.5 MW are com-
monly connected to separate medium voltage substations (gener-
ally 20 kV or 30 kV in Austria), while turbines with nominal power

above 2.5 MW tend to come with a transformer and medium volt-
age gas-insulated switchgear integrated to the nacelle. However, the
nominal power of wind power plants commonly exceeds local elec-
tricity demand, which facilitates connecting those plants to 110 kV
substations where the power flow enters the 110 kV power grid.
During off-peak demand and peaking wind power generation the
220 kV, respectively 380 kV transmission system can facilitate stor-
ing excess energy in pumped storage hydro power plants. However,
in our opinion the most urgent factor towards successful expansion
and system integration of wind power in years to come is expansion
of the 110 kV network.

7. Conclusion
In this paper, we apply a GIS-based analysis to determine average
wind power density on a cellular level. We allocate the technical
wind power potential Cn to corresponding transmission nodes. We
re-formulate the Austrian national top-down scenario of 10 TWh
additional wind power generation by 2030 as an annual expansion
target. We derive a novel algorithm to optimize wind power ex-
pansion, validate it by modelling historic expansion and utilize it to
model wind power expansion for 2021–2030.

The technical potential of 20.8 GW (see Table 1) is similar to the
study in [17], determining 23.7 GW. However, the study does not
exclude all prohibited areas like nature protection zones and maxi-
mum altitude is set to 2100 m. As expected, our conservative ap-
proach results in a lower technical potential. Despite the integration

0 0000 0. Jahrgang © The Author(s) heft 0.0000



ORIGINALARBEIT R. Gaugl et al. GIS-based optimization – achieving Austria’s 2030 wind energy target

of legal restrictions, the algorithm provides proper results when val-
idated. Since it is likely that legal restrictions will be relaxed in order
to achieve expansion targets they will be even less of a factor.

In future research, additional prohibited areas like airports and
power lines could be excluded. Furthermore, the process of allo-
cating wind power plants to the spatially closest transmission node
could be refined, for example by introducing a weight factor and
different building costs per NUTS-3 region reflecting investor’s total
costs. As our approach demonstrates, Austria’s sophisticated renew-
able electricity target can be achieved. However, governmental mon-
itoring is obligatory and interventions necessary if annual expansion
levels fall short.
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