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1. Introduction

Analyzing different integrated photovoltaic (PV) systems is a
detailed process that involves careful simulations. Shadows cre-
ated by surrounding structures and vegetation significantly
impact such PV systems. Calculating its impact can be time-
consuming, especially when modeling integrated PV systems
in urban areas.

The dynamic nature of vehicle-integrated PV (VIPV) systems
results in significant performance variations depending on the
vehicle’s geographical position. This means researchers must
conduct specific VIPV-related irradiance simulations for each
location. Furthermore, the distribution of sunlight on a vehicle
is significantly influenced by its location and the type of road.[1]

Shading from the terrain has a considerable impact on reducing
the efficiency of the VIPV system,[2–5] leading to an average loss
of 40% on the roof surfaces.[6] Similar challenges are encoun-
tered in other integrated photovoltaic applications, such as

road-integrated PV (RIPV) and building-
integrated PV (BIPV).[7–9] Given the sub-
stantial variation in terrain, simulation
algorithms for integrated PV applications
must be well-optimized to evaluate shading
effects on a large scale. Therefore, a
thorough analysis of high-resolution topog-
raphy data is essential. The accuracy of
sunlight modeling is critical in predicting
system output and optimizing the design
and size of PV systems.

The estimation of the horizon signifi-
cantly affects the time required for simulat-
ing irradiance with high-resolution
topography data.[1,5,8,10] Previous methods
for determining the horizon have involved
approximations and sampling the topogra-
phy in a finite number of directions.[11,12]

Many software packages have adopted this
approach. However, our recent work[13] introduced a new algo-
rithm that uses quasirandom sequences for sampling. Our
method achieves higher accuracy with fewer sampling points,
resulting in faster computation.

Our previous work[13] delved into the technical aspects of the
algorithm, such as memory performance and scalability. In con-
trast, this article focuses on the practical implications of the hori-
zon algorithm in the context of integrated PV systems. Here, we
evaluate the algorithm’s performance and accuracy in real-world
VIPV and BIPV irradiation simulation applications, shedding light
on its practical utility. We also address the question of the maxi-
mum sampled topography distance and its impact on the horizon
accuracy. Our findings underscore the importance of this param-
eter, as insufficient topography sampling can lead to a significant
overestimation in irradiation for specific locations. As a result, we
provide concrete recommendations on sampling low- and high-
resolution topographies. Finally, we study the impact of the
Earth’s curvature correction on irradiation modeling.

The article is structured as follows. Section 2 comprehensively
reviews the data sources used in our study. Section 3 focuses on the
horizon algorithm, discussing its implementation and evaluation
methodology. Finally, Section 4 evaluates algorithm performance
for vehicle- and building-integrated irradiation simulation and
studies the impact of the maximum topography sampling distance.

2. Data Sources

In our research, we use various data sources, such as high- and
low-resolution topography data, satellite-based irradiation data,
OpenStreetMap (OSM) data for street locations, building model
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data (GML, level-of-detail [LoD-2]), and a 3D model of commer-
cial vehicle. Part of our study focuses on specific streets and
buildings in the state of North Rhine-Westphalia in Germany.
In contrast, another part uses randomly sampled topography
across Europe and the USA.

We use light detection and ranging (LiDAR)-derived rasters
for high-resolution topography data. Specifically, we utilized
0.5� 0.5 m2 pixel�1 digital surface model (DSM) data obtained
by selecting the maximum elevation of all LiDAR cloud points
in every 0.5� 0.5 m2 region. This dataset covers a vast area of
300 000 km2 in Europe and the USA. The European subset spans
100 000 km2, encompassing areas in France, Germany,
Luxembourg, and Spain. The USA data covers 200 000 km2

and includes areas from New York, New Jersey, Nevada,
Arizona, South Dakota, Alaska, Florida, Georgia, and Hawai‘i
states. Figure 9 visually represents the LiDAR data locations, with
red dots indicating a random sample of 5313 points. Table 1
details the specific data sources we have utilized in our study.

To study the effects of general topography and the Earth’s cur-
vature on irradiation, we use low-resolution satellite-measured
topography data, Advanced Spaceborne Thermal Emission,
and Reflection Radiometer (ASTER).[14] It has a course spatial
resolution of 30� 30m2pixel�1. The satellite-based topography
data does not capture any building or vegetation but provides a
generic topography outlook.

In addition to the topography data, we incorporate historical
atmosphere irradiation data from Copernicus over 11 years.[15]

This service provides ground-level global horizontal (GHI) and
diffuse horizontal (DHI) irradiance data for Europe and
Africa, taking into account cloud coverage. The data, which
has a low temporal and spatial resolution (one observation per
10min and 5� 5 km2 area), is used as input for the Perez
All-Weather Sky model.[16] This model allows us to simulate irra-
diation in different sections of the sky. Furthermore, we can
model yearly irradiation for specific locations by integrating
the sky over time. Figure 1 depicts the integrated sky used
throughout simulations in this article.

The performance of the horizon algorithm matters most for
complex environment topography and large-scale simulations.
Therefore, we study the impact of the horizon approximation
on VIPV and BIPV applications, where we model irradiation
on the surface of a car placed on random locations and a sample
of buildings. For the vehicle model, we use the surface from
ref. [1], where the car is modeled using a sample of points con-
taining 3D coordinates and orientation of the normal vector to

the surface. The vehicle is placed on random streets, and sam-
pling is performed using OSM data.[17,18] For building surfaces,
we use GML-derived data from the state of North-Rhine
Westphalia.[19] We use LoD2 data, which describes buildings
with correct facades and roof shapes but lacks details on windows
or surface material. Similarly to vehicle shapes, building surfaces
are represented as points with normal vectors.

3. Approach

The horizon separates the visible sky from the ground for a given
observer location and plays a pivotal role in irradiation modeling
and computing PV solar potential. Horizon profile is used as
input in numerous PV simulation tools, including but not lim-
ited to PVGIS,[20] PVlib,[21] PVSOL,[22] and PVsyst.[23] The hori-
zon computation from topography data is implemented in
several software packages, such as GRASS GIS,[24] ArcGIS,[25]

SAGA GIS,[26] HorizonScanner,[27] HORAYZON,[28] and simple
sky dome projector (SSDP).[29]

Horizon computation requires searching for parts of the sky
covered by a given topography. For large volumes of data, one
needs to analyze topography elevation and the corresponding dis-
tances to an observer. The topography model we work with is
described by a function T∶ℝ2 ! ℝ, ðx, yÞ ↦ z, where (x,y) are
geographical coordinates in some geographical coordinate sys-
tem, and z defines the height of the topography. The regularly
sampled DSM with a finite number of pixels is given by a raster
image, where sampling is defined by the starting geographical
coordinate ðx0, y0Þ ∈ ℝ2, image resolution WH> 0, and sam-
pling step size is dx. For instance, the raster we work with
has a pixel size of 0.5� 0.5 m2pixel�1. Hence, the corresponding
step size equals dx= 0.5 m. We denote such rasters as matrices

T∶¼fTðx0þði�1Þdx,y0þðj�1ÞdxÞgi∈1∶W ,j∈1∶H∈ℝW�H,

W ,H∈ℕ
(1)

For the horizon, we consider the topography representation in
polar coordinates at a given observer location ðx, yÞ ∈ ℝ2. For a

Table 1. Publicly available LiDAR data sources.

Country Citation

USA [44]

Germany, NRW [45]

Germany, Berlin [46]

Luxembourg [47]

Switzerland [48]

France [49]

Spain [50]

Figure 1. 11 years integrated sky for Groningen, the Netherlands. Each
point color shows average over 11 years annual irradiation in Wh/sr.
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r > 0,ϕ ∈ ½0, 2πÞ, let

ξoðr,ϕÞ ¼ ξo,ðx,yÞðr,ϕÞ∶ ¼ maxðTðx þ r cosðϕÞ,
y þ r sinðϕÞÞ � Tðx, yÞ � o� EðrÞ, 0Þ

(2)

where o≥ 0 is the offset or elevation of the observer away from
the ground, and E(r) is the Earth curvature correction term:

EðrÞ∶ ¼ REarthð1� cosðr=REarthÞÞ, REarth ¼ 6378.137 km, r > 0
(3)

The horizon is then defined as a function h∶½0, 2πÞ ! ½0, π=2�

hðϕÞ∶ ¼ max
r>0

arctan
ξoðr,ϕÞ

r

� �
(4)

Here, we assume that the horizon takes only non-negative val-
ues, that is, hðϕÞ ∈ ½0, π=2�, because we ignore all sectors of lower
topography (note max in (2)). We use the lower hemisphere to
model the reflection from the ground (albedo effect).

Algorithm 1 outlines the steps for computing (4) using the
given topography raster T and sampling strategy S. In Step 1,
the inputs include a set of observer locations expressed in pixel
coordinates (k,l) within raster T and the elevation o in meters.
The horizon is evaluated at a fixed number of azimuth directions
defined by the set Φ. In our implementation, we utilize the finest
set Φ with equidistant points in the interval [0,2π), where the dis-
tance between points is determined by the azimuthal range of a
corner pixel observed from the opposite corner of the raster.

The sampling strategy is defined as a set of polar coordinates
S∶ ¼ fðr,ϕÞg and determines where the topography pixels are
sampled (see PIXEL_SAMPLESET procedure in Steps 4–11). The
PIXEL_SAMPLESET also precomputes the azimuth angle range
for each sampling point (see arange procedure in Steps 2–3).
Due to the computation performance consideration in Step 9,
we use the following approximation of the Earth correction term

EðrÞ∶ ¼ REarthð1� cosðr=REarthÞÞ ≈
r2

2REarth
, 0 < r ≪ REarth

(5)

where the absolute approximation error is within 1.6 cm in a
100 km radius and 26 cm in a 200 km radius. Due to the division
by r in Step 16, the approximation errors are negligible for any
distances considered.

The horizon is computed for all observer locations in the loop
in Step 20 of Algorithm 1. The HORIZON procedure iterates over
all topography sampling points in Steps 12–18. For each sam-
pling point, the affected horizon elements are updated for all
angles in the set Φ ∩ ½ϕ0,ϕ1� (see Step 16).

Algorithm 1 gives not a single algorithm but an algorithm
family, obtained by varying the sampling strategy S. For example,
the proposed approximate horizon algorithm in literature[11,12] is
given by the sampling strategy depicted in Figure 1, left. We refer
to this sampling strategy as “Rays,” with the main idea of which
is to divide the horizon into several sectors and, in each direction,
determine the maximum angular elevation of the horizon by
sampling terrain points on the centerline. The optimal number
of rays is discussed in literature,[30] with 32 rays being commonly

adopted as a default option.[31] This method, while less precise
than the exact horizon computation, significantly reduces the
computation time without compromising the overall accuracy
of the results.

The exact horizon algorithm requires verification of every pixel
in the given topography. The corresponding topography sam-
pling set PS contains exactly WH points and hence involves sig-
nificantly longer computation times. For comparing sampling
algorithms, it is beneficial to consider the restricted sampling
set PSdisk,R , where the topography is sampled for all pixels within
the distance R from the observer. This way, the horizon’s errors
are not influenced by points outside the disk.

Our previous work has shown that “Rays” sampling is not the
most efficient strategy.[13] We have experimented with several
sampling strategies, S, and have found that the best-performing
strategy estimates the distribution of argmax in (4), derived from
computations based on a large sample of topography data cover-
ing 300 000 km2 in Europe and the USA. This optimal sampling

Algorithm 1. Approximate horizon algorithm using topography
sampling.[13]

1: Input:

• Topography T ∈ ℝW�H with the pixel step dx.

• Topography sampling strategy S.

• Set of observer locations and heights L∶ ¼ fðk, l, oÞg, where (k,l) corresponds
to the pixel coordinates of the topography T and o> 0 is the observer height
(offset away from the ground).

• Horizon azimuth angle set Φ ⊂ ½0, 2πÞ.
• REarth ← 6378137m

2: procedure ARANGE (m, n)

3: return ðϕ0,ϕ1Þ azimuthal range occupied by the pixel (m,n) viewed from (0,0)

4: procedure PIXEL_SAMPLESET(S)

5: PS ← fg ▹ signed pixel coordinates corresponding to S

6: for ðr,ϕÞ ∈ S do

7: m← ½cosðϕÞr=dx�, n← ½sinðϕÞr=dx�
8: ðϕ0,ϕ1Þ← arangeðm, nÞ
9: E← r2=ð2REarthÞ ▹Earth curvature correction term, see (5)

10: PS ← PS∪fðm, n, ðdx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p
Þ�1,ϕ0,ϕ1, EÞg

11: return PS

12: procedure HORIZON (k, l, o)

13: ∀ϕ ∈ Φ∶hðϕÞ← 0

14: for ðm, n, x,ϕ0,ϕ1, EÞ ∈ PS do

15: if mþ k ∈= 1∶W or nþ l ∈= 1∶H then next

16: ∀ϕ ∈ Φ ∩ ½ϕ0,ϕ1�∶hðϕÞ∶ ¼ maxðhðϕÞ, xðTmþk,nþl � Tk,l � o� EÞÞ
17: ∀ϕ ∈ Φ∶hðϕÞ← arctan hðϕÞ
18: return h

19: PS ← pixel samplesetðSÞ
20: for ðk, l, oÞ ∈ L do ▹ loop iterations are done in parallel

21: hk,l,o ← horizonðk, l, oÞ
22: Output: ∀ðk, l, oÞ ∈ L∶hk,l,oðϕÞ ∈ ½0, π=2Þ, ϕ ∈ Φ.
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strategy, depicted in Figure 2, right, turns out to be faster and
more precise than the “Rays” sampling strategy.[13]

We attribute those improvements to random sampling in
azimuth directions. In ref. [13], we established that the type of
randomness also matters. We use Sobol’s quasirandom sequen-
ces as an inducing sequence for the topography sampling
strategy S. In contrast, the algorithm’s performance degrades
by 18% when independent and identically distributed random
sampling is used instead.

Several technical details must be considered when implement-
ing Algorithm 1, discussed in detail in ref. [13]. For example,
location ordering influences the CPU cache misses, introducing
memory bandwidth bottlenecks. Similar implementation optimi-
zations also appear in the literature.[10] uses vectorized tensor
arithmetic to analyze topography and identify shaded areas.[28]

uses the high-performance ray-tracing library to improve compu-
tation speed for the sky view factor. However, no matter how
Algorithm 1 is implemented, its running time scales linearly
with the number of sampling points PS,

[13] and therefore, sam-
pling strategy is the primary factor of algorithm performance.

This article focuses on PV-related aspects of approximate hori-
zon computation. It evaluates the performance and accuracy of
several algorithms on typical integrated PV applications such as
VIPV and BIPV by simulating irradiation on vehicle bodies and
building facades for different sampling strategies (see methodol-
ogy in Section 3.1). There, we consider roads and buildings
within North-Rhine Westphalia in Germany. Section 3.2 consid-
ers a more global outlook with topography sampled throughout
the available data (see Figure 9), where we study the effects of the
maximum distance from the observer (dx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p
in Line 10 in

Algorithm 1) on the algorithm’s accuracy. The latter allows a
further decrease in the number of points in PS, improving the
overall computation times.

3.1. Algorithm Evaluation for VIPV and BIPV Applications

The performance of the horizon algorithm is most important for
complex environmental topography and large-scale simulations.
Therefore, we are studying the impact of the horizon approxima-
tion on VIPV and BIPV irradiation modeling applications.
To accomplish this, we are comparing irradiation modeling
on vehicle and building surfaces using both approximate and
precise horizon algorithms.

Figure 3 shows two examples of a vehicle and a building
surface. In both cases, the surfaces are represented as a set of
5D points describing the 3D coordinate and the direction of
the surface’s normal vector. In our simulations, we use a reduced
set of surface locations containing 10% of all points depicted in
Figure 3.

For sampling locations, we use fixed anchor points in various
towns in the North-Rhine Westphalia state in Germany (see
Table 2). A rectangular area is selected around each anchor loca-
tion with a rectangle side of 4 km. In every area, we sample 200
random buildings and 500 places on roads. The vehicles are
placed on random road locations extracted from OSM data.[17]

Both building and vehicle locations are sampled at least 250m
from the considered area boundary. Therefore, the locations
are distributed within an area of 12.25 km2.

Our main objective in VIPV and BIPV simulations is to com-
pare the accuracy of different horizon approximation methods.
We conduct annual irradiation simulations using both approxi-
mate and precise horizon estimation methods. Our irradiation
modeling is carried out in SSDP,[29] where the modeled sky is
projected onto the oriented plane surface, considering its orien-
tation and angular-dependent reflection coefficients. We use the
same integrated Perez All-Weather sky model shown in Figure 1
for all simulated locations, ensuring that irradiation simulations
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Figure 2. Comparison of the old topography sampling strategy (left, with 32 rays) and the new proposed sampling strategy (right). Each point indicates
the topography sampling point relative to the observer at the origin (axes’ units in meters). Both figures contain 1440 points and sample topography at the
maximum distance of 600m. Axes units: meters.
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can be compared across locations and are not reliant on the sun’s
trajectory.

In addition, we standardize the irradiation and express it as a
relative quantity. Specifically, we calculate a ratio of irradiation
with and without the influence of topography. This normaliza-
tion always results in values between 0 and 1, and one minus
that quantity can be interpreted as the percentage of losses attrib-
uted to the shading from topography. It’s important to note that
relative irradiation does not account for transposition losses and
only describes irradiation losses caused by shading from
topography. This metric, called “relative notopo irradiation” in
ref. [1], is useful for averaging irradiation on different surface
orientations.

To evaluate the performance of various algorithms, we will
assess the root mean square error (RMSE) for relative irradiation,
which will be calculated using the approximate and precise hori-
zon algorithms. The precise horizon will be determined using
the Sdisk,R topography sampling strategy. We will maintain a fixed
maximum topography sampling distance of R= 250 throughout
our simulations. The RMSE will be averaged across different
observer locations and surface orientations.

In general, a sampling strategy can be generated in the follow-
ing way. For n ∈ ℕ, let Un∶ ¼ fðxi, yiÞ ∈ ½0, 1�dji ∈ 1∶ng be an
inducing sequence. We select Un as a quasirandom Sobol
sequence; however, it can be chosen as an independent and
identically distributed sample of uniformly distributed random
variables in [0,1]2. For a monotonically increasing function
F∶½0, 1� ! ½0,∞Þ, we apply the following transformation to Un

to obtain the sampling strategy

S∶ ¼ fðFðxiÞ, 2πyiÞjðxi, yiÞ ∈ Ung (6)

where the coordinates of S are polar coordinates of the sampled
topography locations, where FðxiÞ is the polar radius measured
in meters, and 2πyi is the polar angle measured in radians.
Function F can be interpreted as an inverse cumulative distribu-
tion function of some non-negative random variable, providing a
way to generate a variety of sampling strategies by selecting
different distributions.

Table 3 lists the sampling strategies used in simulations of
this article. For a comprehensive study of various topography
sampling strategies, we refer the reader to ref. [13].

3.2. Maximum Distance of Sampled Topography

In the realm of irradiance simulations, a fundamental question
arises: how far from the observer should one examine the

Figure 3. Left: vehicle surface points (same vehicle shape used in ref. [1]). Right: the cafeteria building complex in the Jülich Research Center campus.
Green indicates the roof, and blue indicates wall surfaces. Axes units: meters.

Table 2. Locations of anchor points, the number of building parts, and
length of roads within the considered rectangular area of 12.25 km2

around the anchor point.

Location Latitude Longitude # of buildings Road length [km]

Düsseldorf 51.2162 6.8123 31 604 511

Köln, left bank 50.9340 6.9495 35 644 536

Köln, right bank 50.9320 7.0464 17 468 414

Wuppertal 51.2607 7.1728 27 380 434

Dortmund 51.5171 7.4824 24 179 662

Münster 51.9335 7.6345 14 759 407

Lindlar 51.0195 7.3727 7721 174

Wewer 51.6896 8.6919 6393 181

Winterberg 51.1891 8.5120 3970 251

Schmidt, Eifel 50.65084 6.41324 3658 138

Jülich 50.90455 6.41125 2671 166

Table 3. Definitions of the sampling strategies.

Sampling strategy Description

“Precise” Sdisk,R is all topography pixels within the distance R from

the observer.

“IID” F is LIDAR_0 estimated from ref. [13]. Un is independent
uniformly distributed in [0,1]2.

“Rays” Every pixel on the ray up to 250m distance from the observer
(see Figure 2, left). Number of rays: 16, 32, 64, 128, 256.

“Sobol” F is LIDAR_0 estimated from ref. [13]. Un is Sobol
low-discrepancy sequence.

“Weibull” FWeibull
M , see (9) in Section 3.2.
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elevation of the high-resolution topography? The further the
topography is sampled, the more significant portion of the sky
it may cover, potentially reducing the amount of light reaching
the observer. Consequently, a shorter distance might lead to over-
estimating the simulated irradiance. Typically, an arbitrary
distance is selected, such as 100,[32] 250,[5,33,34] 500,[1,13,35]

1000,[9,36] and 1500m.[31] These distances are often chosen based
on the data’s resolution and the area’s size being studied.
However, this crucial information is frequently omitted in the
literature,[37–42] often due to the absence of software documenta-
tion or open-source code. To our knowledge, no study has looked
into how a specific choice influences irradiation in various
locations.

Results obtained in ref. [13] suggest that, for the high-
resolution LiDAR data, the maximum value in (4) in more than
45% of cases is achieved further away than 100m. However, this
does not directly imply that objects further away strongly impact
the resulting irradiation. To address this, we perform irradiation
simulations for a large random sample of locations throughout
the available topography data, encompassing different types of
terrain and climate. We sample topography with varying distan-
ces using a parametric family of sampling strategies S in
Algorithm 1 to evaluate the effect on the relative irradiation of
an observer surface.

We use a family of truncated Weibull distributions to evaluate
the effect of the maximum distance from an observer. The par-
ticular choice of the Weibull distribution family is due to its
shape resembling the shape of the estimated optimal distribution
obtained from sampling topography data (see Figure 2, right). By
choosing the support of the truncated distribution, we can mod-
ify the maximum sample topography relative to the observer. The
parametric family’s choice allows for isolating effects of the max-
imum sampling distance and ignoring any effects attributed to
the shape of the sampled distribution. Furthermore, we control
the number of sampled points, allowing us to ensure that the
number of sampled points at each radius is the same for different
sampling strategies.

Formally, given the scale λ> 0 and shape k> 0 parameters,
the Weibull cumulative distribution function is given by

Wðx;λ, kÞ∶ ¼ ð1� e�ðx=λÞkÞ, x ≥ 0 (7)

Let M be the maximum sampled distance; then the truncated
Weibull distribution on the interval [0,M] is given by the
following cumulative distribution function.

WMðx;λ, kÞ∶ ¼ Wðx;λ,kÞ
WðM;λ,kÞ , x ∈ ½0,M� (8)

Our topography sampling strategy is defined by inverting the
cumulative distribution function WM

FWeibull
M ðxÞ∶ ¼ λð� lnð1� xWðM;λ, kÞÞÞ1=k, x ∈ ½0, 1� (9)

where we chose λ= 100 and k= 0.3. Table 4 shows the number
of sampled points for different values ofM, which ensures a fixed
number of points sampled within a given radius. Figure 4
demonstrates this by depicting the sampled locations, with dif-
ferent azimuthal sectors visualizing distribution for different M.
The density of points shown in Table 4 between 1600 and 1900m

from the observer is approximately one point for every
21� 21m2 area. Such density might not be sufficient for tall,
narrow towers but good enough for tall buildings and hills
further away.

4. Results

Our results compare the performance of the horizon algorithm
by modeling irradiation on vehicle and building surfaces. The
irradiation values depend on the elevation above the ground
and the orientation of the observer’s surface. Therefore, we study
the impact of horizon approximation for VIPV (for a complex
surface) and BIPV applications (for higher elevations above
the ground), employing several sampling strategies S with
varying numbers of sampling points.

Table 4. Values of M (meters) determining the support of the truncated
Weibull distribution and the corresponding sample sizes.

M [m] Sampled points

100 126 424

200 141 608

300 150 204

400 156 069

500 160 446

600 163 890

800 169 053

1000 172 804

1300 176 903

1600 179 895

1900 182 196

−1023

−255

−63

−15

−3

0

3

15

63

255

1023

−1
02

3

−2
55 −6

3

−1
5 −3 0 3 15 63 25
5

10
23

meters

m
et

er
s

M, meters
100

300

600

1300

Figure 4. Visualization of the sampled locations for different values of
parameter M (meters). The sampling sizes are reduced by 20 times for
visualization purposes. Note the logarithmic scale of the axes. Axes units:
meters.
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4.1. VIPV: Sampling Strategy

Figure 5 presents the RMSE of relative irradiation using approxi-
mate and precise horizons for “IID,” “Sobol,” “Weibull,” and
“Rays” sampling strategies (see Table 3 for definitions). We aver-
age errors using all vehicle surface points and all sampled vehicle
locations. The y-axis, in a logarithmic scale, represents the RMSE
between irradiation computed with precise and approximate hori-
zon algorithms. The x-axis, also in a logarithmic scale, indicates
the number of sampled topography points. The “Weibull” strategy
is located between “IID” and “Sobol.” Notably, the “Rays” sam-
pling strategy requires four times more topography sampling
points to achieve the same accuracy levels as other strategies.

4.2. VIPV: Errors Distribution on the Body

It’s important to note that our study focuses on relative irradia-
tion computed with and without the influence of the topography.
Various factors, such as the type of road and the country, influ-
ence the actual irradiation of the vehicle’s body. For instance, the
irradiation of vertical surfaces ranged between 30% and 60% of
annual GHI.[1] Assuming 1100 kWhm�2, annual GHI irradia-
tion in Germany translates to a range of 330–660 kWhm�2.
As shown in Figure 5, our results indicate that the “Rays” approx-
imate horizon algorithm or insufficient sampling in other
approaches may lead to significant overestimation of the irradia-
tion. Figure 6 further illustrates the distribution of the RMSE of
precise and “Rays” approach with 16 rays directions. While the
vertical surfaces have more significant errors, it’s important to
note that the overall orientation affects relative irradiation error
within 1%.

4.3. BIPV: Approximation Errors on Roof and Facades

Height is another factor affecting irradiation. Typically, the
higher the observer, the more sky is visible and hence the higher

the irradiation. In our second experiment, we model irradiation
on building surfaces with different sampling algorithms.
Figure 7 depicts RMSE for wall and roof surfaces averaged over
900 000 walls (triangle dots) and 400 000 roofs (circle dots) ran-
domly sampled points on buildings. Overall errors on wall sur-
faces are twice as significant as on roof surfaces, which is
explained by the vertical orientation of the facades and the cor-
responding impact of shading. On observer elevations higher
than 2m, the difference between horizon sampling algorithms
diminishes, with the “Rays” strategy with 256 rays outperform-
ing other sampling strategies with a similar number of sampled
points.

4.4. BIPV: Impact of Height

We explore further the impact of elevation in Figure 8. We com-
pute RMSE (y-axis) for wall points for different levels above the
ground (x-axis). Here, every dot is calculated by averaging errors
over 60 000 locations. The errors gradually increase for all sam-
pling strategies until they peak at 5m above the ground. After
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Figure 5. Comparison of RMSE averaged over the complete vehicle body.
“Rays” sampling strategy corresponds to sampling with 16, 32, 64, 128,
and 256 ray directions.

Figure 6. RMSE distribution on the vehicle body for “Rays” sampling
strategy with 16 rays direction. Axes units: meters.
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Figure 7. RMSE comparison for “Rays” and “Sobol” strategies between
roof and walls. “Rays” sampling strategy corresponds to sampling with
16, 32, 64, 128, and 256 ray directions.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2024, 8, 2400474 2400474 (7 of 11) © 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH

 2367198x, 2024, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400474 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [20/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


that, the “Sobol” sampling strategy tends to decrease, and the
“Rays” approach stays around at the peak level. We attribute this
behavior to the fact that the “Sobol” strategy tends to sample
point in all directions, whereas the “Rays” strategy has more sig-
nificant gaps further away from the observer (see Figure 2, left).
At higher elevations, the objects in those gaps start influencing
the irradiation.

4.5. Maximum Sampling Distance

So far, we compared approximate horizon methods for a fixed
maximum sampled distance of 250m. To study the impact of
the maximum sampled distance, we perform irradiation simula-
tions for high- and low-resolution topography using the Weibull
sampling strategy (see Section 3.2) to ensure the same number of
points sampled at a given radius for each value M. We compute
the averaged relative irradiation for a vertical observer plane ori-
ented in eight directions for every 45° direction. The elevation of
the observer is fixed at 1 m.

For high-resolution data, we generate a uniformly distributed
set of 5313 anchor locations throughout the available topography
of 300 000 km2 (see Section 2). Around each anchor location, we
sample an additional 10 000 equidistant points with 10m
between them. For the low-resolution data, we chose 2000 anchor
locations distributed over central Europe, North India, Central
Africa, and the east and west coasts of the USA. For each anchor
location, an additional 4000 equidistant points were sampled.

Such a sampling approach allows a global search for locations
where the maximum sampled topography distance influences the
irradiation simulations. Generally, any horizon algorithm should
performwell even with short maximum sampled topography distan-
ces on average. However, identifying critical regions allows describ-
ing locations where one must use more considerable distances.

To search for such critical regions, we look at the right tail of the
error distribution. We compute the difference between relative
irradiation calculated with the maximum topography sampled dis-
tance M and the corresponding value with a maximum distance of
1.9 km for LiDAR and 120 km for ASTER. Denote this difference

as DLIDAR
M,1.9 km and DASTER

M,120km for high- and low-resolution simulation
respectively. The value of D can be directly interpreted as the
amount by which irradiance is overestimated.

The red and blue dots in Figure 9 depict the sampled locations
for the high-resolution data. The blue points indicate regions,
where DLIDAR

100m,1.9km > 0.1. Typically, there is a high concentration
of blue points in mountain regions (e.g., the Alps in Europe, and
the Pacific Coast Ranges in the USA). Few blue points are located
in flat terrain areas (Germany and South Florida). For
DLIDAR

100m,1.9km, blue points occur throughout all considered loca-
tions, with higher concentrations around mountain areas. In
contrast, the distribution of locations with DLIDAR

600m,1.9km > 0.1 is
concentrated only around the mountain areas.

Figure 10 depicts the quantiles of the distribution of
DLIDAR

M,1.9km, 100m ≤ M ≤ 1.6km and DASTER
M,120km, 1km ≤ M ≤

80km computed for all locations. The quantiles depicted offer
a practical interpretation. For example, in 5% of all considered
topography, the M= 100m-based horizon approximations yield
overestimation of irradiation on vertical surfaces by more than
8%. For instance, in Germany, this translates to 140 kWhm�2

errors in annual irradiation.
The behavior of the distribution of DLIDAR

M,1.9km depends on the
observer’s elevation. Generally, the higher the observer altitude,
the higher the probability that objects further away affect the irra-
diation. The 95%-quantile of DLIDAR

100m,1.9km at 2m 0.09, whereas at
0m it equals 0.06. The results above consider relative irradiation
on a vertical surface positioned at 1m above the ground. For hori-
zontal surfaces, the impact of the topography is less; hence, the
differences in relative irradiation are less dramatic than those
on vertical surfaces. The 95%-quantile ofDLIDAR

100m,1.9km for horizontal
surfaces ranges between 0.02 and 0.04 depending on the elevation.

Figure 11 depicts three examples with large values of DLIDAR.
The red dots indicate all LIDAR locations with simulated
irradiation, and the blue locations highlight the regions
DLIDAR

100m,1.9km > 0.1. On the left side, the area of interest is in themid-
dle of a meadow surrounded by the forest. The trees around the
meadow are large enough to create a significant difference between
computed irradiation. Similarly, the valueD is large in themiddle of
a lake in the center figure. On the right part of Figure 11, the devia-
tions are created by a large mountain. The interruption in the mid-
dle is due to a small village and trees, with the blue area inside
agricultural fields. Generally, the object must be sufficiently large
and close enough to an observer to have an impact on light and
further away than M= 100m to affect the DLIDAR

100m,1.9km value.

4.6. Effects of the Earth Curvature

Finally, we remark on the impact of the Earth curvature correc-
tion on the irradiation simulations. For high-resolution data and
the maximum sampled distance of 1.9 km, the Earth curvature
correction term is less than 28 cm. For low-resolution data and
larger distances, the curvature effectively reduces the elevation
of distant objects, yielding underestimated irradiation. Our low-
resolution topography simulations, however, indicate that Earth
curvature has effects smaller than 0.01 of relative
irradiation in 99.5% of cases.
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Figure 8. RMSE at different elevation on building walls.
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4.7. Concluding Recommendation

We conclude that one must consider maximum sampled
topography with care. In specific locations, the irradiation can
be significantly overestimated for M= 100m. In areas with

hills and mountains, one must combine sampling high-
resolution topography at shorter distances (200m) with large-
resolution topography at more considerable distances (30 km).
Tail distributions in Figure 10 provide an error rate for various
distances.
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Figure 9. The map of Europe (left) and USA (right) with red dots indicating 52� 106 uniformly sampled locations throughout the available data. The blue
points indicate locations, where relative irradiation computed using 100m maximum sampled topography deviates from reference by more than 10%
(see Sections 3.2). The data from the USA constitutes 65% of all available data. Europe and America are shown with different scales.
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5. Concluding Discussion and Future Work

This study has evaluated the performance of several horizon
approximation algorithms for VIPV and BIPV applications.
We assessed the impact of the observer orientation on the
curved-shaped commercial vehicle and elevation above the
ground for facade points on the buildings in several cities in
Germany. The errors between considered methods, while
slightly varying with observer orientation, tend to increase with
elevation. Hence, for instance, previously proposed approximate
algorithms have similar accuracy and performance ratios on
higher elevations for applications in roof irradiation.

Using a random search, we established the critical locations
where maximum sampling distance matters most. The right tail
of the error distribution provides practical advice on the maxi-
mum sampled distance. For accurate irradiation modeling,
our recommendation is to have detailed topography data within
a 200m radius of the PV installation site and a broader view of
the terrain within a 30 km radius.

Our findings bear significant implications for the field, offer-
ing practical insights into the most effective ways to model irra-
diation for PV solar potential. This contribution is not just
theoretical, but it also paves the way for developing more efficient
and accurate PV simulation tools. Computation speed improve-
ments allow scaling up irradiation simulations for various inte-
grated PV applications, making our research directly applicable
in real-world scenarios.

The proposed family of horizon algorithms is implemented in
our open-source irradiance modeling tool SSDP.[29] The code and
data generated for this article are published in ref. [43].
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