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Abstract. Currently, energy transition is in full swing
and aims to increase the production and utilization of
green and sustainable energy. Especially in Central Eu-
rope, available space to create new photovoltaic power
plants is limited. Spatial planners need to maintain a bal-
ance between areas for photovoltaics (PV), agriculture,
forestry and settlement space. One idea in Europe is to
utilize water bodies for floating PV. However, it is hard
to quantify the potential area suitable for floating PV. This
paper helps to answer this question by using a combined
multi-criteria decision analysis and earth observation ap-
proach based on Sentinel-2 data via semantically enriched
imagery available in Sen2Cube.at. The objective is to de-
velop and test an approach to detect stable surface water
that stays invariant in size over several years. We then eval-
uate the size of detected stable water, which is crucial for
the application of floating PV, as well as the littoral zones,
which are currently limiting the application of floating PV
systems. The results based on Sentinel-2 time-series using
Sen2Cube.at are then compared with available open gov-
ernment data of water body extent and littoral zones.

Keywords. sentinel-2, Sen2Cube.at, spatio-temporal
analysis, water detection, floating PV

1 Introduction

Multi-criteria decision analysis (MCDA) was conducted
within the scope of the PV4EAG project (Sabor et al.,
2023; Rothschedl et al., 2023; Welscher et al., 2023) to
define suitable water bodies for floating PV in test ar-
eas across the province of Styria, Austria. Several crite-
ria were defined by experts and extracted from a literature
review. However, the MCDA could not include all identi-
fied criteria, and the defined buffer zone between the possi-
ble PV panel substructure and water’s edge was not based
on current geographic information, rather was a static ap-

proximation for all standing water body types. Water level
varies in many water bodies over time and this variability
is a key criterion critical to evaluating the PV potential of
a water body. The geographic extent of stable water over
time was not incorporated into the MCDA for floating PV
within the PV4EAG project because of a lack of relevant,
up-to-date geographic information. This paper focuses on
characterising water level stability over time and thus the
definition of standing water bodies’ actual littoral zone that
is unsuitable for floating PV as derived from open and free
optical satellite imagery.

Variability of water body extent is often poorly docu-
mented. The task of identifying water surfaces suitable
for floating PV means that surface water has to be de-
tected regularly over time, requiring repeated observa-
tions throughout the year, ideally over multiple years. The
Sen2Cube.at system facilitates semantic querying of dense
time series of satellite imagery thanks to a semantic Earth
observation data cube (Augustin et al. (2019)). This means
that satellite imagery time series can be queried for their
content using application-independent spectral categories
derived from a physical-model-based decision tree rather
than relying on simplified reflectance thresholds to clas-
sify image content (Baraldi et al. (2010, 2013)). In this
case, the Sen2Cube.at system is used to query Sentinel-2
time-series based on spectral categories tied to water ob-
servations to monitor water stability over time. The re-
sults provide a means to cross-check the static littoral
zones provided as open government data originally used in
the MCDA, but also provide relevant and up-to-date geo-
graphic information to characterise surface water variabil-
ity over time within known water body extents.

Ideally, these results will replace the approximation of the
littoral zone based on open government data used for the
MCDA with up-to-date geographic information on stable
water areas, refining the estimated area and location po-
tentially suitable for floating PV.

The following research questions are to be answered:
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1. Is the littoral zone assumed by experts confirmed by
the chosen approach?

(a) If not, to which degree does it differ?

(b) What is the actual utilizable area in a water body
stable enough for floating PV?

2. Are Sentinel-2 datasets suitable for this use case and
what may be the limitations?

2 Methodology

2.1 Use case and outline

The idea to check and confirm the littoral zone assumed
by experts came while deriving MCDA criteria from fac-
tors of influence, and considering the shortcomings of ex-
isting datasets to locate potential water bodies suitable
for floating-PV. Within the scope of the PV4EAG project
the overall criteria, solar potential and shadowing effects,
protected areas, hazard zones, as well as PV-type spe-
cific ones, namely type and usage of the water body, and
an approximated littoral zone of 7-15m (which was sug-
gested by interviewed experts) for all standing water body
types, were taken into account. Not all criteria identified
for assessing geographic PV potential could be covered
with available open government data, including water level
variability and the actual littoral zone. These criteria indi-
rectly take the slope angle into account and define a nat-
ural buffer between the water’s edge and the possible PV
panel substructure. This paper evaluates the approximated
littoral zone and the inner area of water bodies using all
available Sentinel-2 data over 6 years to characterise the
actual dynamics of water bodies over time.

The same test areas for the PV4EAG project were used,
meaning about 5% of Styria’s area was selected using mu-
nicipal boundaries and balancing the urban-rural propor-
tion of Styria.

2.2 Data

Open government data on lakes and ponds was used as
the basis for water body delineation and Sentinel-2 im-
agery was the main source for characterising water and its
variability. The open government data source "Seen und
Teiche Steiermark" of Styria (data.gv.at) was used as the
basis dataset for standing water bodies. It consists of poly-
gons digitized from orthoimages over multiple years, with
the most recent being in 2019. Data was either provided
or reprojected into EPSG:3035 (Annoni et al. (2003)), an
equal-area projection that is the current standard of Statis-
tic Austria and EU data.

The semantic enrichment available in the Sen2Cube.at
system based on Sentinel-2 Level-1C (L1C) imagery
were queried for water-like observations (see below). The

Sen2Cube.at system is backed by an Open Data Cube im-
plementation (Killough (2018)) that contains all available
Sentinel-2 Level-1C imagery of Austria (2015-present)
as well as an interpretation of each multi-spectral re-
flectance signature into spectral categories that have se-
mantic associations (e.g. water, high intensity vegetation)
(Sen2Cube.at (a)). Sentinel-2 imagery has a maximum
revisit time of 5 days over Austria. The spectral cate-
gories included in Sen2Cube.at are generated using the
satellite automatic image mapper (SIAM) (Baraldi et al.
(2018b, a)). Only spectral categories per pixel over time
were used in this spatio-temporal analysis.

2.3 Water Detection

The semantic Earth observation data cube of Austria,
known as Sen2Cube.at (Sudmanns et al. (2021)), was used
to characterise variability across each water body’s ex-
tent over time, whereby water areas with low variability
were assumed to have a higher potential for hosting float-
ing PV modules. The Sen2Cube.at system enables queries
of reflectance values and spectral categories together over
time using the semantic querying language called seman-
tique (van der Meer et al. (2022)). Semantic queries can
be formulated in Python, or built using Sen2Cube.at’s
programming-free front-end based on a customized imple-
mentation of Blockly (Blockly) and then saved as semantic
models in the Sen2Cube.at system’s knowledge base (i.e.
collection of semantic models) to be reused, extended or
shared with other users.

Each test area was queried for water-like observations us-
ing a semantic model in Sen2Cube.at, resulting in the
mode of spectral categories over time and a binary mask of
water considered to be stable for comparison with the open
government data geometries. While any time-frame with
data can be queried, the semantic model in Sen2Cube.at
was applied to all Sentinel-2 data available between 1 Jan-
uary 2018 and 31 December 2023, or 6 years worth of ob-
servations. A binary mask was generated by first filtering
out cloud-like spectral categories and then creating a few
entities: water-like categories into an entity "water", spec-
tral categories commonly occurring just at the edge of wa-
ter bodies, and spectral categories outside or excluded (i.e.
vegetation, bare soil). Pixels containing at least 30 per-
cent of observations considered water over time, but no
more than 30 percent in any of the other constructed en-
tities after cloud masking were assumed to be relatively
stable. The mode result serves as a plausibility check for
water-like categories over time when compared to the bi-
nary mask. The mode based on spectral category for the
pixels remaining in the binary mask were all included in
the water entity.
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2.4 Comparison to Open Government Data and
MCDA Criterion

Here we focus on the evaluation of the defined 15m buffer,
assumed as the littoral zone, in order to verify the experts’
opinion. A zonal statistic was calculated with the 10x10m2

dataset generated by Sen2Cube.at on stable water occur-
rence using 6 years of imagery. In detail, the standing wa-
ter body polygons from open government data were di-
vided into the buffer zone and the inner area representing
the potentially suitable water surface for floating PV. Ac-
cording to the interviewed experts, the distance from the
PV panels to the water’s edge should be at least 7m. De-
pending on the water level variability (the higher variabil-
ity, the more distance needed), a buffer of 15m is a reason-
able estimate for most water bodies. In order to cover that
criterion and better match the pixel size of the stable water
identified by Sen2Cube.at, we chose to use the 15m buffer
for comparison. The resulting statistical values count and
sum of stable water occurrence per pixel were then used to
calculate the percentage of agreement within the chosen
15m littoral zone and the inner area of the water bodies.
This means that the buffer zone and the inner water body
area are validated in terms of actual water occurrence in
percent, taking the total number of pixels counted within
each polygon as the basis for validating the experts’ rec-
ommendation.

3 Results

The open government data on water bodies were evaluated
by analyzing the percentage of water detected over time
based on Sentinel-2 data to separate a stable area over 6
years from more variable surface water. An example result
is shown in figure 1 in form of SIAM’s 33 spectral cate-
gories. The stable water binary mask is a result of merging
these categories together, and is the basis for comparison
to the open government data on water body geometries.

Assuming that the detected stable water correlates with the
boundaries of the open government data, the overall agree-
ment for water bodies within the test areas lies at 63.77%.
This percentage represents values within the boundaries of
the water body polygons and does not cover results outside
of those polygons. By separating the water bodies into the
inner area and outer 15m buffer, there is an overall agree-
ment of 90.50% between the detected stable water occur-
rence and the inner water area without the 15m buffer. The
15m buffer zone (assumed littoral zone) has an 73.62%
agreement. An example result is shown in figure 2 where
the comparison of detected water and littoral zone buffer
defined by experts is shown as the percentage of stable
water occurrence within single water bodies. Beside the
overall percentage of agreement, the frequency of water
areas according to their percentage of stable water occur-
rence is shown in figure 3 and 4. The high frequency of
low percentage of agreement (red) in figure 3 indicates

Figure 1. Example result: The water body extent provided by
open government data is displayed along with the mode within
this extent based on SIAM’s 33 spectral categories (Sen2Cube.at
(b)) using 6 years (2018-2023) of semantically enriched Sentinel-
2 imagery in Sen2Cube.at

Figure 2. Example result: The stable water and littoral zone
buffer defined by experts and provided as open government data
is shown. The color of these areas are based on agreement in per-
centage of area as compared to the stable water area detected
using 6 years (2018-2023) of semantically enriched Sentinel-
2 imagery in Sen2Cube.at. Water-like observations detected by
Sen2Cube.at outside of the open government data water body
extents are not considered in this analysis.

that the buffer area is confirmed, because the stable water
occurrence is very low. Higher counts for agreement in the
90-100% range can be seen for the water bodies inner area
in figure 4. Here the high frequency of high percentage of
agreement (blue) confirms the inner zone of stable water
occurrence. Conspicuous, is that there is a high frequency
of low percentage of agreement (red) too. This indicates
that many water bodies delineated in the open government
data may have a high variability of their water level or
contain surface vegetation. The quantity of water bodies
and buffer zones differ, because standing water bodies of
all sizes are included in the basis dataset, which are often
smaller than the buffer area of 15m, and thus have no inner
area left to be analyzed.
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Figure 3. This histogram shows all 762 littoral zones located
within the study area as defined by open government data on
water bodies (15m buffer within a water body’s edge) and the
distribution of the percentage of stable water occurrence that
the Sen2Cube.at analysis over 6 years of Sentinel-2 observations
identified. In this case, the histogram shows an expected result
that the majority of the littoral zones of all water bodies is not
considered stable over time.

Figure 4. This histogram shows all 169 water bodies, ignor-
ing the littoral zones (thus, only water bodies larger than the
15m buffer are included) with areas located within the study
area as defined by open government data on water bodies and
the distribution of the percentage of these water bodies that the
Sen2Cube.at analysis over 6 years of Sentinel-2 observations
identified as stable water. In this case, the histogram shows that
nearly 70 water bodies identified in the open government data
may not have been covered by stable surface water from 2018
through 2023, as suggested by the Sen2Cube.at results over time,
with over 50 water bodies having almost complete agreement.

4 Discussion and Outlook

This method gives a good impression of how conve-
nient it is to harness the benefits of semantically enriched
Sentinel-2 data in a system like Sen2Cube.at. The given
use case is a perfect playground to test the potential of
such data structures by doing a query on a water body
polygon level to obtain relevant changes over time. This
means that fluctuations over time can be captured and rep-
resented beyond a generalised reduction over time. The
need for further water body classification can be seen in
figure 4 where a high frequency of water bodies exclud-

ing the 15m buffer have no stable water occurrence at
all. Depending on the temporal resolution, a classification
of water bodies in terms of variability of the water level,
for example, over a year for seasonal changes, or weekly
changes, such as detection of water reservoirs, might be
possible. The results demonstrate that it is possible to sup-
port the digitizing process of water bodies by using an up-
to-date stable water mask derived from Sentinel-2 data that
shows the stable water body extent over time. Especially
when using orthoimages as a reference, water bodies with
a high proportion of surface vegetation are often not visu-
ally distinguishable from surrounding land-based vegeta-
tion. This approach could be extended with the detection
of vegetation within or surrounding the water bodies by
using SIAM’s vegetation-like categories or other indices,
like NDVI. A similar use case where this method would be
of additional value is the detection of frequently flooded
areas.

5 Conclusion

The Sen2Cube.at generated binary mask in combination
with open government data on water bodies can clearly
refine the analysis of water bodies to find potentially suit-
able water areas for floating PV. The results can support a
new measure of estimating floating PV suitability within
a given water body over time. Therefore, the results can
serve as a revised criterion for a MCDA by replacing the
approximated buffer zone defined by experts with water
body specific spatio-temporal information on variable sta-
ble water extent. This is confirmed by the high frequency
of water bodies agreeing with the stable water mask (see
figure 3 and 4). The high frequency of water bodies
disagreeing with the stable water mask demonstrates the
need for additional information on specific water bodies
for applications where surface water variability is critical.
In terms of spatial resolution and observation frequency,
the given Sentinel-2 data with a pixel size of 10x10m2 and
a revisit time of at least 5 days seems sufficient for this use
case. Especially with regard to economic factors for float-
ing PV, water bodies smaller than the pixel size are of low
interest. Water bodies with drastic changes in extent oc-
curring in between Sentinel-2 observations, meaning less
than 5 days, would need to be identified using other data
sources. To comprehensively analyze the possible floating
PV potential and cover all water bodies, the data used here
could be extended by other existing open data (e.g. Open-
StreetMap). Analysis could also be improved by using a
buffer zone that extends outside the currently used water
body boundaries to capture and characterise changes over
time to water body extent and shape that exceeds existing
boundaries.
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