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Abstract
This thesis evaluates the potential of floating photovoltaics (FPV) on inland waters in the Netherlands.
As a densely populated country aiming to achieve climate neutrality by 2050, the Netherlands faces
significant spatial constraints for renewable energy deployment. FPV offers a promising solution, as it
does not compete for land use and may achieve higher efficiency due to the cooling effect of water.

A scenario-based approach is applied to assess both the spatial and energy potential of FPV. Nine
scenarios are defined based on variations in panel tilt angle, distance from shore, and surface coverage
of water bodies. Suitable deployment areas are identified using a Geographical Information System
(GIS), considering spatial exclusions such as protected areas and navigation routes, as well as mini-
mum capacity requirements. The DC energy yield is subsequently estimated using the PVMD Toolbox,
incorporating spatially interpolated weather data and thermal and electrical performance models.

The results indicate that FPV systems could occupy areas ranging from 3.7 to 27.7 km², correspond-
ing to an annual energy yield between 0.3 and 4.8 TWh. After accounting for conversion losses, the most
promising scenario could supply approximately 3.1% of the national electricity demand. These findings
highlight the potential contribution of FPV to the Dutch energy transition, while remaining subject to
scenario-based assumptions regarding system design and environmental conditions.
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𝑄𝐺𝐼𝑆 Quantum Geographical Information System
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Nomenclature 7
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𝑅𝑀𝑆𝐸 Root mean square error
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1
Introduction

Approximately 20% of the total surface area of the Netherlands (Figure 1.1) consists of water, and the
country is densely populated. The goal of the Netherlands is to achieve climate neutrality by 2050 [2].
One way to achieve this is to use solar energy. There are four main types of solar energy: Photovoltaic
(PV), thermal, passive and hybrid. TNO, a Dutch company, states that PV electricity production should
reach 200 𝐺𝑊𝑝 by 2050 [3]. However, the cumulative solar photovoltaic capacity in the Netherlands
in 2024 was only 24 𝐺𝑊𝑝 [4], meaning that a significant amount of additional capacity is required. In
PV technology there are six types of installations [5, 6]: (1) Ground-mounted PV (GMPV), (2) Build-
ing integrated PV (BIPV), (3) Agriculture PV (APV), (4) Rooftop PV (RPV), (5) Offshore PV (OPV), (6)
Floating PV (FPV). While RPV is becoming increasingly full, with 33% already occupied [7], and most
of the land is being used for other purposes, there is little land available for GMPV. The abundance of
water reservoirs and inland waterways in the Netherlands makes FPV systems a promising alternative
for solar energy generation. Exploring this technology could contribute significantly to the transition to
a fossil-free future by 2050. This chapter introduces the topic of the thesis: the potential of FPV in the
Netherlands for inland waters. Section 1.1 focuses on the background of FPV and Section 1.2 highlights
its advantages. The research objectives and scope are defined in Section 1.3 and the thesis outline is
provided in Section 1.4.
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2 1. Introduction

Figure 1.1: Study map area of the Netherlands [8].

1.1. Background on Floating Photovoltaics (FPV)
As the name suggests, floating photovoltaics (FPV) are solar panels installed on structures that float on
water. FPV consists of the following components: (1) PV modules, (2), floats or pontoons, (3) mooring
lines and anchoring, (4) inverter, (5) underwater cables, and (6) combiner box, (7) lighting protection
system, as is illustrated in Figure 1.2 [9].

Figure 1.2: Schematic of FPV system on a lake connected to the onshore transmission system. Taken from [9] and enhanced
with AI (Artlist).

Solar panels are mounted on a floating structure called a pontoon, which is secured to the bottom
of a water body by mooring lines and anchoring. The mooring system is able to adjust the water level
fluctuations while maintaining its position [10]. The PV panel absorbs the photons of solar radiation
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and transforms them into DC electricity. The inverter is then used to convert this DC output into an AC
current suitable for the electricity grid, which is then transported by an underwater cable to land. The
inverter location depends on the design of the FPV system; in some cases, it is placed directly on the
floating structure or on land.

Throughout the years, FPV has developed globally and will continue to do so, as is illustrated in
Figure 1.3 [11]. The blue bars on the left-hand y-axis represent the cumulative global installed FPV
capacity in MWp, while the red line on the right y-axis represents the percentage of installed FPV over
total installed PV capacity for that year. As can be seen, the proportion of FPV is very small compared
to PV: in 2022, it was only 0.5%.

Figure 1.3: Global FPV development by installed capacity (MWp) and percentage of FPV over total global PV installations [11].

1.2. Advantages of FPV
Given that the current FPV technology has not fully developed and is still in its early stages, why should
one focus on this technology rather than other types of PV technology, such as GMPV and RPV, which
are much larger? Well, FPV has some advantages over other PV technoglogies and these will be
discussed in Sections 1.2.1, 1.2.2 and 1.2.3.

1.2.1. Land use efficiency
A primary advantage of FPV is its ability to save land usage. The Netherlands is a very small country
with 4,154,000 hectare (ha) as surfurce area. In Figure 1.4 [12] the land use distribution is shown for
the Netherlands in 2017, it can be observed that approximately 50% of the land is used for agriculture,
20% for water (inland and tidal), 10% for built-up and semi built-up areas, and the remaining portions
for other uses (recreation, transport, woodland and nature).

Agriculture constitutes the largest share of land use. The Netherlands is the second-largest exporter
of agricultural produce in the world, exporting approximately €65 billion of agricultural products annually
[13]. Therefore, the agricultural land must remain available for its current purposes and cannot be
repurposed for the installation of solar panels to meet energy demand. Even if portions of agricultural
land were considered for energy generation for GMPV, the associated costs would be tremendous. In
2023, the average price of arable land (i.e. agricultural land that is used for the production of crops for
food or feed supply) in the Netherlands is €91,200/ha. By comparison, the estimated value of arable
land in the European Union (EU-27) was €11,800/ha, indicating that land in the Netherlands is 7.7 times
more expensive. Looking at historical data, the price of arable land in the Netherlands in 2014 was
only €56,600/ha, which means that the price has increased with 61% [14]. This high increase can be
attributed to the annual growth of the country’s population between 0.4% and 1.05% in the last decade
[15], which has reduced available land and consequently increased land prices.



4 1. Introduction

Figure 1.4: Land use distribution in the Netherlands in 2017 [12].

The second-largest land category is water, which offers potential for FPV deployment. Of this, 10%
consists of Tidal water. However, due to the stronger flows and higher wave conditions, this has been
excluded from the scope of the thesis. Further research on this topic is possible, but would require a
different type of technology, OPV, and is therefore not considered here. The remaining 9% consists of
inland water, which can be examined as a feasible option for FPV installation. Furthermore, according
to Vasuki et al. [16] the Technology Readiness Levels (TRLs) of inland FPVs are higher than those of
OPV, making it more profitable to install inland FPV, which have more mature technology.

Built-up and semi built-up area consists of another 10% of the land use in the Netherlands. While
these areas present opportunities for RPV, rooftop spaces are increasingly utilized, with an estimated
annual increase of 4 𝐺𝑊𝑝 [17]. As such, rooftop solar is already considered a mature application.

The remainder of land use is attributed to recreation, transport, woodland and nature. Recreational
areas are essential for the well-being of the population and should not be reduced, as it would result
in highly negative social impacts. Transport infrastructure (including roads, railways, and airports) is
indispensable for mobility and therefore unsuitable for solar deployment. Woodland and nature reserves
must also be preserved to protect biodiversity, maintain critical ecosystem services such as clean air and
water and store carbon for climate change mitigation. Furthermore, the woodland and nature reserves
contribute to the well-being of the population as well.

Population growth, as was mentioned earlier, has also contributed to a rising energy demand. As a
result, it is essential to use the limited available space efficiently to ensure sufficient energy production.
However, because GMPV systems are not feasible due to high land prices and competing land-use
demands, and because rooftops are increasingly occupied, FPV systems may offer a viable solution.

1.2.2. Higher energy efficiency
FPV systems are also more efficient (i.e. achieving maximum productivity with minimum dissipated
power) than GMPV. This is because water has a cooling effect and reduces dust deposition by enabling
easier cleaning of the system [18, 19]. Since the performance of solar panels is greatly influenced by
environmental factors such as temperature, soiling and albedo, the potential of FPV varies from location
to location. For example, locations with dry climates experience more dust accumulation and higher
temperatures, resulting in a bigger difference in performance if FPV is implemented than locations with
higher moisture levels and colder temperatures. More specifically, high temperatures can reduce so-
lar PV efficiency by 0.4–0.5%/∘C [20]. The water surface on which the FPV system is mounted acts
as a passive cooling medium by absorbing heat from the system without requiring additional energy.
Once the heat has been removed, the module temperature does not increase, allowing the system to
cool down and enhance its performance. For example, a study conducted in Bangladesh from May to
June revealed that the average improvement in the efficiency of FPV compared to GMPV over 2 days
of tracking was 6.25% [21]. In another study [22] the efficiency of FPV was reported to be 16% higher
than that of land-based solar plants. According to the Dutch company TNO [23] the best performing
FPV systems have an increased efficiency of up to 3% in the Netherlands and up to 6% in Singapore,
compared to the GMPV systems.
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Another environmental facor that influences the performance of PV systems is soiling, which can
reduce their output by up to 60%[20]. There are two techniques for the cleaning of FPV: water-based
and water-free. According to Rafi Zahedi et al. [24] the water-based technique is the most effective
cleaning method. Fortunately, the water surrounding the FPV system makes cleaning more accessible.
In one study [25], a robot is proposed for cleaning the solar panels, in order to improve the efficiency of
energy generation. The advantage of using a robot is that most floating PV systems are far from land
and difficult to access.

1.3. Thesis objectives and scope
This thesis is motivated by the desire to transition to a renewable future and explore the new technology
of FPV to reveal its full potential. As said before: the site’s potential and the possible benefits of FPV
should be examined closely, as there is no single number that applies to all locations. The main research
question is as follows: What is the potential of FPV for inland waters in the Netherlands?
The research is divided in two main areas, with the following sub-questions:

1. What is the total area [km2] of suitable inland water sites in the Netherlands for deploying FPV
systems?

2. What is the annual energy yield [TWh] of the suitable FPV systems in the Netherlands?

This thesis focuses on two main aspects: the identification of suitable water bodies and the estimation
of energy yield. Based on nine scenarios defined in this study, suitable inland water bodies for FPV
deployment are identified. The second aspect concerns estimating the DC energy yield of FPV systems,
which is essential for evaluating their realistic performance.

1.4. Thesis outline
The thesis structure will be as follows: Chapter 2 contains the literature review, Chapter 3 and Chapter 4
address the Research Questions 1 and 2 repsectively, Chapter 5 provides the conclusion, Chapter 6
recommends future work.



2
Literature review

This chapter presents a comprehensive review of the existing literature on Floating Photovoltaic (FPV)
systems. The aim is to establish a clear understanding of the current state of research, identify key
technological developments, and highlight knowledge gaps relevant to this study. Section 2.1 discusses
the technological aspects of FPV systems, including the categorization of floating structures, mooring
configurations, and design considerations influencing system performance and durability. Section 2.2
examines the site suitability criteria for FPV deployment, emphasizing environmental, technical, and
socio-economic factors that determine the feasibility of installations. Section 2.3 reviews the energy
yield assessment methods used in FPV studies. It explores the methodologies for predicting FPV energy
output, the modelling of module temperature, and other factors affecting overall system performance.
Finally, Section 2.4 summarizes the literature review and addresses knowledge gaps.

2.1. FPV Technologies

Section 2.1 discusses the technological aspects of FPV systems, including the categorization of float-
ing structures, mooring configurations, and design considerations influencing system performance and
durability.

2.1.1. Floating structure

The general floating structure of FPV systems can be categorized in various ways. Figure 2.1 provides
an overview. The dotted line in Figure 2.1 represents a conceptual bridge connecting different classi-
fications and their structural overlap. One way to categorize FPV structures is to distinguish between
zero-air-gap and high-air-gap platforms [26]. Zero-air-gap platforms closely follow the water surface, ex-
hibiting wave-following motion characteristics, while high-air-gap platforms elevate PV modules safely
above the wave surface, preventing wave overtopping. Some researchers categorize FPV structures
in three different classes [27]: Class 1 includes hybrid rafts HDPE (High-Density Polyethylene) floats
with metal frame, Class 2 involves pure HDPE float modules (without a metal structure), and Class 3
contains pontoon platforms, flexible and rigid membranes, and elevated decks. Other researchers, such
as Claus et al. [28], considered the same three classes, except that Class 3 excluded flexible and rigid
membranes, treating them as a separate category.

6
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Figure 2.1: Overview of categorization of FPV structures. Pictures of FPV structures taken from [29, 30].

Another way to categorize the FPV is shown in Figure 2.2 [30]: Pure floats (Class 2), modular rafts
(Class 1), membranes (Class 3), and elevated platforms (Class 3).

Figure 2.2: FPV buoyancy structures [30].

2.1.2. Mooring system
The floating structure is secured by mooring lines anchored to the bed of the water body. The mooring
system is essential because it minimizes the movement of FPV and it manages varying water levels [31].
Mooring types can be categorized into four types: Catenary, Compliant, Taut and Rigid (Figure 2.3a)
[28]. And anchors can be categorized into four types as well: Dead-weight/Gravity, Drag, Pile, and Plate
(Figure 2.3b) [32].

(a) Types of moorings. (b) Types of anchors.

Figure 2.3: Different types of mooring and anchors, taken from [30].
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The mooring system is site-specific, depending on factors such as topography, soil conditions, water
depth and level variation, bathymetry (the measurement of underwater depths), environmental condi-
tions, and marine growth[33]. Therefore, a detailed site-specific analysis is essential to select the most
suitable system[31]. A case study conducted by Ghigo et al. [34] analyzed three FPV sites with different
characteristics in Lampedusa. Site A had an average water depth of 50 m, site B 80 m, and site C 75
m. Because site A was the shallowest, it resulted in the lowest mooring system costs. Conversely, site
B, being the deepest, had the highest costs due to the greater amount of material required. The water
depth plays an crucial role in determining the costs, as deeper waters require more materials (higher
costs) to secure the mooring lines to the anchors.

2.1.3. Design choices for FPV
Several design choices play a crucial role in determining the energy yield of a PV system. These include
the selection between bifacial and monofacial panels, the module orientation (landscape or portrait), and
structural parameters such as tilt angle and mounting height. Additionally, the choice between fixed-tilt
configurations and tracking systems further influences overall performance. All the design choices are
discussed in the following sections.

Bifaciality
Firstly, the FPV modules can be chosen to be either monofacial or bifacial. The difference between the
two is that monofacial only absorbs sunlight from the front surface, while bifacial solar panels absorb
sunlight from both the front and back surfaces, as is shown in Figure 2.4. A study conducted in the
United Kingdom by Araimi et al. [35] showed that the bifacial FPV outperforms monofacial FPV by
6.59%. Another study performed by Tina et al. [36] showed that bifacial gain for FPV systems varies
depending on the location. For example, a more northern location with higher diffuse fraction (Germany)
had a bifacial gain of 4%, while a more southern area (Italy) had a bifacial gain of 3%. Ziar et al. [37]
demonstrated in a study that the bifacial gain was between 19.5% and 21.5% depending on the FPV
configuration.

Figure 2.4: Monofacial VS bifacial solar panels [38].

PV orientation
Another design choice that influences the energy yield is the orientation, which can be either landscape
or portrait. In landscape orientation, a solar panel is mounted horizontally, wider than it is tall. In portrait
orientation, it is mounted vertically, taller than it is wide, as is shown in Figure 2.5. For the same PV
module technology, the landscape configuration facilitates better cooling than the portrait configuration
mainly due to the proximity to the water surface[39].
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Figure 2.5: Different orientations for PV panels [40].

PV tilt angle and mounting height
Furthermore, the tilt angle and the height can influence the performance of FPV as well. The tilt angle
is defined as the angle of its slope relative to the horizontal ground, denoted as 𝛽 in Figure 2.6. The
mounting height is measured from the point where the bottom of the floating structure touches the water
surface up to the PV panel, as is shown in Figure 2.6 as height. A study conducted by Hammoumi et
al. [41] in Fez examined the energy production of the FPV under different tilt angles, ranging from 0∘to
30∘(the optimal tilt for the location). It was observed that the optimal tilt (30∘) resulted in an increase
of 43.5% energy generation, compared to the 0∘tilt angle. Another study [42] examined the cooling
effect of FPV under different angles. Comparisons were made between FPV and GMPV under Nominal
Operating Cell Temperature (NOCT) conditions. The best performance FPV was at 0∘tilt angle and at a
height of 1.5 meter. They concluded that the tilt angle should be less than 45∘, FPV performed worse
than GMPV at those tilt angles.

Figure 2.6: The tilt angle 𝛽 and height shown in a schematic for FPV.

In contrast, another study [43] found that improved cooling performance was achieved at a tilt angle
of 10∘. While Nisar et al. [44] reported that cooling effects are most effective at a tilt angle of 0∘, the FPV
modules generate 10–17% more energy when installed at a 30∘ tilt. Another study [45] conducted in
Indonesia evaluated three different configurations of FPV height and tilt angle. The highest performance
was achieved through optimization using the PhotoVoltaic System (PVsyst) software, which determined
the optimal height, azimuth, and tilt angle by systematically varying these parameters. The resulting
optimal tilt angle was 𝛽 = 8.3∘, although the location-specific optimal value is 𝛽 = 10∘.

Tracking system
Consequently, the tracking system of FPV can improve the performance of FPV. Fixed solar panels
are stationary, while tracked solar panels follow the sun’s path in a variety of directions as is shown in
Figure 2.7.
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Figure 2.7: Types of tracking systems for PV, taken from [46] and enhanced.

Table 2.1 shows various studies comparing the tracking FPV system to the fixed FPV system. Tina
et al. [36] compared the benefits of various tracking systems for FPV in Italy and Germany against
fixed systems. They observed that the southern location (Italy) exhibited higher gains than the northern
location (Germany). For example, in the single vertical-axis configuration, the tracking gain was 23.7%
in Germany and 25.5% in Italy. Overall, among the configurations analyzed, the single horizontal-axis
(E–W) system showed the lowest gain, followed by the single horizontal-axis (N–S), and then the single
vertical-axis, while the dual-axis system achieved the highest performance. Similarly, in India (Ambazari
Lake, Nagpur), Gurfude et al. [47] reported that a single horizontal-axis (N-S) tracking system increased
FPV generation efficiency by 17.7%, whereas a dual-axis system increased it by 26.2% compared to a
fixed system. Research in the Netherlands by Ziar et al. [37] demonstrated that a single horizontal-axis
tracking system improved the FPV efficiency by 12.1% relative to a fixed system.

Table 2.1: Various studies on the gain of tracking FPV system compared to fixed FPV system.

Germany [36]
Aar Dam
Lahn-Dill district

Italy [36]
Anapo Dam
Sicily

India [47]
Ambazari lake
Nagpur

The Netherlands [37]
Water pond
Weurt

Single, horizontal axis 7.6% (E-W)
15.9% (N-S)

9.0% (E-W)
19.0% (N-S) 17.7% (N-S) 12.1%

Single, vertical axis 23.7% 25.5% - -
Dual axis 37.9% 40.8% 26.2% -

These results indicate that implementing tracking systems for FPV is beneficial. The extent of the gain
depends on the type of tracking and the site’s location, but in all cases, tracking consistently enhances
system performance. Having discussed the FPV technologies and design choices, the next section
focuses on the criteria that determine site suitability.

2.2. Site suitability criteria
A comprehensive review of 36 FPV siting studies worldwide identified a total of 118 criteria relevant
for site selection [48]. While specific considerations varied across studies, common patterns emerged.
The criteria were categorized into exclusion factors, which exclude the unsuitable locations from being
considered, and ranking factors, which assign scores to prioritize certain variables such as solar irra-
diation, wind speed, water characteristics, and distance to the transmission grid. Among the exclusion
criteria, techno-economic constraints accounted for 72.11%, environmental constraints for 19.23%, and
social constraints for 8.65%, reflecting the relative importance of technical and economic feasibility in
FPV deployment.

2.2.1. Exclusion Criteria
Techno-economic criteria included waterbody function, depth, surface area, solar resources, terrain
slope, ports/shipping routes, distance to roads and grid, airports, wind speed, and oil and gas explo-
ration areas. Environmental criteria included protected areas and buffers, and social criteria addressed
historical, cultural, and tourism sites.
Within the techno-economic category, the waterbody function emerged as the most frequently consid-
ered factor. For instance, Ghose et al. [49] focused on the five largest dams in India, excluding all other
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waterbody functions. In contrast, Muñoz-Cerna et al. [50] conducted a study in Spain that excluded
dams and reservoirs, concentrating instead on artificial water infrastructures such as agricultural irriga-
tion systems. Many other studies applied filters based on their targeted waterbody types.
Another common techno-economic factor was water surface area. Some studies identified waterbodies
smaller than 0.004 𝑘𝑚2 as unsuitable [51], whereas others set higher thresholds, excluding sites smaller
than 1 𝑘𝑚2 [52]. Water depth was also a critical parameter. For example, [51] excluded reservoir with
water depths below 2 m, while [53] excluded those shallower than 3 m, and a study on the comple-
mentarity of offshore wind and solar in Brazil [54] excluded areas with water depths greater than 1000
m. Overall, the waterbody must not be too shallow or excessively deep, and its surface area should be
sufficiently large, though specific thresholds varied among studies.
Regarding environmental criteria, protected areas represented the most significant exclusion factor, ap-
pearing in 14 studies. Some researches also introducedminimum buffer distances from protected areas:
0.5 km in [55] and 2 km in [56] and [57].
Finally, social criteria concerned the presence of historical, cultural, and tourism heritage sites [58], [53].
Table 2.2 summarizes the site exclusion criteria and provides thresholds reported in various studies.

Table 2.2: Site exclusion criteria and thresholds for unsuitable areas.

Exclusion Criteria Unsuitable Areas / Thresholds
Protected areas Occupied areas [49, 51, 53–64]
Distance to protected areas <0.5 km [55], <1 km [59], <2 km [56, 57]
Sites of Community Interest (SIC) <2 km [56]
Residential and other built-up regions Occupied areas [58]
Historical, cultural, and tourism heritage sites Occupied areas [53, 58], Indigenous lands [63]
Drinking water areas Occupied areas [53]
Distance to inhabited areas <500 m [60]
Areas of high landscape value Occupied areas [53]
Archaeological areas <2 km [56]
Wind speed 1 <7 m/s [54]
Waterbody surface boundary change The waterbody shrinks to less than 70% of its

actual capacity [65]
Waterbody function [49–51, 55, 58, 61, 63, 66–69]

Water surface area <0.004 km2 [51, 55, 69], <0.3 km2 [59], <0.5
km2 [65], <0.9 km2 [68], <1 km2 [52], >7 km2

[59]
Water depth >100 m [59], >1000 m [54]

<2 m [51, 69], <3 m [53], <5 m [67]
Daily Solar irradiation <3.5 kWh/m2 [53], <4 kWh/m2 [58], <4.5

kWh/m2 [57]
Terrain Slope >5∘[60], >3% [58], >30% [64]
Ports and Shipping Routes <1 km buffer from sea route, >100 km from

deep water ports, and > 50 km from small piers
[59]
Cabotage lines [54], Port areas [53]

Oil and gas exploration blocks Occupied areas [54], <0.5 km [57]
Gross head 2 <100 m, >800 m [60]
Volume water body 3 <1,000,000 m3 [60]
Military exercise areas Occupied areas [53, 59]
Length-height ratio 4 > 20 [60]
Extreme weather [53]
Distance to roads and railways <200 m [60], >50 km [62]
Distance to grid <100 m [57], <250 m [53], >10 km [55], >80 km

[69]
1Related to combination of solar and wind power offshore
2Related to hydropower: Total vertical distance between upstream reservoir and downstream waterlevel
3Related to hydropower
4Related to Pumped Hydro Energy Storage
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Exclusion Criteria Unsuitable Areas / Thresholds

Distance from shore 5 <10 km [59], <18 km [54]
Distance from gravel grounds <2 km [57]
Capacity factor <0.14 [55]
Areas where Offshore Renewable Energy Projects
have been installed or plan to be installed

Occupied areas [59]

Areas to be licensed for Exploration and Exploitation
of Hydrocarbons

Occupied areas [59]

Aquaculture zones Occupied areas [59]
Airports6 Occupied areas [58], <2.5 km [53, 57]

2.2.2. Ranking criteria
Several researchers employ multiple-criteria decision analysis (MCDA) to assign different weights to
evaluation criteria, thereby reflecting their relative importance. In a review paper by Forester et al. [48]
on siting considerations for FPV systems, which analyzed 36 studies, the most significant criteria used
in MCDA were predominantly techno-economic factors. These included solar resources or annual sun
hours (20 studies), distance to transmission lines (13 studies), wind speed (8 studies), water surface
area (7 studies), water depth (6 studies), and terrain elevation (6 studies). Among these, solar radiation
was identified as one of the most influential factors. Areas with higher levels of solar radiation gener-
ally received higher suitability scores than those with lower radiation. For instance, Bhanja et al. [58]
found that regions with solar radiation exceeding 12 kWh/m2/day were deemed most suitable for FPV
installation. Similarly, Korkmaz et al. [72] considered three natural factors (solar irradiation, wind speed,
and wind-driven water waves) when determining suitable FPV deployment sites. Their study employed
a fuzzy logic model to identify areas with optimal environmental conditions for installation. As all site
selection criteria are context-specific, it is essential to identify which factors are most relevant for the
Netherlands to determine the most suitable areas for FPV deployment.

2.3. Energy yield assessment methods
Different methodologies have been reported in the literature to estimate the energy yield (EY) of PV
and FPV systems. These approaches vary in complexity, ranging from simplified methods based on a
constant performance ratio (PR) to advanced simulation tools, data-driven models, and physics-based
thermal analyses. In general, three main categories can be distinguished: (i) empirical methods using
performance ratios, (ii) simulation-based approaches such as PVsyst, and (iii) data-driven or machine
learning models. In addition, several studies focus on improving accuracy by incorporating specific FPV
factors such as thermal behavior, environmental conditions, and wave-induced effects.

2.3.1. Empirical methods
Gómez-Gil et al. [73] used weather data and a constant performance ratio (PR). The authors reported an
overestimation of the energy production and recommend determining the performance ratio separately
for each PV configuration to enable a reliable assessment of energy production capability.

2.3.2. Machine Learning approaches
Another study [74] proposed a hierarchical machine learning framework for forecasting the power output
of FPV systems. The input variables included the meteorological variables: (1) transient horizontal
irradiance (W/m2), (2) daily horizontal irradiance (Wh/m2), (3) ambient temperature (°C), and (4) PV
module temperature (°C). In addition, electrical characteristics of the FPV system were incorporated.
The results indicated that the feedforward neural network (FFN) outperformed the othermachine learning
models, significantly improving the accuracy of FPV power output forecasting.

5Related to OPV
6There is no minimal distance to prevent glare[70]; some precautions could be taken to prevent glare, e.g., using glass with an
antireflective coating for PV modules, or moving the panels’ orientation and/or altering their tilt[71]
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2.3.3. Simulation based approaches
Many studies use PVsyst software to simulate the energy produced by FPV. For instance, Oliveira-Pinto
et al. [10] assessed the potential of different FPV technologies by estimating the energy yield of those
systems in PVsyst. Parameters such as albedo, cooling effect, mismatch losses, and soiling losses were
adjusted to resemble the FPV system. Similarly, another study [75] focused specifically on calculating
and adapting thermal transmittance (𝑈-values) for PVsyst simulations. The adjusted parameter values,
compared with default values, are summarized in Table 2.3. For clarity, the following terms are used in
the table:

• Albedo: The proportion of incident light or radiation reflected by a surface, typically that of a planet
or moon.

• U-value: Thermal transmittance, representing the rate of heat transfer through a material or build-
ing element.

• Mismatch losses: The amount of power lost in the system due to imperfect matching of compo-
nents; equivalently, the additional power that could be gained if the systemwere perfectly matched.

• Soiling losses: The reduction in a solar panel’s power output caused by the accumulation of dirt,
dust, pollen, or other particles on its surface.

Table 2.3: Adjusted parameter values in [10] compared to default PVsyst.

Parameters Default values PVsyst Spain, UK [10] The Netherlands [75]
Albedo [%] 20 5 -

U-value [ 𝑊
𝑚2⋅𝐾 ]

29 (well-ventilated),
15 (insulated)

31 (C&T)
46 (Solaris Synergy)

open FPV: 24.4 + 6.5 ⋅ 𝑤𝑠
closed FPV: 25.2 + 3.7 ⋅ 𝑤𝑠

Mismatch losses [%] 1 1 -
Soiling losses [%] 2 2 -

Dörenkämper et al. [76] extended the findings of [75] by comparing modeled and measured operat-
ing temperatures of FPV modules. The analysis showed that their proposed method outperforms both
PVsyst and the Sandia default models, which tend to overestimate module temperature by 2.0% and
2.2% per 1 m/s increase in wind speed, respectively.

2.3.4. FPV modeling enhancements
Vasuki et al. [16] conducted a technical review on the estimation of energy yield in OPV systems, iden-
tifying several key influencing factors, including dynamic motion, long-term degradation, cooling effects,
and optical effects. Many of these factors are also relevant for inland FPV systems, where thermal be-
havior plays a crucial role in overall performance. Accurate modeling of FPV module temperature is
therefore essential for reliable energy yield estimation.

Gurfude et al. [47] proposed a modeling approach, which incorporates water temperature and wind
velocity over the water surface instead of ambient conditions over land. The FPV cell temperature (°C)
is calculated using Equation 2.1, where 𝑇𝑤𝑎𝑡𝑒𝑟 is the water temperature, 𝐺 is the daily average irradiance
(W/m2), 𝑣𝑤 is wind velocity (m/s).

𝑇𝑐𝑒𝑙𝑙 = 0.943𝑇𝑤𝑎𝑡𝑒𝑟 + 0.0195𝐺 − 1.528 ⋅ 𝑣𝑤 + 0.3529 (2.1)

In addition to the effect of temperature, the performance of FPV systems is also influenced by en-
vironmental factors. Jeong et al. [77] analyzed correlations between environmental parameters and
power generation. The strongest correlation was observed with irradiation (0.98), followed by module
temperature (0.64) and ambient temperature (0.25). Wind-related parameters showed weak negative
correlations: wind speed (–0.06) and wind direction (–0.16). The authors found a way to calculate the
power output of FPV by applying linear regression formula Equation 2.2, where 𝑇𝑚=module Temperature
[∘C], 𝐺𝑡 = the irradiance [W/m2].

𝑃𝑓𝑝𝑣 = 𝑇𝑚 × (0.0024851) + 𝐺𝑡 × (0.0019761) + (−0.0141039) (2.2)

Even though the wind-related parameters showed weak correlations, still they have some impact on
the performance of FPV. Starting with the wind direction, which has been studied in [43] three different
tilts (0∘, 10∘, 20∘) are examined under different wind directions, see Table 2.4.
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Table 2.4: Findings of [43] on wind direction impact on diverse tilt angles of FPV.

𝛽 [∘] 𝑇avg [°C] Wind 0∘ [°C] Wind 45∘ [°C] Wind 90∘ [°C] Wind 135∘ [°C] Wind 180∘ [°C]
0 34.75 34.84 35.09 36.27 35.21 34.84
10 34.71 34.71 35.10 36.40 35.30 35.23
20 34.95 35.04 35.04 36.39 35.30 34.90

It can be observed that the tilt angle of 0∘performs best under the wind direction of 0∘and 180∘. The
tilt angle of 10∘performs best under the wind direction of 0∘. The tilt angle of 20∘performs best under
wind direction of 180∘. Looking closer at the diverse wind directions, it can be seen that for each tilt
angle the highest temperatures are found for a wind direction of 90∘. There are differences for each tilt
angle when they perform better than the other tilt angles under a specific wind direction:

• 0∘tilt performs best between 70∘-180∘wind direction

• 10∘tilt outperforms the other tilts under 0∘wind direction

• 20∘tilt performs best at wind direction of 45∘

Wind velocity, in contrast, is stated to have a positive impact on the performance of the FPV [43], this is
different from the negative correlation stated in [77]. In Table 2.5 the measurements are shown of the
temperature of FPV cell under different wind speeds. The temperature reduces with respect to higher
wind speeds.

Table 2.5: Temperature of FPV cell under different wind speed conditions from [43].

Wind speed 1 m/s 2 m/s 3 m/s 4 m/s 6 m/s 8 m/s 10 m/s
𝑇𝑐𝑒𝑙𝑙 [∘𝐶] 42.87 38.68 36.29 34.71 32.69 31.45 30.59

In [42] a similar trend was observed: the higher the wind speed, the lower the PV cell temperature.
The same study also examined the influence of the temperature difference between air and water on
FPV performance. When the wind temperature was 5 °C higher than the water temperature, the FPV
cell temperature 𝑇𝑐𝑒𝑙𝑙 was 1.2 °C lower than that of the NOCT PV module. When the wind temperature
increased to 10 °C above the water temperature, the FPV cell temperature 𝑇𝑐𝑒𝑙𝑙 was 2.8 °C lower than
that of the NOCT PV module.

2.3.5. Additional FPV losses
The other factors that could impact the FPV are wave effects. Simulations showed that the average tilt
for calm days (wave height of 0-1.25m) is 0.2°, for moderate ones (wave height 1.25–2.5m) 1.8°, and
for rough ones (wave height >2.5m) 4.5°. In Table 2.6 the findings have been summarized. It can be
observed that rough conditions perform worse than the other conditions. For the modelled region (in
the North Sea, at a latitude of 53° and a longitude of 3.85°, approximately 20 km from the coast under
deep-water conditions), the average tilt due to the wave effects is 1.1°, resulting in a 0.1% decrease in
yearly energy yield compared to a stationary horizontal scenario.

Table 2.6: Total efficiency of FPV under wave different conditions [78].

Stationary Calm Moderate Rough
Total efficiency [%] 96 ± 0.5 96.4 ± 0.3 96.4 ± 0.4 94.1 ± 2.1

In another research [79] wave-induced losses (WIL) for FPV systems at two latitudes (0∘N and 50∘N)
were modeled. A seasonal difference in WIL is observed for the latitude 50∘N is observed. Increasing
the tilt angle from 0∘to 15∘reduced WIL. The greatest differences were observed in December, when
WIL are at their highest.
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2.4. Summary and knowledge gaps
This chapter reviewed the existing literature on floating photovoltaic (FPV) systems, focusing on system
design, site suitability, and energy yield modeling approaches. FPV technology can broadly be classified
into zero-air-gap and high-air-gap configurations, with the former being most relevant for inland water
applications. Within these systems, design choices such as mooring configuration, module type, tilt
angle, and orientation influence both structural performance and energy yield. However, there is limited
consensus in the literature on optimal configurations under specific environmental conditions, particularly
for inland waters in temperate climates.

Site suitability assessments in existing studies typically rely on exclusion and ranking criteria, but
these vary widely between studies and lack standardization for geographically constrained regions such
as the Netherlands. Similarly, energy yield modeling approaches differ in their treatment of key pa-
rameters including irradiance, wind conditions, albedo, and module temperature. These parameters
introduce substantial uncertainty, and their calibration is often inconsistent across studies.

Overall, the literature highlights that FPV performance is highly dependent on both site-specific con-
ditions and modeling assumptions. However, a unified framework that integrates spatial suitability anal-
ysis with physically based energy yield modeling for Dutch inland waters is currently lacking. This gap
motivates the present study, which develops a scenario-based framework to evaluate FPV potential
under Dutch conditions.



3
Available area

This chapter presents the GIS-based assessment conducted to address the first research question:
“What is the total area [km2] of suitable inland water sites in the Netherlands for deploying Floating
Photovoltaic (FPV) systems?”. The objective is to systematically identify and quantify suitable inland
water bodies in the Netherlands for FPV deployment. To achieve this, a structured and reproducible
spatial analysis framework was developed and implemented.
The chapter is structured into six main components. First, the analyzed scenarios are defined. Second,
the data sources used in the study are described. Third, the processing software and methodological
workflow are presented. Fourth, the results of the GIS-based assessment are provided, expressed
as the quantified spatial potential for FPV deployment (km2) for each scenario. Fifth, the results are
discussed. Finally, the chapter concludes by addressing the research question.

3.1. Definition of the Scenarios
The preliminary step, prior to executing the main workflow, is to define the scenarios for which suitable
areas for deploying FPV systems are identified. The scenarios are distinguished based on two primary
parameters: panel tilt angle and distance from the shoreline, the latter defined as the inner “buffer zone.”
The inclusion of this buffer zone reflects common practice [62, 80–82] and serves to reduce shading
impacts from surrounding vegetation.

In Scenario 1, the objective is to maximize energy density. The PV tilt angle is set to 0∘, and the
buffer zone is 25 m [80]. This configuration enables the highest deployment density, as a horizontal
tilt eliminates the need for additional spacing to avoid inter-row shading. Moreover, the 25 m buffer
represents the minimum considered distance, selected to limit shading from nearby vegetation while
maximizing the available surface area.

In Scenario 2, both parameters are moderately increased. The buffer zone is set to 50 m [82], and
the tilt angle is set to 15∘, which aligns with commonly recommended values for FPV systems [83]. In
the literature, lower tilt angles of around 10∘ are often suggested for better cooling performance, while
a 15∘ configuration has been reported to result in lower WIL. As a result, a compromise is adopted by
selecting a 15∘ tilt, as it lies between the site-specific optimal tilt and a horizontal (0∘) configuration. This
scenario reflects a compromise between spatial efficiency and energy performance.

In Scenario 3, the buffer zone is further extended to 100 m [62], and the tilt angle is set to 38∘,
corresponding to the optimal tilt angle for solar installations in the Netherlands. This scenario prioritizes
optimal panel orientation, albeit with a reduction in usable area.

For each of these three configurations, different FPV coverage percentages of the total lake area are
applied: 5%, 10%, and 15%. Combining the three configurations with the three coverage levels results
in a total of nine scenarios (Table 3.1). The power density is calculated based on the selection of FPV
system and the defined PV tilt angle. The FPV system is selected as 4P25S configuration as described
in Section A.1. A detailed description of the power density calculation is provided in Appendix A.2. The
resulting power density values are subsequently used in the Processing Software to filter the suitable
deployment areas.

16
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Figure 3.1: Schematic presenting the side view for Scenario 1 (0∘ tilt, 25 m buffer), Scenario 2 (15∘ tilt, 50 m buffer), Scenario
3(38∘ tilt, 100 m buffer)

Table 3.1: Description of the nine scenarios, combining three tilt angles and buffer zones with three FPV coverage percentages

Scenario Tilt angle Buffer zone FPV coverage Power Density
[m] [%] [W/m2]

Scenario 1.a 0∘ 25 5 202
Scenario 1.b 0∘ 25 10 202
Scenario 1.c 0∘ 25 15 202
Scenario 2.a 15∘ 50 5 117
Scenario 2.b 15∘ 50 10 117
Scenario 2.c 15∘ 50 15 117
Scenario 3.a 38∘ 100 5 72
Scenario 3.b 38∘ 100 10 72
Scenario 3.c 38∘ 100 15 72

3.2. Data sources
The next step involved acquiring the required data sources. In particular, national water body datasets
and restricted areas needed to be compatible for GIS-based analysis. While commercial platforms such
as Google Maps provide extensive geographic information, their datasets do not allow selective feature
extraction or unrestricted reuse [84]. Therefore, OpenStreetMap (OSM) was selected as the primary
data source, as it provides openly licensed, user-contributed geospatial data that can be queried and
exported at the feature level [85]. In Overpass Turbo, OSM data was obtained through the formulation of
queries to extract specific geographic features. The data could be exported in several formats, including
GeoJSON, GPX, KML, and rawOSM. All formats are compatible with QGIS, which is used as the primary
processing software. A comparison of the data formats, including their supported geometry types and
relative file sizes for a representative query for the area of Delft is provided in Table 3.2. Given the
national-scale extent of the analysis and the resulting data volume, KML is selected as the export format
due to its comparatively smaller file size.
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Table 3.2: Distinct data formats, query for the water body extraction for city in the Netherlands (Delft), resulting in different file
sizes

Data format Data types File size [MB]
GeoJSON Points, lines, polygons, multi-geometries [86] 2.5
GPX Waypoints, tracks, routes [87] 1.315
KML Points, lines, polygons, 3D [88] 0.867
raw OSM Nodes, ways, relations [85] 3

National water body data and spatial layers representing restricted areas were extracted from Open-
StreetMap via Overpass Turbo [89]. The criteria used to define restricted areas are outlined in Appendix
A.6. The national tree height data were obtained from the RIVM dataset [90] and used to estimate po-
tential shading lengths, which informed the shoreline buffer distance applied in the site-selection criteria.
Administrative boundaries at the provincial level were obtained from the PDOK “Bestuurlijke Gebieden”
dataset [91].

3.3. Processing software
After acquiring all relevant data sources, the subsequent step involved processing the data to enable
efficient analysis and visualization. This is typically achieved using a Geographic Information System
(GIS), such as QGIS, ArcGIS, Felt, Maptitude, Carto, MapInfo Pro, and SAGA GIS [92].

In this study, the Quantum Geographic Information System (QGIS) was used to assess the suitability
of national water bodies. QGIS was selected because it is easily accessible as an open-source platform
and provides excellent support for handling data obtained fromOverpass Turbo. Furthermore, extensive
documentation and community support are available, making it easy to apply the required methodology.
In Appendix A.3 the QGIS interface is explained.

Figure 3.2 presents the workflow for obtaining the suitable areas for FPV. The python code for all the
implemented steps can be found on GitLab of the TU Delft [93]. AI tools were used to assist with the
preprocessing in QGIS and coding in Python. The outputs were critically reviewed and validated before
inclusion.
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Figure 3.2: Workflow for acquiring suitable areas for FPV

Step 1: Water data
Step 1 in Figure 3.2 involves obtaining national water data from Overpass Turbo, with predefined filters
applied to exclude certain water bodies. Specifically, water bodies with flow (e.g., rivers, canals, and
streams), tidal areas (both intermittent and fully tidal), and waters used for transportation (e.g., shipping
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lanes, harbours, and marinas) were excluded. In addition, shallow or unsuitable features such as grass-
covered land areas and ditches, as well as waters designated for leisure or conservation purposes (e.g.,
nature reserves, playgrounds, and water parks), were removed from the dataset. For a detailed overview
of the applied exclusion criteria, the Overpass Turbo query can be found in Appendix A.4.1. The data
elements per province are presented in Table 3.3.

Table 3.3: Water Data by Province from Overpass Turbo Query

# Province Data elements
1 Groningen 13,736
2 Friesland 33,163
3 Drenthe 16,069
4 Overijssel 20,960
5 Flevoland 4,991
6 Gelderland 23,147
7 Utrecht 23,568
8 Noord-Holland 56,827
9 Zuid-Holland 56,815
10 Zeeland 8,826
11 Noord-Brabant 24,148
12 Limburg 8,526

Total 290,776

After the data were obtained for each province, Step 1.A in Figure 3.2 was applied: the data were
merged in QGIS with the Processing Toolbox Union function, resulting in a total of 290,776 elements.
Then in Step 1.B in Figure 3.2 duplicates were removed with Remove duplicates by geometry resulting
in a national water dataset with 290,207 elements.

To assess the reliability of the filtered OSM dataset, a spatial validation was conducted (Step 1.C
in Figure 3.2) The workflow of the validation is presented in Figure A.5. The national water dataset
was compared to the Watertypenkaart 2013 [94], a national surface water type classification map, that
provides a detailed classification of surface water bodies and was used to verify the spatial consistency
of the filtered OSM water features and to identify their corresponding water types (see Appendix ??).
The spatial overlapping reveals that although only 34.5% of the OSM features demonstrate full spatial
agreement with the Watertypenkaart 2013, they accounted for 87.8% of the total OSM water area. The
dataset is considered sufficiently reliable for large-scale FPV potential assessment.

Step 2: Restricted areas
Following validation, additional spatial constraints were applied to exclude legally and environmentally
restricted areas (Step 2 in Figure 3.2). These included: (1) protected areas, (2) archaeological areas
with a 2 km buffer zone, (3) heritage sites, (4) military areas, (5) airports with a 2.5 km buffer zone,
(6) fairways, and (7) aquaculture zones. The corresponding Overpass Turbo queries are provided in
Appendix A.4.2. In Step 2.A in Figure 3.2 buffer zones for archaeological areas (2.5 km) and airports (2
km) were generated using the Processing Toolbox – Buffer function. The restricted polygon layers were
subsequently removed from the national water dataset using Vector Overlay – Difference (multiple).

Since fairways were represented as line geometries rather than polygons, a different procedure was
applied. In Step 2.B in Figure 3.2 the Vector Selection – Extract by Location tool was used to identify
water bodies intersecting with fairway routes.

In Step 2.C in Figure 3.2 the restricted corrected restricted areas from Step 2.A and 2.B were com-
bined with the other restricted areas: (1), (3), (4), (7) to obtain 7 correct restricted areas.

Step 3: Removal of restricted areas
In Step 3.A in Figure 3.2 the restricted polygon layers fromStep 2.Cwere subsequently removed from the
national water dataset in Step 1.B Figure 3.2 using Vector Overlay – Difference (multiple). This resulted
in 245,155 elements remained. To ensure that each water body was represented as an individual feature,
multipart geometries were converted to singlepart geometries in Step 3.B using Vector Geometry –
Multipart to Singleparts. This step increased the water data in the final dataset, resulting in 4.A) National
water data without restricted areas (249,610 elements).
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Step 4: Area filter
In Step 4.A the national water data without restricted areas contained 249,610 elements. The application
of an area filter would decrease the size of the elements significantly, what would help to speed up the
process and access the water data elements with ease. In the literature, FPV suitability assessments
typically impose a minimum water body size. However, the selected thresholds vary considerably, rang-
ing from less than 0.004 km2 [51, 55, 69] to 0.3 km2 [59], 0.5 km2 [65], 0.9 km2 [68], 1 km2 [52], and
even more than 7 km2 [59]. This broad range demonstrates the absence of a consistent, universally
applicable minimum size criterion.
Instead of defining a fixed minimum water body area, this study adopts a coverage-based economical
approach. The minimum viable installed FPV capacity must be placed on 5, 10, 15% of the water body
area for the different scenarios. In this study, a minimum size of 2𝑀𝑊𝑝 is chosen and with Equation 3.1
the area required was calculated. In this equation the 𝑥% stands for the selected FPV coverage percent-
age: 5, 10, 15%, and the 𝑃𝑑𝑒𝑛𝑠𝑡𝑖𝑦 stands for the power density of the different scenarios. The resulting
required area for the installation of 2𝑀𝑊𝑝 is given in Table 3.4

𝐴𝑟𝑒𝑎2𝑀𝑊𝑝−𝑥% =
2𝑀𝑊𝑝
𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦

× 1
𝑥% (3.1)

Table 3.4: Power density and required area [km2] per scenario to achieve 2 MWp capacity at different FPV coverage levels.

Required area [km2]
Scenario Pdensity [W/m2] 5% 10% 15%
Scenario 1 202 0.20 0.10 0.07
Scenario 2 117 0.34 0.17 0.11
Scenario 3 72.4 0.55 0.28 0.18

Since all cases in Table 3.4 exceed 0.02 km2, this value was a suitable initial filter. The area of the
water bodies was computed by creating a new attribute with the Field Calculator (Area_4.A=$area)
with the Field Calculator. Then this area was filtered in Step 4.B in Figure 3.2 with the expression:
Area_4.A>20,000[𝑚2]. This resulted in a huge reduction of water data elements, the remaining
elements were 4,765 (instead of 249,610). This reduction in the data size facilitated the further acquiring
of suitable FPV areas. Table 3.5 shows the provincial distribution of the water data elements.

Table 3.5: Inland Water Bodies by Province after Step 4.B

# Province Data elements
1 Groningen 306
2 Friesland 530
3 Drenthe 310
4 Overijssel 413
5 Flevoland 220
6 Gelderland 366
7 Utrecht 177
8 Noord-Holland 748
9 Zuid-Holland 821
10 Zeeland 202
11 Noord-Brabant 519
12 Limburg 153

Total 4,765

Step 5: Computing FPV coverage percentages and inner buffer zones
As was discussed in Step 4., in this study a coverage-based economical approach was applied. In Step
5.A (Figure 3.2) the coverage percentages were calculated from the remaining 4,765 elements in Step
4.B. Three coverage percentages x=5, 10, 15% were calculated in Equation 3.2.

𝐴𝑥 = 𝑥% ⋅ 100 ⋅ 𝐴𝑟𝑒𝑎_4.𝐵 (3.2)
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In Step 5.B (Figure 3.2)) inner buffer zones were computed for the three scenarios to isolate the core
study areas. Unlike a traditional expansion buffer, an inner buffer represents a reduction of spatial extent
via an inward boundary offset. Using the Processing Toolbox – Buffer function, negative distances were
applied for Scenario 1 (−25 m), Scenario 2 (−50 m), and Scenario 3 (−100 m), resulting in three distinct
layers that exclude the outer perimeters of the original sites. An example of an inner buffer of -25 m for
Scenario 1 (Buffer_Scen1 (-25 m) applied to a location in Delft (Delftse Hout) is shown in Figure 3.3
on the next page.

Step 6: Determining the number of grid blocks

The next step involves computing the number of FPV panels for each scenario. The initial step (Step
6; Figure 3.2) consisted of filtering the inner buffer zone obtained in Step 5.B to accommodate the
2 MW area (Area_5.B > Area_2MW). This was achieved by calculating the remaining area of the
buffer zone (Area_Buffer = $area) and selecting the 2 MW area according to each scenario’s
power density (Table 3.4). Applying the formula 𝐴𝑟𝑒𝑎2𝑀𝑊 = 2 MW

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦
yields different required areas per

scenario: Scenario 1: 0.01 km2; Scenario 2: 0.017 km2; Scenario 3: 0.026 km2. Consequently, the
scenarios produced different outcomes: Scenario 1 yielded 1,540 elements, Scenario 2 yielded 642
elements, and Scenario 3 yielded 250 elements.

In Step 6.A (Figure 3.2), the number of grid blocks corresponding to the coverage percentages per
scenario was calculated by dividing the coverage area by the grid block area and applying a floor function:
floor(

𝐴𝑟𝑒𝑎𝑥
(𝐿×𝑊)𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜

). The grid blocks were based on the dimensions of the FPV system, as described
in Appendix A.1; these values are summarized in Table 3.6.

Table 3.6: Dimensions of FPV system per Scenario

Scenario 1 Scenario 2 Scenario 3
𝐿𝑝𝑎𝑛𝑒𝑙 [m] 2.31 2.31 2.31
𝐿𝑚𝑜𝑑 [m] 57.8 57.8 57.8
𝑊𝑝𝑎𝑛𝑒𝑙 [m] 1.3 2.24 3.61
𝑊𝑚𝑜𝑑 [m] 5.18 8.95 14.45
𝑁4𝑃25𝑆 [-] 5 3 2
𝐿 ×𝑊 [𝑚2] 57.8 x 25.9 57.8 x 26.9 57.8 x 28.9

In Step 6.B (Figure 3.2), rectangles with size 𝐿 ×𝑊 were generated in QGIS using the Create Grid
tool in the Processing Toolbox. The dimensions selected correspond to those defined for each scenario.
A value larger than a single block dimension was adopted, denoted as 𝐿𝑚𝑜𝑑×𝑊𝑚𝑜𝑑. Direct computation
of this in QGIS proved infeasible due to the small magnitude of𝑊𝑚𝑜𝑑. Therefore, an approximation was
employed using half of 𝐿𝑚𝑜𝑑. Although this resulted in slight variations across scenarios, the values
remained comparable. Specifically, Scenario 1 uses 𝐿×𝑊 = 57.8×25.9, resulting in five FPV blocks of
4P25S; Scenario 2 uses 57.8 × 26.9, resulting in three 4P25S blocks; and Scenario 3 uses 57.8 × 28.9,
resulting in two 4P25S blocks. This process generated a grid covering the entire country.

In Step 6.C (Figure 3.2), the 𝐿 × 𝑊 rectangles located within the water body areas identified in
Step 6 were selected using the Select by Location tool in the Processing Toolbox. This resulted in
rectangles within the inner buffer zone (𝑅_𝑏𝑢𝑓𝑓𝑒𝑟). An example of a water body with rectangles is
shown in Figure 3.3. The rectangles that didn’t fit entirely inside the inner buffer zone were excluded.
The selected features were then exported to a new GeoPackage file to reduce file size.
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Figure 3.3: Example of the water body Delftse Hout suitable for Scenario 1, showing the inner buffer zone (−25 m), the rectangles
fully contained within the buffer zone (R_buffer), and the number of rectangles corresponding to 5% coverage (R_5%).

In Step 6.D (Figure 3.2), the number of rectangles (𝑅_𝑏𝑢𝑓𝑓𝑒𝑟) with dimension 𝐿 ×𝑊 from Table 3.6
within the water bodies identified in Step 6 was determined. The Join Attributes by Location (Summary)
tool was used to count the number of grid blocks within the water polygons. The example in Figure 3.3
has a grid block count of 75 for Scenario 1.

Step 7: Final filtering
Step 7 involves the final filtering of the water bodies. First of all, in Step 7.A (Figure 3.2 the computed
area of the coverage percentage 5, 10, 15% from step 5.A, should fit within the inner buffer zone of
step 5.B. Area_5.B > Area_5.A. Secondly, the coverage percentage areas 5, 10, 15% from step 5.A
should accomodate the required area for 2 MW capacity of installed FPV. Area_5.A > Area_2MW,
similar to the procedure of step 6. And finally, the grid blocks computed in Step 6.D should be larger
than amount of grid blocks for the coverage percentages. 6.D_blocks > 6.A_blocks .

As an illustrative example, Delftse Hout (Figure 3.3) has a total area of 0.212 km2. The inner buffer
zone (-25 m) has a total area of 0.152 km2. A 5% coverage of the total area of the water body corre-
sponds to 0.011 km2, which can accommodate seven grid blocks ( 0.011⋅10

6

57.8×25.9 = 7), shown as 𝑅_5% in
Figure 3.3.

This area is considered suitable because it satisfies all filtering criteria: (7.A) the area of the inner
buffer zone (0.152 km2) exceeds the 5% coverage area (0.011 km2); (7.B) the 5% coverage area (0.011
km2) exceeds the area required for a 2 MW installation in Scenario 1 (0.01 km2); and (7.C) the total
number of panels that can be placed within the buffer zone (75) exceeds the required seven blocks.
Therefore, Delftse Hout qualifies as a suitable site for Scenario 1 with a 5% coverage percentage.

Step 8: Results
After applying the filters of Step 7, the suitable areas were determined for FPV deployment, resulting in 9
geopackage files. These files contained the ’fid’ (Feature ID), ’x’ (latitude) ’y’ (longitude) coordinates, the
area of the coverage scenario, the amount of rectangles per coverage scenario. The geopackage layer
was exported in a csv file, to further process the amount of area. The allocated surface area is based on
the number of rectangles for a 𝑥 coverage percentage (𝑅𝑥%), and the dimensions of the rectangle 𝐿×𝑊
defined in Table 3.6 and calculated with Equation 3.4. The effective array area depends on the number
of panels and the dimensions (𝐿𝑑𝑖𝑚=2.278 m, 𝑊𝑑𝑖𝑚= 1.134 m) (Equation 3.5. The number of panels is
calculated with the number of rectangles 𝑅𝑥% per scenario, the scenario’s configuration 𝑁4𝑃25𝑆 defined
in Table 3.6 and the panels (25 by 4 is 100) within the 𝑁4𝑃25𝑆 configuration(Equation 3.3). Based on the
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number of panels and the peak power the installed capacity (Equation 3.6) is calculated.

𝑁𝑝𝑎𝑛𝑒𝑙𝑠,𝑥% = 𝑅_𝑥% × 𝑁4𝑃25𝑆 × 100 (3.3)

𝐴𝑎𝑙𝑙𝑜𝑐,𝑥% = 𝑅_𝑥% × 𝐿 ×𝑊 (3.4)

𝐴𝑎𝑟𝑟𝑎𝑦,𝑥% = 𝑁𝑝𝑎𝑛𝑒𝑙𝑠,𝑥% × 𝐿𝑑𝑖𝑚 ×𝑊𝑑𝑖𝑚 (3.5)

𝑃𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑,𝑥% = 𝑁𝑝𝑎𝑛𝑒𝑙𝑠,𝑥% × 𝑃𝑝𝑒𝑎𝑘 (3.6)

3.4. Results
The allocated surface area (𝐴𝑎𝑙𝑙𝑜𝑐) and the effective array area (𝐴𝑎𝑟𝑟𝑎𝑦) was calculated for three surface
coverage percentages (5%, 10%, and 15% of suitable water bodies). The results and the total number
of elements per scenario are presented in Figure 3.8. The provincial distribution of FPV area is found
by using Join attributes by location with the provincial layer.

Table 3.7: Potential FPV water bodies and area in the Netherlands for different scenarios, where elements is the amount of water
bodies found, Aalloc is the allocated surface area in [km2] and Aarray the effective array area in [km2].

Coverage scenario
Scenario 5% 10% 15%

Elements Aalloc Aarray Elements Aalloc Aarray Elements Aalloc Aarray
Scenario 1 288 7.1 6.1 533 17.6 15.2 645 27.7 23.9
Scenario 2 149 5.4 2.7 297 14.3 7.1 371 22.7 11.3
Scenario 3 71 3.7 1.1 141 10.0 3.1 139 13.8 4.3

For Scenario 1 (tilt angle=0°, inner buffer=-25 m), the allocated surface area ranges from 7.1 km2 at
5% coverage to 27.7 km2 at 15% coverage. Scenario 2 (tilt angle=15°, inner buffer=-50 m) results in
slightly lower values, ranging from 5.4 km2 to 22.7 km2. Scenario 3 (tilt angle=38°, inner buffer= -100 m)
produces the most conservative estimates, between 3.7 km2 and 13.8 km2. Comparing this to the total
area of inland water in the Netherlands (3744 km2, [12]), reveals that the allocated surface area (𝐴𝑎𝑙𝑙𝑜𝑐)
for Scenario which uses the most area (Scenario 1, 15%) is 0.74%.

The effective array area 𝐴𝑎𝑟𝑟𝑎𝑦 shows even more conservative values: with Scenario 1 ranging from
6.1 to 23.9 km2, Scenario 2 ranging from 2.7 to 11.3 km2, and the last scenario from 1.1 to 4.3 km2. The
large decrease in the final scenario is mainly caused by the extra required shading space. On average,
the effective array area compared to 𝐴𝑎𝑙𝑙𝑜𝑐 is reduced by 13.8% in Scenario 1, 50.2% in Scenario 2,
and 69.4% in Scenario 3. Figure 3.4 visualizes the FPV potential of the allocated surface area and the
effective area across scenarios.

(a) The allocated surface area 𝐴𝑎𝑙𝑙𝑜𝑐 based on the scenarios boundaries. (b) The effective array area 𝐴𝑎𝑟𝑟𝑎𝑦 based on the FPV panels dimensions.

Figure 3.4: Two graph showing the allocated and effective area [km2] for FPV deployment in the Netherlands per scenario under
different coverage percentages. The effective area is decreased substantially.
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It can be observed that Scenario 1 and Scenario 2 show a fairly linear increase in the allocated
surface area 𝐴𝑎𝑙𝑙𝑜𝑐 as the coverage percentage increases. Scenario 3, however, behaves differently:
the increase from 5% to 10% is steeper than from 10% to 15%. This suggests that for Scenario 3 at
higher coverage levels, less additional suitable area becomes available.

The FPV potential capacity is estimated in Figure 3.5. It strongly correlates to the effective array area
𝐴𝑎𝑟𝑟𝑎𝑦. The FPV capacity ranges from 0.3 to 5.6 𝐺𝑊𝑝.

Figure 3.5: FPV potential of installation capacity

Table 3.8: FPV potential capacity for different scenarios in
[GWp].

FPV capacity [GWp]
Scenario 5% 10% 15%

Scenario 1 1.4 3.6 5.6
Scenario 2 0.6 1.7 2.6
Scenario 3 0.3 0.7 1.0

The provincial distribution of the allocated surface area, 𝐴𝑎𝑙𝑙𝑜𝑐, reveals a distinct concentration of
FPV in specific regions of the Netherlands. This trend remains consistent across all scenarios, with the
exact values per province available in Appendix B.5. Figure 3.6 illustrates the provincial variation in the
allocated surface area of Scenario 2 (10% coverage), showing that Zuid-Holland requires the largest
FPV implementation area, accounting for 16.7% (2.4 km²) of the national total. When combined with
Noord-Brabant, Gelderland, and Noord-Holland, these four provinces alone represent more than half of
the total allocated surface area for the entire country.

Figure 3.6: Allocated surface area 𝐴𝑎𝑙𝑙𝑜𝑐 per province in the Netherlands for Scenario 2, 10% coverage.

3.5. Discussion
The estimated suitable area for FPV systems is subject to several spatial and technical assumptions,
which introduce uncertainty into the results. In particular, the exclusion of unsuitable areas, combined
with the application of a minimum area threshold, substantially reduces the available surface area, re-
sulting in a conservative estimate of deployable capacity. While these constraints enhance the realism
of the analysis, they may also exclude areas that could become viable under future policy developments
or technological advancements.
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The provincial distribution of the allocated surface area, 𝐴𝑎𝑙𝑙𝑜𝑐 for Scenario 2, 10% coverage (Fig-
ure 3.6), reveals a clear spatial concentration of FPV deployment within specific regions of the Nether-
lands. In particular, Zuid-Holland, Noord-Brabant, Gelderland, and Noord-Holland together account for
more than half of the total allocated area. This distribution is partly influenced by the initial availability
of water bodies following the applied filtering steps. For instance, Zuid-Holland contains the highest
number of filtered elements from Table 3.5 (821), whereas Limburg has the lowest (153). However, a
higher number of water bodies does not directly translate into a larger FPV share, despite having fewer
elements than Flevoland, Limburg contributes a larger proportion of FPV area (8.7% compared to 3.4%).
This indicates that the suitability of water bodies depends not only on their number but also on their size
and the cumulative effect of subsequent filtering criteria.

The implementation of inner buffer zones (Scenario 1: 25 m, Scenario 2: 50 m, Scenario 3: 100 m)
further restricts the usable water surface. These buffers are based on common regulatory and is also
aimed to reduce shading effects; however, their exact extent may vary depending on local conditions.
In cases where surrounding vegetation is limited, horizon obstruction may be minimal, suggesting that
the applied buffer distances could be overly conservative. Consequently, the estimated FPV potential is
sensitive to the selected buffer parameters.

In addition, water bodies were classified as unsuitable if they could not accommodate a minimum
FPV capacity of 2𝑀𝑊𝑝. Allowing smaller installations would increase flexibility and enable the inclusion
of areas currently excluded from the analysis. This threshold is closely linked to the assumed power
density, which plays a critical role in determining capacity estimates. Variations in system design, in-
cluding module type and spacing (influenced by the design solar altitude angle), can lead to significantly
different power densities and, therefore, alter the minimum required deployment area. As a result, this
constraint directly affects both the number of suitable water bodies and the overall FPV potential.

Furthermore, a standardized FPV configuration of 25 by 4 panels was assumed. Rectangular grid
cells were generated in QGIS to accommodate this configuration, with dimensions exceeding the exact
length and width to reduce computational demand. This simplification may have led to an underesti-
mation of the achievable capacity, as smaller grid sizes could enable more efficient placement of FPV
systems in areas previously classified as unsuitable.

Finally, the applied coverage percentages of water bodies strongly influence the resulting capacity
estimates. Higher coverage levels allow for a greater number of FPV installations, thereby increasing the
overall potential. This underscores the importance of selecting realistic and context-sensitive coverage
scenarios when assessing large-scale FPV deployment.

3.6. Conclusion
Overall, the results demonstrate that the national inland water dataset was successfully refined through
a series of spatial and technical filters. Unsuitable areas were excluded, a minimum area threshold ca-
pable of supporting a 2𝑀𝑊𝑝 FPV installation was applied to the FPV coverage (5, 10, 15%), inner buffer
zones were incorporated, and the grid blocks per water body that represented the FPV configuration
was selected to be larger than the calculated grid blocks of the FPV coverage.

As a result, the allocated surface area available for FPV deployment spans approximately 3.7 to 27.7
km2. The effective area occupied by the panels is more conservative, at 1.1 to 23.9 km2, corresponding
to an estimated total capacity potential of 0.3–5.6 𝐺𝑊𝑝, depending on the scenario assumptions.

With these results, the first research question can be answered: the total area of suitable inland water
sites in the Netherlands ranges from 7.1 to 27.7 km2 for Scenario 1, from 5.4 to 22.7 km2 for Scenario
2, and from 3.7 to 13.8 km2 for Scenario 3. In the case of 27.7 km2, this represents a small percentage
of the total inland water area in the Netherlands (0.73%).
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This chapter presents the modeling of the energy yield in order to address the second research question:
“What is the energy yield of suitable floating photovoltaic (FPV) systems in the Netherlands [TWh]?” The
main objective is to estimate the potential DC electricity generation from these systems under represen-
tative conditions. Estimating the energy yield is essential for assessing the technical potential of FPV
systems in the Netherlands. For this purpose, long-term estimates based on Typical Meteorological
Year (TMY) data are used to ensure representative climatic conditions.

The chapter is structured into several components. First, the analysed scenarios and underlying
assumptions are defined. Second, the methodology for energy yield modeling, including the workflow, is
described. Third, the results are presented and discussed. Finally, the chapter presents its conclusions,
integrating the results and discussion to answer the research question.

4.1. Scenario Definition & Assumptions
The scenarios are adopted from Chapter 1. A brief summary is provided here for completeness (Ta-
ble 4.1). In Scenario 1, the PV tilt angle is set to 0∘, and the inner buffer zone is 25 m [80]. In Scenario
2, the inner buffer zone is set to 50 m [82], and the tilt angle is 15∘. In Scenario 3, the inner buffer
zone is extended to 100 m [62], and the tilt angle is set to 38∘. For every scenario, three FPV coverage
percentages were obtained: 5, 10, 15%.

Table 4.1: Description of the nine scenarios, combining three tilt angles and buffer zones with three FPV coverage percentages

Scenario Tilt angle Buffer zone FPV coverage Power Density
[m] [%] [W/m2]

Scenario 1.a 0∘ 25 5 202
Scenario 1.b 0∘ 25 10 202
Scenario 1.c 0∘ 25 15 202
Scenario 2.a 15∘ 50 5 117
Scenario 2.b 15∘ 50 10 117
Scenario 2.c 15∘ 50 15 117
Scenario 3.a 38∘ 100 5 72
Scenario 3.b 38∘ 100 10 72
Scenario 3.c 38∘ 100 15 72

Additional Modeling Considerations
A solar altitude analysis was conducted to evaluate the potential shading impact of surrounding trees
on FPV systems (Appendix B.1). If the FPV system is assumed to be located at the edge of the inner
buffer zone, the corresponding maximum solar altitude angles for Scenario 1, Scenario 2, and Scenario
3 are 11.56∘, 6.27∘, and 3.31∘, respectively.

For Scenario 1, a refined analysis was performed to account for different FPV coverage scenarios,
assuming that the system is positioned further away from the edge of the inner buffer zone. This resulted
in average solar altitude angles ranging from 1.4∘ to 2.6∘. For Scenarios 2 and 3, the solar altitude angles

27
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due to the shading impact are below the design solar altitude angle of 14.4∘ used in the power density
analysis (Appendix A.2). Therefore, additional shading analysis was not considered necessary.

Since the solar altitude angles of Scenario 1 are small (below 3∘) and the exact spatial distribution of
trees relative to the FPV system is uncertain, shading losses for Scenario 1 were considered negligible
and therefore not included in the final analysis. However, for Scenario 2 and 3, shading losses were
implemented for solar altitude angles below the design angle of 14.4∘. A limitation of this approach is
the assumption of the FPV shape. Future work should consider the actual geometry of the water bodies
to further refine the shading assessment.

Excluded Effects
This study limits the scope of albedo modeling, excludes wave-induced losses (WIL) and soiling. While
using white pontoons (50% albedo) is known to yield higher bifacial gains than water (5–10% albedo)[95],
a conservative water-only approach was taken here to maintain a realistic energy yield under uncertain
interaction parameters. Finally, this study uses a constant rather than a varying albedo, acknowledg-
ing that this simplification may introduce a slight variance (approx. 1.03%) in reported system perfor-
mance[96].

WIL have been reported to vary with wave height, wave period, latitude, and seasonal conditions.
A model to estimate WIL was proposed in [79] (see Appendix B.2); however, this model is based on a
limited dataset of only four days and assumes specific wave height and period conditions. Reliable data
for these parameters in Dutch inland waters were not available. The KNMI provides wave data primar-
ily for large inland water bodies, such as the IJsselmeer, and offshore locations, which fall outside the
scope of this study. In addition, Vasuki et al. [16] demonstrated that WIL exhibit dynamic behavior on
timescales of seconds rather than as steady-state losses. Given these limitations, wave-induced losses
are assumed to be negligible for calm inland water bodies and are therefore set to zero.

Regarding soiling, the aquatic environment reduces dust accumulation, yet other factors persist. Bird
droppings, in particular, remain a critical issue and are frequently cited as the most significant source of
power loss. In hot and dry regions, deposits of 10 g and 50 g have been shown to result in power losses
ranging from 31.25% to 86.53% [97]. While such losses are expected to be less severe in countries
with maritime climate such as the Netherlands, it could still result in significant power losses. To miti-
gate soiling, maintenance walkways were incorporated into the system design in this study, facilitating
the cleaning of PV panels. A recommended next step is to investigate soiling rates and evaluate the
effectiveness of the selected operation and maintenance (O&M) strategy. With this information, a more
accurate soiling model could be implemented; however, due to the current lack of data, soiling effects
are neglected in this study.

4.2. Energy yield modeling
In the literature, several methodologies have been used to model PV energy yield. Software tools such
as PVsyst have been widely applied, as demonstrated by [10] and [98]. However, a key limitation of
PVsyst is that it is not open-source, which restricts transparency and flexibility in modifying underlying
models. Furthermore, PVsyst relies on simplified lookup tables that approximate module behavior under
different conditions. While this approach is computationally efficient, it may limit the physical fidelity of
the simulations.

In contrast, the PVMD Toolbox [99] was selected in this study due to its physics-based modeling
approach. Its use of ray tracing and spectral decomposition enables a more realistic representation
of energy yield. Additionally, it allows flexible parameter adaptation and the incorporation of detailed,
realistic input data. The DC energy yield was determined through five main components: (1) cell, (2)
module, (3) weather, (4) thermal, and (5) electrical models, as is shown in Figure 4.1. The python code
for all the implemented steps can be found on GitLab of the TU Delft [93].
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Figure 4.1: Flowchart of obtaining the energy yield

1. Cell
The first component of the PVMD Toolbox is the Cell module. The floating PV system considered in
this study is based on the JAM72D40-605MB module by JA Solar (see Appendix A.7). This module is
an n-type, double-glass bifacial design. To represent its optical behavior, a silicon heterojunction (SHJ)
bifacial optical file is developed. This file characterizes the irradiance response of both the front and
rear sides of the cell. The bifaciality factor (1.1, see Figure 4.1) is incorporated to account for enhanced
rear-side irradiance contributions, enabling a more accurate representation of bifacial energy yield.

2. Module
The Module component requires several key input parameters: the PV tilt angle, PV cell spacing, and
the Albedo. First, the PV tilt angle (2.1 in Figure 4.1) was defined for three scenarios: 0∘ (Scenario 1),
15∘ (Scenario 2), and 38∘ (Scenario 3). The panel orientation was set to face south (0° in the PVMD
Toolbox convention). For the PV cell spacing (2.2 in Figure 4.1), the geometric layout of the module
was specified, including cell dimensions, inter-cell spacing, and edge margins. These inputs were de-
rived from estimating the dimensions from the module datasheet (2.2.1 Parameters in Figure 4.1). The
datasheet indicates the use of half-cell technology. Therefore, the original full-cell dimensions were ad-
justed accordingly. The cell width was estimated to be 0.182 m, which is consistent with an M10 wafer
[100]. Due to the half-cell configuration, the effective cell length is 0.091 m. The module layout consists
of 24 columns and 6 rows of cells, resulting in a total of 144 half-cells. The space between the cells is
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set to 0.3 cm, edge space to 1 cm (default settings for PVMD).
The last required input was the albedo (2.3 in Figure 4.1). The surface albedo has a significant

influence on bifacial modules and correct modeling is crucial for a realistic energy yield output. In the
PVMD Toolbox, a default albedo value of 20% is assumed. However, inland water surfaces typically
exhibit lower albedo values, ranging from 6–10% [101]. For this study, an albedo value of 10.3% was
assumed, this was the average daytime albedo for the location of De Bilt adapting a model based on
[102, 103], further described in Appendix B.3. It was not possible to model the seasonal and daily
variations since the PVMD Toolbox does not support time-varying albedo inputs.

The PVMD Toolbox generates a sensitivity map from Ray-tracing simulations. See Figure 4.2 for the
sensitivity map of Scenario 1.

(a) Front side (b) Rear side

Figure 4.2: Sensitivity map of Scenario 1 (0∘ tilt angle).

A recommended next step is to evaluate whether the modeled daytime albedo accurately represents
inland water conditions in the Netherlands, to quantify the extent of temporal variation, and to explore
potential methods for incorporating time-dependent albedo into the PVMD Toolbox.

3. Weather
For the Weather component, the meteorological variables described in Table 4.2 were required as an
input for the PVMD Toolbox.

Table 4.2: Description of meteorological variables required for the PVMD toolbox

Col. Symbol Description Unit
1 𝑦 Year –
2 𝑚 Month –
3 𝑑𝑚 Day of month –
4 ℎ Hour (local time) –
5 𝐴𝑧 Solar azimuth angle ∘

6 ℎ𝑠 Solar altitude angle ∘

7 𝐺𝐷𝑁𝐼 Direct Normal Irradiance (DNI) Wm−2

8 𝐺𝐷𝐻𝐼 Diffuse Horizontal Irradiance (DHI) Wm−2

9 𝑇𝑎 Ambient air temperature (at 2 m height) ∘C
10 𝑣𝑤 Wind speed ms−1
11 𝐺𝐺𝐻𝐼 Global Horizontal Irradiance (GHI) Wm−2

Two meteorological data sources were evaluated to obtain the required inputs for Table 4.2: (1)
KNMI weather station data, (2) Meteonorm version 7.2. In Appendix B.4.1 an extensive comparison
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was performed. It was revealed that although the distribution of weather stations was more favorable in
the KNMI dataset, two key drawbacks were identified: not all stations provided the required inputs for
the PVMD Toolbox, and the KNMI data were available only in Actual Meteorological Years (AMY). Me-
teonorm version 7.2, by contrast, provided all required inputs for the PVMD Toolbox and supplied data in
Typical Meteorological Years (TMY). TMY data are preferred in this study, as they enable the estimation
of long-term average energy yields of floating photovoltaic (FPV) systems. Therefore, Meteonorm data
were selected.

Because the selected FPV sites are geographically dispersed, additional modeling was required for
several variables. The variables (1) 𝑦, (2) 𝑚, (3) 𝑑𝑚, and (4) ℎ were used directly from the dataset
without modification. Variables (5) 𝐴𝑧 and (6) ℎ𝑠 were derived using pvlib calculations (Appendix
B.4.2). Variable (7) 𝐺𝐷𝑁𝐼 was corrected and then interpolated with the inverse distance weighting (IDW)
interpolation, as were variables (8) 𝐺𝐷𝐻𝐼, (9) 𝑇𝑎, (10) 𝑣𝑤, and (11) 𝐺𝐺𝐻𝐼 (see Appendix B.4.3). Leave-
one-out cross-validation (LOOCV) was performed, and the root mean square error (RMSE) statistics for
these variables are presented in Table B.6. In the Appendix, Figure B.4 and Figure B.6 illustrate the
performance of the station with an RMSE closest to the mean RMSE.

Table 4.3: RMSE statistics for LOOCV for 36 datapoints for the variables using pvlib and IDW interpolation

Statistic 𝐴𝑧 [°] ℎ𝑠 [°] 𝐺𝐺𝐻𝐼[W/m2] 𝐺𝐷𝑁𝐼−𝑐𝑜𝑟 [W/m2] 𝑇𝑎 [°C] 𝑣𝑤 [m/s] 𝐺𝐺𝐻𝐼 [W/m2]
Mean RMSE 0.3109 0.1827 277.30 73.24 3.39 0.75 172.85

The final modification in theWeather part concerns the treatment of horizon effects. Horizon recon-
struction was not applied; instead, depending on the scenario, irradiation data were set to zero for solar
altitude angles below 14.4∘. As defined in Section 4.1, Scenario 1 was not capped, whereas Scenarios
2 and 3 were subject to this limitation. The Simple Model of the Atmospheric Radiative Transfer of Sun-
shine (SMARTS) model, which assumes clear-sky conditions, was selected for this study because the
Meteonorm irradiation data already account for cloud effects.

4. Thermal
Within ThermalPart, the thermal behavior is modeled using the Faiman model (Equation 4.1). For
floating PV systems with an open structure in the Netherlands, literature reports coefficients of 𝑈0 = 24.4
and 𝑈1 = 6.5 [23]. As no alternative thermal models for comparable FPV configurations were identified,
this model was adopted. The absorptance is set to 𝛼0 = 0.9, which corresponds to the default value in
PVMD and is representative of crystalline silicon modules.

𝑇𝑚 = 𝑇𝑎 +
𝛼0 ⋅ 𝐺𝑝𝑜𝑎
𝑈0 + 𝑈1 ⋅ 𝑣𝑤

(4.1)

5. Electric
Within ElectricalPart, electrical parameters such as 𝑉𝑂𝐶, 𝑉𝑚𝑝𝑝, 𝐼𝑠𝑐, and 𝐼𝑚𝑝𝑝, as well as the temper-
ature coefficients, were obtained from the datasheet. As these values already account for metallization
effects, additional modeling of busbar metallization losses was not included. The Butterfly module
configuration with three bypass diodes was selected. This configuration yields a nominal power output
of 𝑃𝑆𝑇𝐶 = 605W, which is consistent with the datasheet specification.

Simulations
The simulations in the PVMD Toolbox were performed using the Delft Blue supercomputer [104]. The
Electric.OUTPUT variable was stored for analysis, providing the energy yield of a single module,
denoted as 𝐸𝑌𝑠𝑖𝑚. The total energy yield for a water body was then calculated using Equation 4.2. Sub-
sequently, Equation 4.3 was applied to determine the total scenario yield, and Equation 4.4 to compute
the specific yield.

𝐸𝑌𝑤𝑎𝑡𝑒𝑟_𝑏𝑜𝑑𝑦 = 𝐸𝑌𝑠𝑖𝑚 ⋅ 𝑁𝑝𝑎𝑛𝑒𝑙𝑠 (4.2)

𝐸𝑌𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 =∑𝐸𝑌𝑤𝑎𝑡𝑒𝑟_𝑏𝑜𝑑𝑦[𝑇𝑊ℎ] (4.3)

𝑆𝑌𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 =∑
𝐸𝑌𝑤𝑎𝑡𝑒𝑟_𝑏𝑜𝑑𝑦
𝑃𝑤𝑎𝑡𝑒𝑟_𝑏𝑜𝑑𝑦

[𝑘𝑊ℎ/𝑘𝑊𝑝] (4.4)
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The water bodies were linked to their corresponding element IDs and associated FIDs (feature IDs
from QGIS). The element ID was primarily used to link the QGIS output to the PVMD Toolbox. The
outputs generated by the PVMD Toolbox were labeled using the corresponding element IDs, allowing
them to be directly associated with the original elements for further analysis. To analyze the spatial
variability of suitable floating photovoltaic (FPV) locations, the CSV layer was first added to QGIS and
connected to the original dataset using the corresponding FID. In the Properties panel under Joins, a join
was performed based on matching FIDs, which allowed the specific yield values to be added as a new
column in the attribute table. Subsequently, an IDW interpolation was carried out, using the provincial
boundary layer as an overlay, with a pixel resolution of 10,000 by 10,000.

4.3. Results
The energy yield (EY) and specific yield (SY) for the nine scenarios are summarized in Table 4.4. It can
be observed that, although the total energy yield is highest for Scenario 1, its specific yield is significantly
lower compared to the other scenarios.

Table 4.4: Energy yield of FPV system for distinct scenarios, where EY is the total energy yield in TWh, SY is the specific yield in
kWh/kWp, with 𝑆𝑌𝜇 representing the mean value, and SY Range the range across water bodies.

Coverage scenario
Scenario 5% 10% 15%

EY 𝑆𝑌𝜇 SY Range EY 𝑆𝑌𝜇 SY Range EY 𝑆𝑌𝜇 SY Range

Scenario 1 1.3 859 814-924 3.1 859 814-930 4.8 858 814-929
Scenario 2 0.6 918 866-992 1.5 914 866-992 2.4 914 866-992
Scenario 3 0.3 1047 1005-1124 0.8 1042 981-1124 1.0 1041 981-1124

Figure 4.3a presents the total energy yield per scenario. Scenario 1 (blue line) results in the highest
energy output, ranging from approximately 1.3 TWh to 4.9 TWh. Scenario 2 (orange line) has an energy
yield output ranging from 0.6 TWh to 2.5 TWh. In contrast, Scenario 3 (green line) requires larger
spacing between panels, resulting in fewer installed panels and therefore lower total yield, ranging from
approximately 0.3 TWh to 1.0 TWh. Figure 4.3b shows that the mean specific yield remains nearly
constant for each scenario and is not influenced by the percentage. Scenario 1 yields approximately
860 kWh/kW𝑝, Scenario 2 around 915 kWh/kW𝑝, and Scenario 3 about 1045 kWh/kW𝑝.

(a) Total energy yield per scenario (b) Specific yield per scenario

Figure 4.3: Energy yield results

In Appendix B.6 the spatial variation across the country for the three Scenarios are visualized for
a range from 810-1130 kWh/kWp, showing that Scenario 3 performs best. Using a smaller range of
Scenario 2, 15% coverage (866-992 kWh/kWp) reveals the spatial variability of the Specific yield better,
see Figure 4.4. The best results in mean Specific yield is found to be 968.2 in the province Zeeland,
And the lowest 𝑆𝑌𝜇 is found in the province Groningen of 892.9.
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Figure 4.4: Spatial variability for Specific yield for Scenario 2 at 15 % FPV coverage

The monthly variation in specific yield for a single water body, illustrated in Figure 4.5, provides more
insights into performance trends. Scenarios 2 and 3 exhibit better specific yields despite the irradiation
losses below the 14.4∘ solar altitude threshold. It was observed that, except the winter months: Scenario
3 achieves the highest monthly specific yield for most of the year, Scenario 2 demonstrates a moderate
increase in yield, while Scenario 1 consistently produces the lowest monthly specific yield.

Figure 4.5: Monthly specific yield for three scenarios for the water body denoted as “element 10” [53.17, 6.57] (Groningen)

The generated energy yield distribution per province is illustrated for Scenario 2, 10% coverage in
Figure 4.6. The provinces with the lowest share in the generated energy are: 5. Flevoland (3.4%) and
10. Zeeland (3.7%). The provinces with the highest share in the generated energy are: 9. Zuid-Holland
(17.1%), 11. Limburg (14.6%) and 6. Gelderland (10.8%). These provinces correspond to the allocated
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surface area 𝐴𝑎𝑙𝑙𝑜𝑐 (Figure 3.6).

Figure 4.6: Total energy yield 𝐸𝑌 per province in the Netherlands for Scenario 2, 10% coverage.

4.4. Discussion
The estimated energy yield of floating photovoltaic (FPV) systems is strongly influenced by the suitability
of the areas identified in Research Question 1. If these areas are suboptimal, the resulting FPV energy
yield will decrease. In addition to site selection, the assumed system conditions play a critical role in
determining overall performance.

Several simplifying assumptions were made in this study. For instance, wave induced losses and
soiling effects were excluded, and the albedo was assumed to be a constant value of 10.3%. In real-
ity, wave-induced losses and soiling would reduce the energy yield, whereas albedo may increase it.
Specifically, albedo could be higher due to pontoon reflectivity and may vary depending on water condi-
tions. When accounting for temporal variation, albedo tends to be lower in summer than in winter, which
may lead to higher bifacial gain and energy yield during winter months and slightly reduced performance
in summer.

Horizon obstruction was not evaluated for the selected sites, although it may influence the shading
factor in Scenarios 1, 2, and 3. Scenario 1 assumes no shading losses due to surrounding vegetation,
whereas Scenarios 2 and 3 account only for losses related to the design sun altitude angle. A different
choice of sun altitude angle would alter shading losses and, consequently, the estimated energy yield.

Additional uncertainties arise from the use of Meteonorm weather data. The selected weather sta-
tions may be located far from the sites, making the interpolation process highly influential. The in-
verse distance weighting (IDW) interpolation method used in this study exhibited root mean square
error (RMSE) values during leave-one-out cross-validation (LOOCV), indicating potential inaccuracies.
Site-specific measurements would improve the reliability of FPV system modeling.

For the thermal analysis, the Faiman model for open-structure systems reported in the literature was
applied [76]. If the actual thermal behavior of the FPV system deviates from this model, the resulting
energy yield estimates may differ. Therefore, experimental validation of the thermal model is recom-
mended.

The electrical performance is fully dependent on the selected FPV module and its datasheet speci-
fications. Variations in module characteristics may lead to different energy yield outcomes.

Overall, the simulated specific yield ranges from 860 kWh/kWp (Scenario 1) to 1,045 kWh/kWp (Sce-
nario 3). Direct comparison with historical data is challenging. For example, annual specific yields re-
ported in 2017 ranged from 800 to 940 kWh/kWp [105], whereas higher values of 880–1,020 kWh/kWp
were observed in 2016. These differences reflect interannual variability in solar resources, which is
smoothed when using Typical Meteorological Year (TMY) data. Similarly, the Global Solar Atlas [106],
which also relies on TMY data, estimates a higher range of 996.5–1,117 kWh/kWp. Based on these esti-
mates, only Scenario 3 demonstrates a well-performing mean specific yield (1,045 kWh/kWp), whereas
Scenarios 1 (860 kWh/kWp) and 2 (915 kWh/kWp) fall below the benchmark defined by the Global Solar
Atlas. Nevertheless, uncertainty in annual specific yield persists, complicating direct comparisons.
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The total FPV energy yield is estimated to range from 0.3 TWh to 4.8 TWh. According to the IEA
[107], total PV electricity generation is 21.8 TWh in 2024. The total electricity generation is 123.8 TWh
in the Netherlands in 2024, from which 4.2 TWh is exported. This results in 119.6 TWh produced for
the country itself. The population in 2024 was 18.05 million inhabitants, and the electricity demand was
6.33 MWh/capita, this results in an distrubted efficiency 𝜂𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 of 95.5%, Equation 4.5.

𝜂𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 =
𝐸𝑑𝑒𝑚𝑎𝑛𝑑−𝑁𝐿
𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑−𝑁𝐿

= 6.33 ∗ 18.05 ∗ 106
119.6 ∗ 106 = 95.5% (4.5)

To estimate the FPV contribution for the current year (2026), the generated DC energy yield is converted
to AC energy yield by applying the performance ratio (PR) in Equation 4.6. Assuming a PR of 0.786
[108], and the Scenario 1, 15% DC energy yield of 4.8 TWh, this corresponds to 3.8 TWh of AC yield.
Assuming a population of 18.4 million [15] and an electricity consumption of 6.33 MWh per capita [107],
the FPV share is calculated in Equation 4.7 is 3.1%.

𝐸𝑌𝐴𝐶 = 𝐸𝑌𝐷𝐶 × 𝑃𝑅 (4.6)

𝑆ℎ𝑎𝑟𝑒𝐹𝑃𝑉[%] =
𝐸𝑌𝐴𝐶 × 𝜂𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑
𝐸𝑑𝑒𝑚𝑎𝑛𝑑−𝑁𝐿−2026

= 3.8 × 95.5%
6.33 × 18.4 = 3.1% (4.7)

Finally, regional differences in energy yield are evident. Provinces such as Noord-Holland, Zuid-
Holland, and Utrecht have the highest population densities [109]. In Scenario 2, with 10% coverage,
these provinces contribute approximately 30.6% of the total generated energy, highlighting spatial vari-
ability in FPV potential. The implementation of FPV systems near areas of high electricity demand (i.e.,
densely populated regions) is preferable, as it reduces transmission losses.

4.5. Conclusion
Overall, the results demonstrate that the energy yield was successfully calculated for the suitable water
body areas from Research Question 1. Based on the defined scenarios, the Datasheet of the selected
FPV module, the selected external conditions and the applied interpolation technique IDW (inverse dis-
tance weighting) to coordinates of the suitable FPV locations, the PVMD Toolbox was run for the five
modules to estimate the DC energy yield.

As a result, the total FPV energy yield spans approximately 0.3 to 4.8 TWh. The mean FPV specific
yield is for Scenario 1, 2 and 3, 859, 915, 1045 respecitvely. The spatial variability accross the country
varies for the specific yield: in the southern provinces: Zeeland and Limburg the highest SY is found, in
the northern province Groningen the lowest SY is found.

With these results, the second research question can be answered: the total energy yield of suitable
FPV systems in the Netherlands ranges from 1.3 to 4.8 TWh for Scenario 1, from 0.6 to 2.4 TWh for
Scenario 2, and from 0.3 to 1.0 TWh for Scenario 3.
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Conclusion

This research assessed the potential of floating photovoltaic (FPV) systems on inland waters in the
Netherlands through a scenario-based analysis of key system design parameters, including tilt angle,
distance from shore, and surface coverage. By integrating spatial analysis with energy yield modelling,
the study evaluated both the technical feasibility and the potential contribution of FPV to the national
energy system.

The results show that the available inland water dataset can be effectively refined into suitable de-
ployment areas through the application of spatial and technical constraints, including exclusion zones,
minimum capacity requirements, and system configuration parameters. Depending on the scenario as-
sumptions, the allocated surface area for FPV deployment ranges from 3.7 to 27.7 km2, of which 1.1 to
23.9 km2 is effectively occupied by PV modules. This corresponds to an estimated installed capacity of
0.3 to 5.6 𝐺𝑊𝑝. Although this represents only a small fraction (approximately 0.7%) of the total inland
water area in the Netherlands, it demonstrates that a measurable spatial potential for FPV exists within
existing constraints.

The corresponding annual energy yield is estimated to range from 0.3 to 4.8 TWh. The results indi-
cate a strong dependence of total energy production on spatial availability, with scenarios that maximize
deployable area achieving the highest total output. At the same time, a clear trade-off is observed be-
tween total energy yield and specific yield: lower tilt angles enable higher installation density and overall
production, whereas steeper tilt angles result in higher specific yields but reduced spatial potential. Re-
gional differences in solar resource availability further influence system performance, with higher specific
yields observed in the southern regions of the country compared to the north. From a national perspec-
tive, the contribution of FPV remains modest but relevant. The most favorable scenario could supply
3.1% of the current electricity demand in the Netherlands.

In conclusion, FPV systems present a promising opportunity for renewable energy generation in the
Netherlands. Even under conservative coverage assumptions, they can make a relevant contribution
to national electricity production. However, the optimal design depends on the chosen objective: priori-
tizing specific yield improves cost efficiency through reduced installed capacity requirements, whereas
prioritizing total energy yield maximizes overall electricity generation.
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Recommendations

As the research questions of this thesis have been successfully addressed, several directions for future
work can be identified to improve model accuracy and broaden the applicability of the results.

A first important step is the validation of spatial and environmental assumptions through on-site as-
sessments. For individual water bodies, the influence of surrounding vegetation on solar availability
should be evaluated, and site-specific horizon reconstruction could improve the accuracy of solar re-
source estimation. In addition, direct field measurements of key parameters, such as surface albedo,
would help verify whether the assumed values are representative of inland water conditions.

Further improvement is also possible in the modelling of meteorological inputs. The interpolation of
variables such as Direct Normal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI), Global Horizontal
Irradiance (GHI), ambient temperature, and wind speed introduces uncertainty. Comparing interpolated
datasets with measurements from ground-based weather stations would allow for a more robust quan-
tification of model accuracy, for example through Root Mean Square Error (RMSE) analysis.

Several physical processes excluded from this study also warrant further investigation. Temporal
variations in albedo, bifacial gain effects caused by pontoon structures, and the applicability of the open
FPV configuration within the Faiman thermal model may all influence energy yield estimates. In addi-
tion, wave-induced losses represent a potentially relevant factor that should be quantified. Ultimately,
experimental validation using operational FPV systems would provide valuable data to calibrate model
parameters and improve predictive reliability.

Beyond technical validation, future research could incorporate an economic assessment of the differ-
ent scenarios to evaluate cost-effectiveness under varying design objectives and policy priorities. This
would allow for a more comprehensive comparison of FPV configurations in terms of both energy output
and financial performance.

Finally, the methodology developed in this thesis could be extended to other geographical contexts.
In countries with greater topographical variation, elevation effects may significantly influence site suit-
ability and solar exposure. Furthermore, in regions with hydropower infrastructure, hybrid FPV systems
on reservoirs and dams may offer additional opportunities for renewable energy integration.
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A.1. Selection of FPV system
The FPV panel is selected as JAM72D40-605W bifacial module (JA Solar) for this study. The 4P25S (4
Parallel, 25 Series) configuration was selected for this study (Figure A.1). The 𝑊𝑚𝑜𝑑 contains 4 panels
in parallel (𝑊𝑚𝑜𝑑 = 4 × 𝑊𝑝𝑎𝑛𝑒𝑙), while the 𝐿𝑚𝑜𝑑 25 in series (𝐿𝑚𝑜𝑑 = 25 × 𝐿𝑝𝑎𝑛𝑒𝑙). To limit system
complexity, a fixed-tilt, south-oriented configuration (shown in Figure A.1: Side view𝑊𝑚𝑜𝑑) was adopted
instead of tracking systems. A landscape-oriented configuration was adopted, as it provides improved
performance [39].

Figure A.1: 4P25S configuration: system top and side views
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The 4P25S configuration was found by obtaining the number of modules per string 𝑁𝑠𝑡𝑟𝑖𝑛𝑔 to be
under the inverter voltage constraint Equation A.1.

𝑉𝑚𝑎𝑥 = 𝑁𝑠𝑡𝑟𝑖𝑛𝑔 × 𝑉𝑜𝑐 × [1 + (𝛽𝑉𝑂𝐶 × (𝑇𝑚𝑖𝑛 − 25∘C))] (A.1)

Using a maximum inverter voltage of 1500 V, 𝑉𝑜𝑐 = 53 V, 𝛽𝑉𝑂𝐶 = −0.25%/∘C (Datasheet in Ap-
pendix), and for the minimum temperature the coldest recorded temperature of −27.4∘C [110] was used,
the maximum string length was determined as 𝑁𝑠𝑡𝑟𝑖𝑛𝑔 = 25. This amount of modules per string even
allowed a lower temperature of −27.83∘C.

A.2. Power Density calculation
Power density depends on module spacing, which is governed by tilt angle and shading constraints.
Module spacing consists of a 0.01 m intermodule gap (𝑊𝑔𝑎𝑝1) and a 0.6 m walkway intended for main-
tenance (𝑊𝑔𝑎𝑝2), as is illustrated in Figure A.1. The intermodule gap was set to 0.01 m to facilitate
the ventilation and heat dissipation of the module based on [111], while the maintenance gaps were
required to be a minimum of 0.05 m [112]. As a result, the panel length remains constant at 2.312 m
(Equation A.2), with 𝐿𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 = 2.278, whereas the panel width (Equation A.3) varies depending on
the shading gap. The tilt width and shading width where defined as: 𝑊𝑡𝑖𝑙𝑡 = 𝑊𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 × 𝑐𝑜𝑠(𝑡𝑖𝑙𝑡),
𝑊𝑠ℎ𝑎𝑑𝑖𝑛𝑔 = 𝑊𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 ×

𝑠𝑖𝑛(𝑡𝑖𝑙𝑡)
𝑡𝑎𝑛(𝛼) .When the shading gap is sufficiently large to accommodate both the

maintenance and intermodule gaps, the additional spacing is incorporated within the shading gap itself.
As illustrated in Figure A.2, Scenarios 2 and 3 efficiently utilize the shading gap, whereas Scenario 1
does not.

𝐿𝑝𝑎𝑛𝑒𝑙 = 𝐿𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 +𝑊𝑔𝑎𝑝1 +
𝑊𝑔𝑎𝑝2
25 (A.2)

𝑊𝑝𝑎𝑛𝑒𝑙(𝛼𝑐𝑎𝑝) = {
𝑊𝑡𝑖𝑙𝑡 +𝑊𝑠ℎ𝑎𝑑𝑖𝑛𝑔 if𝑊𝑠ℎ𝑎𝑑𝑖𝑛𝑔 > 0.61

𝑊𝑡𝑖𝑙𝑡 +𝑊𝑠ℎ𝑎𝑑𝑖𝑛𝑔 +𝑊𝑔𝑎𝑝1 +
𝑊𝑔𝑎𝑝2
4 otherwise

(A.3)

Figure A.2: Side view of 𝑊𝑚𝑜𝑑(𝛼𝑐𝑎𝑝) per scenario, showing that Scenario 2, 3 shading gap utitizes maintenance gap and inter-
module spacing effectively

Selection of Design Solar Altitude
To balance irradiance losses and power density, a sensitivity analysis was performed using Meteonorm
data from De Bilt. The POA irradiance was calculated with an albedo of 10.3%. Figure A.3 illustrates the
trade-off between annual POA irradiance and power density for varying solar altitude thresholds. The
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left graph shows that reducing the design sun altitude, results in higher irradiance POA outputs, while
the right graph shows that the power density reduces significantly. A design solar altitude of 14.4∘ (solar
noon at winter solstice) was selected, as it provides a reasonable compromise between energy yield
(≈ 980𝑘𝑊ℎ/𝑚2) and spatial efficiency (≈ 117𝑊/𝑚2 for Scenario 2) (Table A.1).

Figure A.3: Trade-off between POA irradiance losses and power density for weather station De Bilt

Table A.1: Simulated scenarios with selected sun altitude of 14.4∘

Scenario Tilt angle Cap Annual POA POA loss Power Density
14.4∘ [kWh/m2] [%] [W/m2]

Scenario 1 0∘ No 989.90 0 202.22
Scenario 2 15∘ Yes 978.69 7.54 116.90
Scenario 3 38∘ Yes 982.44 8.22 72.43

A.3. QGIS interface
The QGIS interface is shown in Figure A.4.

Figure A.4: Example of QGIS interface
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Themain components of the interface include the Layers Panel on the left-hand side, where individual
layers can be activated or deactivated to display them on the map. Some layers are highlighted to
indicate specific areas, such as military zones, heritage sites, and suitable areas. On the right-hand
side, the Processing Toolbox is displayed. This toolbox contains numerous tools for spatial analysis
and data processing, such as Vector Geometry (buffer), Vector Overlay (enabling Difference function to
remove unsuitable areas from the data set).

An essential step in the workflow is importing the data using the Data Source Manager. This tool
allows the user to select the appropriate data format, such as vector data, GeoPackage data, or raster
data. For the KML data obtained from Overpass Turbo, the vector data import option is used. Then, the
imported KML data is converted to GeoPackage format using the Fix Geometries function available in
the Processing Toolbox. Converting the data to GeoPackage format ensures correct geometry handling
and improves the reliability of further spatial analysis.

A.4. Overpass Query
A.4.1. Water data
The query for Overpass Turbo for each province to obtain water bodies.
[ out : json ] [ t imeout : 6 0 ] ;
/ / example f o r prov ince Zeeland , t h i s name i s changed f o r the other 11 prov inces to t h e i r corresponding name
area [ ” name”= ” Zeeland ” ] [ ” boundary ”= ” adm in i s t r a t i v e ” ] [ ” admin_level ”= ”4 ” ] − > . searchArea ;
/ / f i n d na tu ra l =water
/ / exc lud ing ce r t a i n cases : f low , boats , unsu i tab le waters . . .
nwr [ ” na tu ra l ”= ” water ” ]

[ ” seamark_type ” ! ~ ” ^ ( harbour | harbour_basin ) $ ” ]
[ ” seamark_harbour_category ” ! = ” marina ” ]
[ ” harbour ” ! = ” yes ” ]
[ ” landcover ” ! = ” grass ” ]
[ ” wetland ” ! = ” wet_meadow ” ]
[ ” water ” ! ~ ” ^ ( r i v e r | canal | stream | oxbow | d i t c h | lock | f i sh_pass | wastewater |
harbour | moat | s t ream_poo l_ re f l ec t i ng_poo l | swale | sewage ) $ ” ]
[ ” waterway ” ! ~ ” ^ ( r i v e r | r i ve rbank | stream | t i da l_channe l | canal | d ra in | d i t c h |
pressur ised | fa i rway | boatyard |dam| wei r | w a t e r f a l l | lock_gate | t u r n i ng_po i n t |
water_po in t | f u e l | soakhole ) $ ” ]
[ ” boat ” ! = ” yes ” ]
[ ” sh ip ” ! = ” yes ” ]
[ ” landuse ” ! ~ ” ^ ( aquacu l ture | farmland | grass | harbour | po r t | i n d u s t r i a l | m i l i t a r y ) $ ” ]
[ ” amenity ” ! = ” boat_storage ” ]
[ ” t i d a l ” ! ~ ” ^ ( yes | i n t e rm i t t e n t ) $ ” ]
[ ” l e i s u r e ” ! ~ ” ^ ( harbour | nature_reserve | marina | paddl ing_pool | playground | water_park ) $ ” ]
( area . searchArea ) ;

out geom;

A.4.2. Unsuitable Areas
Obtain unsuitable areas:

1. Military areas

2. Protected areas

3. Airports

4. Herritage sites

5. Archaeological sites

6. Fairway

7. Aquaculture zones

/ / M i l i t a r y areas i n the Nether lands
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / f i n d nodes / ways / r e l a t i o n s tagged as m i l i t a r y landuse or m i l i t a r y bases
(
node [ ” landuse ”= ” m i l i t a r y ” ] ( area . nether lands ) ;
way [ ” landuse ”= ” m i l i t a r y ” ] ( area . nether lands ) ;
r e l a t i o n [ ” landuse ”= ” m i l i t a r y ” ] ( area . nether lands ) ;

node [ ” m i l i t a r y ”= ” base ” ] ( area . nether lands ) ;
way [ ” m i l i t a r y ”= ” base ” ] ( area . nether lands ) ;
r e l a t i o n [ ” m i l i t a r y ”= ” base ” ] ( area . nether lands ) ;
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node [ ” m i l i t a r y ”= ” range ” ] ( area . nether lands ) ;
way [ ” m i l i t a r y ”= ” range ” ] ( area . nether lands ) ;
r e l a t i o n [ ” m i l i t a r y ”= ” range ” ] ( area . nether lands ) ;

) ;
out geom;

/ / Protected areas
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / gather r e s u l t s
nwr [ ” boundary ”= ” protected_area ” ] ( area . nether lands ) ;
/ / p r i n t r e s u l t s
out geom;

/ / A i r p o r t
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / gather r e s u l t s
nwr [ ” aeroway ”= ” aerodrome ” ] ( area . nether lands ) ;
/ / p r i n t r e s u l t s
out geom;

/ / Her i tage
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / gather r e s u l t s
nwr [ ” he r i t age ” =2 ] ( area . nether lands ) ;
/ / p r i n t r e s u l t s
out geom;

/ / Archaeo log ica l s i t e s
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / gather r e s u l t s
nwr [ ” h i s t o r i c ”= ” a r chaeo l og i ca l _s i t e ” ] ( area . nether lands ) ;
/ / p r i n t r e s u l t s
out geom;

/* Fairway
* /[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;
/ / gather r e s u l t s
nwr [ ” waterway ”= ” fa i rway ” ] ( area . nether lands ) ;
/ / p r i n t r e s u l t s
out geom;

/ / aquacul turezones i n the Nether lands
[ out : json ] [ t imeout : 6 0 ] ;
/ / de f ine count ry by ISO code
area [ ” ISO3166−1”=”NL” ] − >. nether lands ;

nwr [ ” landuse ”= ” aquacu l ture ” ] ( area . nether lands ) ;

/ / r e t u rn f u l l geometry
out geom;

A.5. Step 1. C Validation
A spatial overlap analysis was performed using the Vector Analysis: Overlap Analysis tool in QGIS. The
filtered OSM dataset was used as the input layer and the Watertypenkaart 2013 as the overlay layer.
During this step, one OSM feature of the National Water Data contained an invalid geometry and was
removed, resulting in 290,206 elements used for analysis.
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Figure A.5: Workflow validation OSM data

The tool calculated, for each OSM feature, the percentage of its area intersecting with the classi-
fied water map (Equation A.4). The overlap ratio ranges from 0–100%, where 0% indicates no spatial
intersection and 100% indicates complete spatial agreement.

𝑂𝑣𝑒𝑟𝑙𝑎𝑝_𝑟𝑎𝑡𝑖𝑜 = 𝐴𝑟𝑒𝑎_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙_𝑎𝑟𝑒𝑎_𝑜𝑓_𝑂𝑆𝑀_𝑤𝑎𝑡𝑒𝑟_𝑏𝑜𝑑𝑦 ⋅ 100 (A.4)

To assess the statistical distribution of spatial agreement, overlap ratios were grouped in 10% inter-
vals using attribute filtering (e.g., (”watertypenkaart_pc” > 10) AND (”watertypenkaart_pc” <= 20)). A
histogram was used to evaluate the frequency distribution of overlap ratios, while a cumulative distribu-
tion function (CDF) was used to assess cumulative proportions.

Based on the distribution characteristics, overlap ratios were classified into three agreement cate-
gories:

Category Overlap ratio (PC)
Full 90–100%
Partial 50–90%
None <50%

An example of water bodies with different overlap ratios is presented in Figure A.6. The calculated
overlap ratios for the seven identified features are:(1) 79.8%, (2) 81.8%, (3) 96.0%, (4) 85.0%, (5) 0%,
(6) 97.2%, and (7) 31.6%. Based on the defined thresholds, water bodies 3 and 6 fall into the Full
agreement category (90–100%), water bodies 1, 2, and 4 into the Partial category (50–90%), and water
bodies 5 and 7 into the None category (<50%).

Figure A.6: Example of the spatial overlap analysis near Vlaardingen, Zuid-Holland (51.94°N, 4.32°E). Seven OSM water bodies
are displayed with overlap ratios of (1) 79.8%, (2) 81.8%, (3) 96.0%, (4) 85.0%, (5) 0%, (6) 97.2%, and (7) 31.6%, illustrating the
Full (90–100%), Partial (50–90%), and None (<50%) agreement categories.
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To assess the spatial consistency of the filtered OSM water dataset, it was compared with the Wa-
tertypenkaart 2013. The distribution of overlap ratios between the filtered OSM water dataset and the
Watertypenkaart 2013 is presented in Figure A.7. The histogram (Figure A.7a) reveals a pronounced
bimodal pattern. Approximately 50% of the features fall within the 0–10% overlap range, indicating little
to no spatial correspondence with the classified water map. The cumulative distribution function (CDF)
(Figure A.7b) confirms that half of all features exhibit minimal overlap. In contrast, a substantial pro-
portion of features (approximately 35%) show very high spatial agreement (90–100%). Features with
intermediate overlap (10–90%) are comparatively rare, accounting for roughly 15% of the dataset.

(a) Histogram of overlap ratio (b) Cumulative distribution function (CDF)

Figure A.7: Distribution of feature-level overlap ratios between filtered OSM water and classified water map.

To further quantify spatial agreement, overlap ratios were grouped into three categories: full (90–
100%), partial (50–90%), and none (<50%) coverage (Table A.2). More than half of the OSM features
(54.9%) fall into the ”none” category, while 34.5% demonstrate full spatial agreement. Only 10.6% of
features exhibit partial overlap. However, when considering total area instead of feature count, a different
pattern emerges. Although only one-third of the features fall into the full-overlap category, these account
for 87.8% of the total OSM water area. In contrast, the large number of low-overlap features contributes
only 271.23 km2. This indicates that spatial inconsistencies are primarily associated with small water
bodies, while the majority of the total water surface area shows strong agreement between datasets.
Therefore, the dataset is considered sufficiently reliable for large-scale FPV potential assessment.

Table A.2: Distribution of overlap ratio categories

Category Overlap ratio (PC) Count % Total area OSM [km2] %
Full 90–100% 100,262 34.5 3106.58 87.8
Partial 50–90% 30,755 10.6 159.7 4.5
None <50% 159,189 54.9 271.23 7.7
Total 290,206 100 3537.51 100

A.6. Site Selection Criteria
Establishing which site selection criteria are relevant for the Netherlands is essential for the identifi-
cation of the national restricted areas. Table A.3 presents long-term averages of the country’s terrain
and climatic parameters, which serve as a basis for defining the site-selection criteria relevant to FPV
deployment in the Netherlands.
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Table A.3: Long-term averages of terrain and climatic factors of the Netherlands

Variable Unit Range National Average Source

Daily GHI [kWh/(m2*day)] 2.75–3.04 2.86 [106]
Mean Temperature [∘C] 9.8–11.1 10.5 [106]
Terrain elevation [m] –8–286 11 [106]
Municipality population density [inhabitants/km2] 23–6,868 544 [15, 113]

Wind speed per region [km/h]

N: 14.4–21.2
E: 12.2–15.1
S: 11.2–15.1
W: 13–23

– [114]

The values in Table A.3 indicate that the Netherlands is characterized by limited spatial variability
in solar irradiation, low and relatively uniform terrain elevation, and moderate climatic conditions [115].
Global horizontal irradiation (GHI) varies only marginally across the country, while elevation and terrain
slope are negligible factors due to the predominantly flat landscape. As a result, commonly used ranking
criteria such as solar irradiation, elevation, and slope are unlikely to significantly differentiate FPV suit-
ability at the national scale. Consequently, FPV site selection in the Netherlands is primarily governed by
the availability of water bodies and by legal or functional restrictions. Exclusion criteria therefore play a
dominant role, as they eliminate areas that are unsuitable for FPV deployment, such as protected areas
as Natura 2000 zones or water bodies with intensive navigation functions. Ranking criteria, in contrast,
would only marginally affect site prioritization under these conditions and are therefore not emphasized
in this study.

Based on the literature review, exclusion criteria related to protected areas, heritage sites, military
zones, archeological zones, airport zones, aquaculture zones and shipping routes are applied through
the exclusion of the occupied areas. For airport zones, a 2.5 km safety buffer is applied to mitigate
potential glare impacts on aviation operations [116]. Similarly, for archaeological zones a buffer zone
of 2 km is employed. Furthermore, a distance of 50 m from the shoreline buffer zone is implemented.
In Table A.4 an overview is given of the literature review’s exclusion criteria and their implementation in
this study.

Table A.4: Site selection criteria for floating photovoltaic (FPV) deployment based on literature review

Criterion Implementation in this
study

Applied buffer

Legal and Regulatory Constraints

Protected areas Implemented (excluded) None
Archaeological areas Implemented (excluded) 2 km
Historical, cultural, and heritage sites Implemented (excluded) None
Military exercise areas Implemented (excluded) None
Airports Implemented (excluded) 2.5 km

Land and Water Use Constraints

Ports and shipping routes Implemented (excluded) None
Aquaculture zones Implemented (excluded) None
Water body function (sea areas, ship-
ping routes)

Implemented (excluded) None

Water body surface boundary change Implemented (intermittent
water bodies excluded)

None

Environmental and Physical Constraints

Distance from shoreline Implemented Depends on Sce-
nario

Water depth Indirectly addressed via
shoreline buffer

Not applicable

Continued on next page
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Table A.4 – continued from previous page
Criterion Implementation in this

study
Applied buffer

Wind speed Not implemented (insuffi-
cient relevance at national
scale)

–

Terrain slope Not implemented (floating
systems)

–

Extreme weather Not implemented (difficult
to assess spatially)

–

Technical and Energy-related Criteria

Water surface area Implemented through
coverage scenarios (5,
10, 15%)

–

Daily solar irradiation Not implemented (limited
spatial variability in the
Netherlands)

–

Capacity factor Not implemented (derived
in later analysis)

–

Socio-economic and Infrastructure Criteria

Distance to residential areas Not implemented –
Distance to roads and railways Not implemented –
Distance to grid connection Not implemented –

Excluded or Non-relevant Criteria

Sites of Community Interest (SIC) Not implemented (over-
laps with protected areas)

–

Drinking water protection areas Not implemented –
Areas of high landscape value Not implemented –
Oil and gas exploration blocks Not implemented –
Areas licensed for hydrocarbon explo-
ration

Not implemented –

Offshore renewable energy project
zones

Not implemented –

Gross head Not relevant for FPV –
Water body volume Not relevant for FPV –
Length–height ratio Not relevant for FPV –
Distance from gravel grounds Not implemented –

A.7. Datasheet selected FPV module
See next page.







B
Appendix Energy yield

B.1. Shading impact analysis
The solar altitude analysis to determine the impact of the shading of the surrounded trees is explained
in this section. The first step was to perform the tree height analysis of the 9 Scenarios in QGIS. To
look at all the water bodies at once, the resulting elements of the scenarios of research question 1 were
merged into a single dataset with Union tool. The following layers: Scenario 1, 5% (289), Scenario
1, 10% (534), Scenario 1, 15% (645), Scenario 2, 5% (149), Scenario 2, 10% (297), Scenario 2, 15%
(371), Scenario 3, 5% (71), Scenario 3, 10% (141), Scenario 3, 15% (139) were resulted in a unioned
layer of 1636 elements. After applying the Extract by Location tool using the original water body layer
(290,207 elements), 665 elements remained.

A multi-ring buffer was then generated around these elements with distances of 8 m, 16 m, and 24
m. This resulted in three buffer zones, for which the mean distances from the lake were 4 m, 12 m, and
20 m, respectively. Using tree height data from RIVM [90], zonal statistics were applied to each buffer
layer. The corresponding average tree heights were found to be 5.93 m, 6.48 m, and 6.63 m.

The solar altitude angle (𝛼) was calculated as a function of tree height and horizontal distance be-
tween the trees and the FPV system using Equation B.1. In this equation, the distance represents the
sum of the mean buffer distance and the additional offset distance defined for each scenario. The offset
distance was defined as the inner buffer distance: 25 m for Scenario 1, 50 m for Scenario 2, and 100 m
for Scenario 3.

𝛼 = tan−1 (Tree HeightDistance ) (B.1)

The resulting solar altitude angles are presented in Table B.1.

Table B.1: Solar altitude angles based on tree height and distance for different scenarios

Distance Tree height Solar altitude angle [∘]
mean [m] mean [m] Scenario 1 (-25 m) Scenario 2 (-50 m) Scenario 3 (-100 m)
4 5.93 11.56 6.27 3.26
12 6.48 9.93 5.97 3.31
20 6.63 8.38 5.41 3.16

For Scenarios 2 and 3, panel tilt angles are incorporated into the system design. These configurations
require increased spacing between panel rows, as discussed in Appendix A.2. A trade-off between
power density and shading losses resulted in a selected design solar altitude of 14.4∘. Since this value
exceeds all calculated solar altitude angles in Table B.1, shading from surrounding trees is considered
to be implicitly accounted for.

In contrast, Scenario 1 assumes a PV tilt angle of 0∘, which is not influenced by the design solar
altitude angle, but by the external shading. The initial analysis Table B.1 assumes that the FPV system
is located at the edge of the inner buffer zone. However, the system may be positioned farther away
from the shoreline, reducing shading effects. Therefore, a second analysis was performed with the
inclusion of the positioning of FPV system, to assess the shading impact. The influence of FPV coverage
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was evaluated for 5%, 10%, and 15% scenarios. Assuming a square-shaped installation area, the
characteristic distance was approximated as √area/2. The effective distance was then calculated using
Equation B.2:

Distance = Mean Distance + (√area100%2 − √areaFPV−𝑥%2 ) (B.2)

Applying this refined distance in Equation B.1 resulted in the average shading angles for Scenario
1, as presented in Table B.2.

Table B.2: Average shading angles for Scenario 1 under different FPV coverage percentages

Coverage 0–8 m 8–16 m 16–24 m Overall Avg
5% 1.39 1.47 1.45 1.44
10% 2.06 2.14 2.09 2.10
15% 2.57 2.63 2.54 2.58

The refined shading angles are significantly smaller than those obtained from the initial analysis,
ranging between approximately 1.4∘ and 2.6∘. This reduction is explained by the increased effective
distance between the trees and the FPV system applied in the second approach.

B.2. Wave Induced Losses modelling
The dependence of the Fourier coefficients on the tilt angle was captured using exponential decay func-
tions, and all model parameters were estimated simultaneously using nonlinear least-squares regres-
sion. The resulting formulation, given in Equation B.3, expresses WIL as a function of the month of
the year 𝑡, the tilt angle 𝛽, and the angular frequency 𝜔 = 2𝜋

12 . The Python code used to estimate the
coefficients is provided in GitLab [93].

𝑦(𝑡, 𝛽) = (8.53𝑒−0.036𝛽) + (7.15𝑒−0.073𝛽) cos(𝜔𝑡) + (2.275𝑒−0.089𝛽) cos(2𝜔𝑡) (B.3)

Figure B.1 illustrates the seasonal variation in WIL obtained from this model, demonstrating a good
fit to the reported data.

Figure B.1: Wave-induced losses estimated from the data of [79] using a fitted Fourier series for two tilt angles.

Subsequently, WIL were incorporated into the hourly yield calculation, as shown in Equation B.4:

𝑃𝑎𝑐𝑡𝑢𝑎𝑙(ℎ) = 𝑃𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙(ℎ) × (1 −
𝑦(𝑡, 𝛽)
100 ) (B.4)
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B.3. Selection of surface albedo
According to [102, 103] the albedo can be modeled dynamically as a function of solar altitude (𝛼), wave
roughness coefficient (𝑟), and color coefficient (𝑐), as shown in Equation B.5 [102, 103], to capture the
daily and seasonal variations.

𝜌 = 𝑐(𝑟⋅sin(𝛼)+1) (B.5)

Selecting the conditions of inland waters with clear water without waves (𝑐 = 0.13, 𝑟 = 0.29) Equa-
tion B.5. The average daytime albedo (excluding solar altitude angles of 0) was modeled for the weather
stations. As shown in Table B.3, the average daytime albedo across the weather stations ranges be-
tween 10.3% and 10.4%. Figure B.2 illustrates the seasonal variation of the average daytime albedo at
De Bilt weather station. The Python code used to model the albedo is provided in GitLab [93].

Figure B.2: Daytime Albedo Variation (De Bilt)

Table B.3: Average Daytime Albedo for Weather Stations

Statistic Station Albedo [-]
Minimum Maastricht 0.103
Mean - 0.103
Maximum Groningen 0.104
Selected De Bilt 0.103

Despite the seasonal and daily variability, a constant albedo value was selected because the PVMD
Toolbox does not support time-varying albedo inputs. The sensitivity map of the PV module generated
within the PVMD Toolbox uses a constant albedo value. Making adjustments to perform this computation
for every hour of the year would be computationally intensive. The average daytime albedo at De Bilt
was chosen, as it is representative of the values observed across all stations. This value (10.3%) is also
consistent with the approximately 10% albedo reported by [101].

B.4. Meteorological data
B.4.1. Selection of meteorological data source
Two meteorological data sources were evaluated for this study:(1) Koninklijk Nederlands Meteorolo-
gisch Instituut (KNMI) weather station data (Figure B.3a), (2) Meteonorm version 7.2 (Figure B.3b). The
datasets differ in spatial coverage, completeness of irradiance components, and preprocessing require-
ments.

The KNMI operates 37 land stations and 14 offshore stations across the Netherlands [117]. Mea-
surements are recorded at 10-minute intervals and include temperature, relative humidity, wind speed,
pressure, precipitation, visibility, cloud cover, and global radiation. Despite the relatively dense station
network, several limitations exist:

1. The data of KNMI weather stations is presented in Actual Meteorological Years (AMY).

2. Direct Normal Irradiance (DNI) and Diffuse Horizontal Irradiance (DHI) are not measured directly.

Therefore, additional modeling is required to derive missing irradiance components.

As an alternative, Meteonorm version 7.2 was evaluated. Meteonorm provides all required param-
eters directly, including DNI and DHI. Meteonorm generates hourly Typical Meteorological Years (TMY)
based on long-term monthly averages using stochastic models. The database integrates approximately
8,325 weather stations worldwide, supplemented with satellite-derived data. In the Netherlands, a to-
tal of 34 meteorological locations were used, including both physical weather stations and interpolated
city locations, as well as one station situated near the German border (see Table B.4, next page). The
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(a) KNMI stations distribution (b) Meteonorm locations distribution

Figure B.3: Comparison between the distribution of the meteorological data locations

reported uncertainty of solar radiation data in Europe is approximately 3–5% [118]. Compared to KNMI
(Figure B.3), the spatial distribution of Meteonorm data points within the Netherlands is more dense and
more concentrated around urban areas.

Chosen Dataset
Meteonorm was selected as the primary dataset for this study. The main reason is that the objective of
this research is to estimate the long-term average energy yield of floating photovoltaic (FPV) systems.
For this purpose, a Typical Meteorological Year (TMY) is more appropriate than an Actual Meteorological
Year (AMY), as it avoids bias due to anomalous weather conditions in individual years.

To evaluate the performance of the Meteonorm dataset, measurements from the Baseline Surface
Radiation Network (BSRN) station in Cabauw [119] were used as reference. The minute-resolution
dataset from November 2005 was aggregated to hourly values. Short-wave downward radiation (SWD)
was assumed to represent GHI, direct radiation (DIR) as DNI, and diffuse radiation (DIF) as DHI. Since
inconsistencies were observed when verifying the irradiance balance equation, an adjusted GHI was
also calculated from DIR and DIF. Both reference GHI values were considered in the comparison. For
Meteonorm, only the DNI correction was required. Table B.5 summarizes the comparison.

Table B.5: Comparison of GHI, DNI, and DHI from different datasets with respect to reference. Values are shown as 𝑣𝑎𝑙𝑢𝑒±𝑒𝑟𝑟𝑜𝑟
(kWh/m² or %).

Dataset GHI [kWh/m² ± %] DHI [kWh/m² ± %] DNI [kWh/m² ± %] Mean error [%]

Reference 27.128, 26.475 ± - 16.887 ± - 35.942 ± - -
Meteonorm 7.2 24.935 ± -8.62, -6.15 17.102 ± 2.09 30.537 ± -14.91 -7.15, -6.3

The results show that Meteonorm exhibits deviations of 7% compared to the Cabauw reference.
This was expected since the Meteonorm provided TMY data that does not reproduce specific historical
months accurately. Still the error is accepted in this study.
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Table B.4: Geographical coordinates of the 34 Meteonorm meteorolog-
ical stations

Location Latitude (°N) Longitude (°E)
Almere 52.37 5.15
Amersfoort 52.15 5.38
Amsterdam 52.35 4.90
Arnhem 52.00 5.88
Bocholt* 51.83 6.53
Breda 51.58 4.77
Cabauw 51.96 4.93
De Bilt 52.10 5.18
De Kooy 52.92 4.78
Dordrecht 51.80 4.67
Eindhoven 51.43 5.50
Enschede 52.22 6.92
Geleen Sittard 50.97 5.83
Groningen Eelde 53.13 6.58
Groningen 53.22 6.58
Haarlemmermeer 52.30 4.70
Haarlem 52.38 4.63
Heerlen Kerkrade 50.90 5.98
Hilversum 52.23 5.18
Leiden 52.17 4.50
Maastricht 50.85 5.70
Nijmegen 51.83 5.87
Rotterdam 51.92 4.48
’s-Gravenhage 52.08 4.27
’s-Hertogenbosch 51.70 5.32
Tilburg 51.57 5.08
Utrecht 52.10 5.12
Velsen Beverwijk 52.47 4.63
Vlissingen 51.45 3.60
Wageningen 51.97 5.65
Zaanstad 52.45 4.82
Zaanstreek 52.40 4.75
Zoetermeer 52.07 4.50
Zuid-Limburg Beek 50.92 5.77
* Bocholt is located in Germany.

B.4.2. Adjustments for solar azimuth and solar altitude variables
The solar azimuth angle (𝐴𝑧) and solar altitude angle (ℎ𝑠) are obtained using pvlib calculations. The
values obtained from the weather stations were compared with the calculated values, revealing some
discrepancies. Therefore, adjustments were introduced to ensure consistency between the pvlib out-
puts and the Meteonorm data.

First, for the solar azimuth angle, Meteonorm defines 0∘ as South with a range of [−180∘, 180∘],
whereas pvlib defines 0∘ as North with a range of [0∘, 360∘]. To reconcile this difference, Equation B.6
was applied.

𝐴𝑧 = 𝐴𝑧(pvlib) − 180 (B.6)

However, this transformation resulted in a discontinuity: the first hour yielded positive values, while
the subsequent hour yielded negative values. To avoid this artificial jump, the first-hour values were
adjusted to negative values to align with the Meteonorm convention. A second adjustment concerns the
solar altitude angle. pvlib computes the solar elevation relative to the horizon, resulting in negative
values during nighttime. In contrast, Meteonorm assigns a value of zero during these periods. There-
fore, the solar altitude angle is clipped at zero to ensure consistency.
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To evaluate the effectiveness of these adjustments, a leave-one-out cross-validation (LOOCV) ap-
proach was applied to 34 weather stations, using 36 solar-noon data points distributed throughout the
year. The solar azimuth and altitude angles were calculated for each station and compared with the orig-
inal values. In Table B.6 the mean, minimum and maximum RMSE statistics are shown for the variables.
The RMSE values are quite low.

Table B.6: RMSE statistics across 34 weather stations for solar azimuth angle (𝐴𝑧) and solar altitude angle (ℎ𝑠)

Statistic 𝐴𝑧 (°) ℎ𝑠 (°)
Mean 0.3109 0.1827
Minimum 0.3075 0.1809
Maximum 0.3143 0.1840

The RMSE of the station closest to the average value is presented in Figure B.4. It can be seen that
the adjustments in pvlib result in a reliable model.

(a) Solar azimuth angle (𝐴𝑧) estimation (b) Solar altitude angle (ℎ𝑠) estimation

Figure B.4: Estimation of calculated variables after pvlib adjustments for LOOCV method at 36 days

B.4.3. Spatial interpolation
Before spatial interpolation was applied, the DNI correction was first required (Equation B.7)

𝐷𝑁𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐷𝑁𝐼

sin(ℎ𝑠)
(B.7)

The very low angles with ℎ𝑠 equal to 0, resulted in invalid values when this was tested on the Meteonorm
station de Bilt. Therefore the code has been changed to be equal to 0 below solar altitude angles below
2 degrees. Additionally the corrected DNI was limited to a maximum of 1500 W/m2. This value was
chosen because it is a probable limit. DNI is rarely that value.

To spatially align the other meteorological variables (𝐷𝑁𝐼, 𝐷𝐻𝐼, 𝑇𝑎 , 𝑣𝑤 , 𝐺𝐻𝐼) from Meteonorm stations
with the floating photovoltaic (FPV) sites, several interpolation techniques were evaluated. These meth-
ods estimatemeteorological variables at FPV locations based on observations from surrounding weather
stations. The following approaches were considered: (1) Baseline, (2) Inverse Distance Weighting
(IDW), (3) Radial Basis Function (RBF), and (4) Kriging.

The Baseline method combines linear interpolation with nearest-neighbor matching. When FPV lo-
cations lie between two meteorological data points along a defined spatial dimension, linear interpolation
is applied. In cases where interpolation is not feasible due to insufficient nearby stations, the value from
the nearest meteorological location is assigned to the FPV site.
The second method is the Inverse Distance Weighting (IDW) interpolation technique. IDW is a deter-
ministic method that estimates unknown values by computing a weighted average of surrounding ob-
servations, where the weights are inversely proportional to the distance between the interpolation point
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and the observation points. Consequently, closer stations exert a stronger influence on the estimated
values. In this study, the variables 𝐷𝑁𝐼, 𝐷𝐻𝐼, 𝐺𝐻𝐼, 𝑇𝑎 were given a weight of 2, while 𝑣𝑤 was given a
weight of 3. This distinction was made because the wind speed was most affected by local factors, and
weather stations more distant have a lower impact.
Radial Basis Function (RBF) interpolation is another deterministic technique that constructs a smooth
surface passing through known data points. It estimates unknown values as a weighted sum of radial
basis functions centered at each observation point. Thin Plate Spline was implemented in this study.
Kriging is a geostatistical interpolation technique that incorporates both the distance between data points
and the spatial correlation structure of the dataset. In this study, coordinating scaling with 111 was
applied to obtain reasonable results, a jitter was introduced, to prevent errors when near stations had
similar values, and when the Kriging doesn’t work at all, the fallback is to the nearest-neighbor matching.

To evaluate the performance of the interpolationmethods, Leave-One-Out Cross-Validation (LOOCV)
was applied to 34 weather stations for 36 solar-noon data points, in the exact same way as for the vari-
ables 𝐴𝑧 , ℎ𝑠. Table B.7 presents the RMSE values for every variable. As shown in Figure B.5, Kriging
(orange bars) and IDW (blue bars) outperform the other interpolation methods across the evaluated
variables. Although Kriging yielded the lowest RMSE for four variables (GHI, DNI, DHI, 𝑇𝑎) and IDW
performs best for wind speed, Kriging was not selected for implementation due to its high computational
cost. Specifically, the method was deemed infeasible for large-scale FPV applications. Consequently,
IDW, as the second-best-performing method for most variables and the best-performing method for wind
speed, was selected as the interpolation technique for all variables.

Figure B.5: RMSE comparison for the four interpolation methods across the five evaluated variables

Table B.7: Comparison of interpolation method performance using RMSE for each variable

Interpolation Method (RMSE)
Variable Unit Baseline IDW RBF Kriging Best

DNI W/m2 315.92 277.30 361.38 262.83 Kriging
DHI W/m2 83.81 73.24 100.8 69.61 Kriging
𝑇𝑎 ∘C 3.65 3.39 4.55 3.22 Kriging
𝑣𝑤 m/s 0.90 0.75 1.11 0.94 IDW
GHI W/m2 193.76 172.85 229.02 166.04 Kriging
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To illustrate the performance of the selected interpolation method, the station with an RMSE closest
to the average RMSE of the IDWmethod was identified and analyzed, see Figure B.6. The variable 𝐷𝑁𝐼

(a) Variable 𝐷𝑁𝐼 (b) Variable 𝐷𝐻𝐼

(c) Variable 𝑇𝑎 (d) Variable 𝑣𝑤

(e) Variable 𝐺𝐻𝐼

Figure B.6: Interpolation technique (IDW) performance for 5 variables

(Figure B.6a) and 𝐺𝐻𝐼 (Figure B.6e) show the largest differences between the measured and estimated
values. The variable 𝐷𝑁𝐼 was corrected with the sin(ℎ𝑠) term. It might result in some discrephancies.
The variable 𝐺𝐻𝐼 shows the largest difference in the month April, when the GHI has a peak. The mea-
sured values are quite spikey, while the model with IDW is more consistent and smooth. Maybe this is
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why the differences occur. The variables 𝐷𝐻𝐼 (Figure B.6b), 𝑇𝑎 (Figure B.6c, 𝑣𝑤 (Figure B.6d) show a
closer resemblence and quite reliable models. A recommendation is to test the variables for the whole
year to how large the error is. instead of 36 data points. To further evaluate the reliability of the inter-
polated values, a comparison was conducted between the ranges of the variables. The annual global
horizontal irradiance (GHI) was assessed, the mean values of the variables 𝑇𝑎 and 𝑣𝑤 were evaluated
and the GHI mismatch was further assessed using Equation B.8.

𝐺𝐻𝐼 = 𝐷𝑁𝐼𝑐𝑜𝑟 × sin(ℎ𝑠) + 𝐷𝐻𝐼 (B.8)

The annual GHI and the mean values of 𝑇𝑎 and 𝑣𝑤 for the interpolated dataset are all within the range of
the available weather station measurements. The GHI mismatch exhibits the largest variation with the
interpolated values ranging between 0.5% and -0.4%. Despite this being the largest observed deviation,
the magnitude remains very small. Therefore, it is concluded that all variables provide a reliable output
for further analysis.

Figure B.7: Ranges of Interpolated elements vs weather stations
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B.5. Provincial results

The provincial results for the allocated area (𝐴𝑎𝑙𝑙𝑜𝑐), total energy yield (𝐸𝑌), and the mean specifc yield
(𝑆𝑌𝜇) are displayed in Table B.8 for Scenario 1 (0∘ tilt angle, 25 m buffer), Table B.9, for Scenario 2 (15∘
tilt angle, 50 m buffer), Table B.10 for Scenario 3 (38∘ tilt angle, 100 m buffer). Each scenario displays
the FPV coverage 5%, 10%, 15%. The total is summed up for 𝐴𝑎𝑙𝑙𝑜𝑐 and 𝐸𝑌, while the national average
is taken for 𝑆𝑌𝜇.

Table B.8: Provincial division of potential FPV for Scenario 1, where 𝐴𝑎𝑙𝑙𝑜𝑐 is the allocated area in km2, EY is the energy yield in
GWh, 𝑆𝑌𝜇 is the mean specific yield in kWh/kWp

Scenario 1 5% 10% 15%
Province 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇
1. Groningen 0.6 98.5 841.5 1.3 225.8 841.3 2.1 359.6 841.3
2. Friesland 0.6 97.2 850.6 1.6 269.6 849.8 2.4 419.0 849.4
3. Drenthe 0.4 71.4 843.3 1.1 190.4 842.8 1.8 299.5 842.9
4. Overijssel 0.4 72.0 843.0 1.0 166.5 843.7 1.6 274.2 845.3
5. Flevoland 0.2 41.4 850.8 0.6 96.0 850.8 0.9 150.8 850.9
6. Gelderland 0.7 127.5 850.8 1.9 318.4 853.2 3.0 523.1 852.7
7. Utrecht 0.3 58.2 868.4 0.8 142.9 864.9 1.2 214.3 862.1
8. Noord-Holland 0.6 108.0 861.8 1.7 302.9 858.5 2.7 473.8 858.2
9. Zuid-Holland 1.2 222.1 879.3 2.8 489.2 880.1 4.2 755.0 880.4
10. Zeeland 0.3 50.3 900.3 0.6 117.9 906.1 1.0 177.8 905.1
11. Noord-Brabant 1.0 177.0 853.3 2.6 444.6 850.6 4.1 708.7 850.6
12. Limburg 0.7 117.1 879.0 1.6 291.7 882.5 2.6 455.5 881.5
Total 7.1 1240.6 859.0 17.6 3055.9 859.0 27.7 4811.2 858.0

Table B.9: Provincial division of potential FPV for Scenario 2, where 𝐴𝑎𝑙𝑙𝑜𝑐 is the allocated area in km2, EY is the energy yield in
GWh, 𝑆𝑌𝜇 is the mean specific yield in kWh/kWp

Scenario 2 5% 10% 15%
Province 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇
1. Groningen 0.5 48.5 894.0 1.2 125.9 893.2 1.9 199.8 892.9
2. Friesland 0.2 26.0 902.7 1.1 119.4 903.9 1.9 197.3 904.4
3. Drenthe 0.2 22.9 895.1 0.8 85.9 897.3 1.2 129.3 897.7
4. Overijssel 0.3 32.2 900.2 0.9 94.8 899.5 1.3 138.9 900.8
5. Flevoland 0.2 20.3 907.3 0.5 52.2 907.1 0.8 81.2 907.1
6. Gelderland 0.5 56.0 908.3 1.6 165.2 909.5 2.6 273.4 911.7
7. Utrecht 0.3 31.6 923.8 0.7 75.8 921.1 1.0 110.5 921.9
8. Noord-Holland 0.5 49.9 919.4 1.3 137.3 915.6 2.0 217.0 910.9
9. Zuid-Holland 1.1 117.2 940.3 2.4 262.1 940.2 3.7 406.4 940.9
10. Zeeland 0.2 23.4 961.9 0.5 56.8 968.9 0.6 71.2 968.6
11. Noord-Brabant 0.8 89.2 911.4 2.1 224.5 909.3 3.5 373.3 908.8
12. Limburg 0.5 59.5 939.0 1.2 136.3 939.8 2.1 231.4 943.1
Total 5.3 576.7 918.0 14.3 1536.2 914.0 22.6 2429.7 914.0
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Table B.10: Provincial division of potential FPV for Scenario 3, where 𝐴𝑎𝑙𝑙𝑜𝑐 is the allocated area in km2, EY is the energy yield in
GWh, 𝑆𝑌𝜇 is the mean specific yield in kWh/kWp

Scenario 3 5% 10% 15%
Province 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇 𝐴𝑎𝑙𝑙𝑜𝑐 EY 𝑆𝑌𝜇
1. Groningen 0.4 26.8 1013.6 1.0 73.3 1016.6 1.3 92.4 1018.7
2. Friesland 0.1 6.3 1029.4 0.4 32.9 1032.1 0.7 55.1 1031.2
3. Drenthe 0.1 9.5 1023.5 0.5 34.2 1020.5 0.6 41.4 1023.2
4. Overijssel 0.1 7.7 1033.2 0.7 50.1 1024.3 1.1 80.6 1024.6
5. Flevoland 0.2 12.6 1034.5 0.3 25.4 1034.5 0.4 31.8 1034.5
6. Gelderland 0.3 24.4 1028.6 0.9 70.1 1035.9 1.3 94.2 1035.0
7. Utrecht 0.2 17.3 1044.3 0.6 44.9 1051.3 0.9 64.9 1053.7
8. Noord-Holland 0.2 16.4 1040.7 0.6 48.6 1040.3 1.0 73.4 1040.3
9. Zuid-Holland 0.9 72.3 1067.0 1.9 150.6 1065.2 2.5 190.1 1066.4
10. Zeeland 0.1 6.4 1123.7 0.3 26.4 1099.6 0.5 36.5 1103.9
11. Noord-Brabant 0.6 48.5 1041.5 1.6 123.7 1033.3 2.5 185.3 1032.9
12. Limburg 0.4 33.1 1071.3 1.0 76.1 1067.6 1.3 97.7 1068.0
Total 3.6 281.3 1047.0 9.8 756.3 1042.0 14.1 1043.4 1041.0

B.6. Spatial distribution of Specific Yield
Figure B.8 (next page) visualizes the spatial variation of the Specific Yield across the three scenarios
for the 15% coverage for the range between 810-1130 kWh/kWp.
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(a) Scenario 1: SY ranging form 814-929 kWh/kWp (b) Scenario 2: SY ranging from 886 - 992 kWh/kWp

(c) Scenario 3: SY ranging from 981-1124 kWh/kWp

Figure B.8: Comparison of Specific Yield (SY) across three scenarios(coverage percentage 15%)
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