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Abstract

Bifacial solar panels are able to capture irradiance from both faces of the module and
therefore the reflectance properties of the surface on which they stand influence the
yield. Being able to perform an accurate yield calculation has many benefits: the
system’s configuration can be optimized, the investment risk decreases, the operation of
the grid is supported and the understanding of the bifacial solar panel technology is
improved. This thesis aims to contribute to a more accurate yield calculation by
analysing the impact of grass reflection on the yield. Grass is one of the most commonly
present materials surrounding a bifacial solar panel and exhibits retroreflective
behaviour: incoming light is reflected back to the source. To model the spectro-angular
reflectance, a Monte Carlo ray tracing software is developed which is used in
combination with a reverse ray tracing software to study the effect of different grass
structures on the energy yield. Specifically, the developed method is applied to a case
study, the vertical bifacial solar park Aasen-Donaueschingen. It was found that
accounting for retroreflective behaviour of grass results in a lower energy yield compared
to assuming grass to reflect diffusely. Furthermore, the simulations showed that the
morphology of the grass influences the energy yield. The presented work can be used for
optimisation of an agrivoltaic system and more accurate calculation of the energy yield.
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Nomenclature

Nomenclature

Parameters
6] Azimuth and elevation angle between two pixel centres on the detection dome
v Rotation angle of the blade
A Wavelength
) Azimuth angle
p Albedo
T Tilt of the top part of the blade as measured from the xy-normal (zenith angle)
0 Elevation angle
13 Random number between 0 and 1 as generated by Matlabs rand function
A Area
a Ratio between radius specified by the subscript to the radius of the sample.
C Matrix of pixels of the detection dome
d Distance from the plane to the origin
E Irradiance
f Bidirectional reflectance distribution function (BRDF')
h Height at which the rays are initially aimed
1 Current
J Current density
L Radiance
m Magnitude of the ray
n Number of rays
P Power
q Ratio between radius of the detection dome and the height at which the rays are shot.
R Reflectance of a surface
r Radius
t Time
Voltage
w Width
x X-component
Y Y-component
z Z-component
Subscripts



Nomenclature

blackbody Referring to a blackbody

wade Grass blade

b Centre of the grass blade

c Centre of a detection dome pixel

detecteq PoINt at which the ray is detected on the detection dome

dome  Detection dome

finat  Referring to the properties of a ray when it has been detected

h Height of a grass blade

illuminated Part of the sample on which the rays are initially incident

in Referring to incoming rays

Lambertian Referring to a Lambertian surface

! Point on a plane

mpp Maximum power point

new  Referring to the new properties after the ray has intersected with a specific surface
ocC Open circuit

old Referring to the old properties before the ray has intersected with a specific surface
ot Referring to outgoing rays

sample Circular sample on the xy-plane

sc Short circuit

source Light source

s End point of a ray

Vectors

c Centre of the detection dome
d Direction of a ray

€ Starting point of a ray.

n Surface normal

D Position of a ray in space

s End point of a ray

U Point is space
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1 Introduction

1 Introduction

Increasing the share of renewably generated energy in the global energy mix is an important
step towards a greener future and can be realised by making renewable energy generators as
efficient and cost-effective as possible. In solar cells, the energy from the sun is harvested by
converting energy from photons into electricity.

There is a continuous effort from the scientific community to optimise solar cells. Bifacial
solar cells (BSC) capture irradiance from both faces, the front and the rear. This increases
the number of charge carriers generated compared to a monofacial solar cell. When in an
optimal configuration, BSC therefore generate a higher yield than monofacial solar panels,
while keeping costs relatively low [1]. A parameter which measures this, is the levelized cost of
energy (LCOE). The LCOE is the ratio of the total costs incurred to the total energy generated
over the lifetime [2]. Due to the property of absorbing sunlight from both sides, a bifacial solar
panel can have about 2-6% lower LCOE than monofacial solar panels , depending on the
configuration. By using about the same amount of resources but producing a higher yield, the
resources are used more efficiently and sustainably. The market share of bifacial solar modules
is currently (2023) 35% and is expected to increase to 70% within the next 10 years [4], as can
be seen from figure [I] Bifacial solar panels are therefore a technology with a bright future.

World Market Share of monofacial and bifacial modules
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Figure 1: Market share of bifacial modules and monofacial modules. Figure from VDMA .

A promising application of bifacial solar panels is positioning them on fields used for agriculture.
This could reduce the land competition between food and energy [5]. By optimising the density,
elevation and tilt of the modules, sunlight is distributed between the panels and the crops. The
modules can protect crops from adverse weather conditions (reducing thermal stress and soil
leaching after rain) as well as reducing water evaporation. As solar panels are often cleaned
with water, water irrigation can be further reduced . Furthermore, combining photovoltaics
with agriculture can improve the livelihood of farming communities and accelerate solar energy
investments . Bifacial vertical east-west facing panels were found to have a higher land
productivity, higher spatial uniformity for sunlight and associated water distribution and more
resilience to soiling loss compared to monofacial north-south oriented panels [5].

The agricultural crops also affect the solar panels. Specifically, the way in which they reflect
light onto the solar panel influences the yield of the panel. The reflectance properties of the
surfaces surrounding a bifacial solar panel influence its output [1]. The way a material reflects
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1 Introduction

light is both a function of the light spectrum and of the angle of the incident light, and research
has shown that both of these parameters have an impact on the output of the solar panel [6], 7,
8,19]. Modelling this reflection accurately is therefore important to compute the energy yield
accurately.

1.1 Motivation for contributing to a more accurate energy yield
calculation

The yield of a solar cell is influenced by geographical (e.g. the location of the panels, the
time of the year, shade), environmental (e.g. clouds, aerosols, dust, precipitation, temperature,
reflection of surroundings), technological (e.g. quantum efficiency, short circuit current and
open circuit voltage), installation (e.g. sun-tracking, reflectors) and maintenance (e.g. cleaning
interval and technique) factors 10} |1]. Furthermore, degradation of the system influences the
yield as well [10]. Modelling the impact of all these individual factors on the cell performance is
important to compute and predict the yield more accurately and optimise system configurations
for a particular location. An accurate yield calculation comes with the following benefits:

o Reduces investment risk barrier
The energy yield is vital information for making investment decisions. Inaccuracies in
the yield will increase the investment risk |11] as the revenue stream has a larger error.
This hinders market penetration [12]. An accurate yield will decrease the investment risk
barrier, further enabling market penetration. Reduction in investment risk will therefore
create the opportunity to exploit the aforementioned benefits of bifacial solar panels on
a larger scale.

e Supports grid operation

From an energy management perspective, an accurate yield calculation is important to
make accurate forecasts. Power is a special commodity: power production and consump-
tion must constantly match to meet customer demand and keep the grid balanced. On the
electricity market, supply and demand are matched. When real-time supply and demand
do not match, a shortage or surplus can occur. The grid operator activates balancing
energy to prevent loss of quality of the electricity. This electricity often comes from non-
renewable sources, as these have the shortest start-up time [13, [14]. To know to what
extent future supply and demand match such that imbalance and ultimately loss of power
quality can be avoided, both consumption and production are predicted. The accuracy of
this forecast is important as an inaccurate prediction leads to imbalance. Moreover, it is
required to predict reserves and efficiently schedule generation capacity [13]. Ultimately,
better forecasting should lead to a system with less real-time price volatility, which be-
nefits all stakeholders of the energy market [15].

A more accurate energy yield calculation is beneficial for all renewable energy systems.
Bifacial solar cells possess a property that is rare compared to monofacial panels: they
can be put in a configuration which enables them to produce energy on moments of high
energy demand. Whereas monofacial solar panels are traditionally placed facing south and
therefore produce the most power around noon, east-west facing bifacial panels produce
energy in the morning and the evening. These are moments of high energy demand.
Supply and demand are thus matched better, which is beneficial for grid operation. This
shines a unique light on an accurate yield calculation.

e Reinforces the roots for scientific development
From a scientific perspective, being able to compute the yield more accurately is im-
portant for our fundamental understanding of the technology and its optimisation. For
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example, understanding the impact of the reflection of materials on photovoltaic yield can
be applied in agrivoltaics to design systems that optimise the energy yield and agricul-
tural production. It also opens doors to optimise reflectors that boost the yield of solar
panels. For example, in the urban environment, an idea that is currently being researched
is the use of a reflector which takes in light from all directions and emits light in only
one direction, thereby enabling a light beam to be aimed at a (bifacial) solar panel |16].
To arrive at a correct optimisation for this system, accurately determining how reflection
impacts the yield of a bifacial solar panel is fundamental.

1.2 Goal of this thesis

The aim of this thesis is to model the influence of a very common reflecting surface, namely
grass, on yield calculations. Grass is an important agricultural crop, as it is fed to ruminant
animals and therefore lies at the basis of products like meat and milk [17]. As grass is an
abundant crop, it is useful to be able to accurately calculate the yield of a bifacial solar panel
surrounded by grass. An additional motivation to choose grass is that its structure is relatively
simple compared to other crops.

The reflection of grass is known to vary with wavelength and therefore has a spectral depend-
ence [18]. Furthermore, grass is known to exhibit retroreflective behaviour: light reflects back
towards the source [19} 20]. The reflection of the environment is only superficially included in
(agri)voltaic research: it is either neglected, given a constant value [5, 21, 22| or at its best
spectrally taken into account [23| [18]. In this thesis, the spectro-angular reflection of grass will
be modelled and its influence of the yield of a bifacial solar panel investigated.

To this end, two models are used. I developed a model in Matlab which simulates the reflection
of grass. In the model, rays are shot from a position in the sky onto a sample of grass. When a
ray hits a blade of grass, it is locally reflected. By performing this calculation many times, the
global spectro-angular reflection can be computed for a certain angle of incidence of the rays.
This calculation is repeated for various grass samples and angles of incident light to obtain
a library of spectro-angular reflection. The obtained reflection is compared to experimental
results. The information in the library is used as input for the model of Pal [9], which can be
used to compute the energy yield of a bifacial solar panel taking into account spectro-angular
reflection of a surface. Using this model in combination with additions from the work of Rikhof
[24], the energy yield of a bifacial solar panel is computed. Lastly, this method, consisting of
the combination of the reflection model and the energy yield model, is applied to a case study
to analyse the impact of mowing on the energy yield for a bifacial solar farm in Germany.

The contributions of this thesis are:

Development of a physical model to simulate the reflection of grass;

Verification of the simulated reflection using experimental data;

Calculation of the energy yield of a bifacial solar panel based on the reflection properties;

e Comparison of the energy yield of a bifacial solar panel between modelling the grass
diffusely and as a retroreflector;

Application of the calculation method to a case study.



1 Introduction

1.3 Outline

This thesis is structured in the following way. Chapter 2 provides the theoretical background. It
explains the concept of retroreflection, explores literature on the reflection of grass, elaborates
on the need for a model that can simulate this reflection and provides more details on the model
used to compute the energy yield. Chapter 3 introduces the model which is used to quantify the
reflection of grass and explains it in detail. Chapter 4 presents the simulated reflection. This
is compared to experimental results and applied to a case study to analyse the impact of the
spectro-angular reflection of grass on the energy yield. Based on this work, recommendations
are proposed in Chapter 5. Lastly, Chapter 6 provides the conclusion and the outlook.



2  Theoretical Background

2 Theoretical Background

This chapter presents the main concepts that are underlying this work. First, the physics of
reflection is introduced. Literature about the reflection of grass specifically will be discussed,
including existing models. Lastly, the model used to obtain the energy yield from the spectro-
angular reflection is presented.

2.1 Reflection

When light strikes an interface between two media, part of the light is scattered backward,
which is called reflection [25]. As reflection is a three dimensional phenomenon in space, a
coordinate system has to be defined first.

In this thesis, the angles are defined in the spherical coordinate system, as shown in figure [2
Any point in the system can be represented by specifying three variables: the azimuth (¢),
the elevation angle (0) and the radius (r). In the coordinate system used in this thesis, the
elevation angle runs from # = 0° to # = 90° and the azimuth from ¢ = —180° to ¢ = 180°,
as shown in figure 2] The position at which § = 90° is called nadir position. When a plane
is placed in a three dimensional space, the plane effectively splits the space in two: each half
is called a half-space. Light reflected from a surface travels into the half-space from which the
light was incident.

Figure 2: The main coordinate system used in this thesis. The azimuth ¢ runs from ¢ = —180° to ¢ = 180° (
in green) and the elevation angle 0 from 6 = 0° to # = 90° (in blue).

There are many ways a surface can reflect incoming light from a certain direction specified
by Osource aNd Ggource. To help characterise the reflection, the following terms are often used:
specular reflection, diffuse reflection, glossy reflection and retroreflection, which are displayed in
figure[3] A specular reflector reflects light into a unique direction (see figure [3a). This direction
has the same elevation angle to the surface normal as the incoming light has. In contrast, a
diffuse reflector has a rough surface and the incoming light is scattered in every direction with
equal probability (see figure [3b])[9} 26} 25]. An ideal diffuse reflector, which reflects all incoming
light, is called Lambertian. Both of these conditions are extremes. A glossy reflector represents
the in between case - the reflectance does have an angle but is not perfectly specular (see figure

5.

Another type of reflection considered less often is retrorefiection or backscattering (see figure
. Light incident on a retroreflective surface will exit from the incident direction. Man-made
retroreflective surfaces are often used in situations where safety is important. For example,
retroreflective surfaces can be found in safety clothes. There are also retroreflective surfaces in
nature, for example in biological tissues [27].
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(a) Specular reflection. (b) Diffuse reflection. (c) Glossy reflection. (d) Retroreflection.

Figure 3: Two dimensional schematic of four types of reflection: a) specular, b) diffuse, ¢) glossy and d)
retroreflection. The incoming beam at elevation angle 0,.cc is reflected as illustrated by the blue area.

2.1.1 Quantifying reflection

Figure 3| shows that the reflection may differ per angle from which it is observed - it depends on
the solid angle. A solid angle or viewing angle is the area of a patch on a sphere divided by the
squared radius of the sphere [28]. A hemisphere as depicted in figure [2| has a total solid angle
of 2. With the notion of solid angle, radiance can then be defined as the radiant flux reflected
by a surface, per unit solid angle per unit projected area. As the flux has a spectral component,
the radiance has a spectral component as well. The dependence on solid angle ensures that
the reflection can vary in three dimensional space. Furthermore, the radiance may change as
the angle of incidence varies. This can easily be seen from specular reflection: if the angle of
incidence changes, the angle angle at which the light leaves the surface also changes and thus
the radiance has changed. Radiance is defined with respect to a surface perpendicular to the
direction from which the light is coming [28].

The albedo (p) of a surface, the ratio between the power of the reflected light and the power
of the incoming light, is a measure of how light is reflected by a surface |6]. The albedo
is, like radiance, in principle spectro-angular: the power of the reflected light depends on the
radiance. However, in literature its many-parameters nature is often reduced to spectral albedo
(integrated over all angles) or simply the albedo (integrated over all angles and the spectrum).
Spectral albedo is the ratio of the spectral exitance (E,.:()\)) over the spectral irradiance
(Ein(X)). The exitance and irradiance are the leaving and incident flux per unit projected area,
respectively. Compared to radiance, exitance and irradiance are not a function of direction.
Spectral albedo is thus defined as follows:

p(N) = =2 (1)

For a Lambertian surface, the albedo at every wavelength is p(\) = 1: the flux incident on the
surface is just as large as the flux leaving a surface.

A useful concept to quantify the spectro-angular albedo is the bidirectional reflectance distri-
bution function (BRDF). Introduced by Nicodemus et al. [29], this function relates light falling
upon a surface from a certain angle of incidence (@source, Osource) t0 light reflected by that surface.
The reflection varies along the direction (0, ¢ous) and along the spectrum (A). The BRDF is
defined to be the ratio between the total reflected intensity in direction (fyyut, Pout) to the energy
incident per unit time and per unit area onto the surface from direction (Gsources Gsource) [30]:

L<esourcea ¢sourcea eouta ¢outa )\)

9 0 =
f( source ¢SOU7"C@7 outs QSO“t’ )\) E; ()\)

(2)

The BRDF can range from simple to complex based on the type of reflection that the surface
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has. For example, the BRDF of a Lambertian surface (frLqmpertian) 1S @ constant:

ambertian — 3
Framrton = - ®)

In contrast, the BRDF of surfaces which have a specular or retroreflective component will
also depend on the angle of incidence of the light (fsource and Pgource), and the angle from
which the reflection is observed (0y,; and ¢, ). Furthermore, as the surface may absorb certain
wavelengths, the BRDF has a spectral dependence. The first objective of this thesis is to obtain
the BRDF of grass.

2.2 The reflectance of grass

There are several scientific communities interested in the BRDF of surfaces. There is interest
coming from computer graphics community, as they try to optimize the graphics of computer
games and simulations. For example, Shah, Kontinnen and Pattanaik [31] constructed a spa-
tially varying BRDF' (also known as bidirectional texture function) to simulate the texture of
grass for given a viewing angle and illumination conditions. Another research branch of science
that looks into reflection of surfaces is Earth observation. The BRDF is relevant as it carries
information about the vegetation [32]. For example, Zheng et al. [33] used spatial, temporal,
and spectral variations in albedo to research vegetation changes in China’s grasslands. Bio-
geoengineers are interested in altering the reflection of a surface on a large scale, so-called albedo
management. The idea is to increase the albedo of e.g. agricultural land to reduce the regional
warming and preserve soil moisture. Seneviratne et al. [34] found that increasing surface albedo
by 0.1 could reduce the mean annual temperature by 1°C and the annual maximum daytime
temperature by 2-3°C. Knowing which properties of the grass contribute to the BRDF is thus
relevant for multiple science fields.

With all these fields also comes knowledge about the BRDF of grass. In this section, the focus
will be on insights from Earth observation science, as their interest (i.e. retrieving information
on vegetation using the reflection) is essentially the exact opposite from one of the subgoals of
this thesis: retrieving the reflection based on the vegetation.

2.2.1 Grass as canopy

A way to look at grass is to consider it a canopy. A canopy is a term for the collection of the
tops of multiple plants. Several common parameters for characterising a canopy are [32]:

o Leaf Area Index (LAI): the total one-sided area of photosynthetic tissue per unit ground
surface area |35 [36].

e Leaf Angle Distribution (LAD): the probability of the leaf normal falling within an unit
interval of inclination angle. Often, a mathematical function is used to model this probab-
ility. Some are used so commonly that they have their own name. In planophile canopies,
horizontal leaves dominate, while in erectophile canopies, vertical leaves dominate [37].

e Leaf geometric parameters such as relative leaf size and shape.

Canopy has been observed to exhibit a retroreflective component. This retroreflective com-
ponent is also known as the hot spot, Heiligenschein or opposition effect [38, 139]. In Earth
observation science, hot spot is the most commonly used word for this phenomenon. In the
case of grass, as the blades cast shadows, the shadows cannot be seen along the direction of
the incident light as the light will be screened by the blades [39]. Research from this science
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branch shows that leaf canopy BRDF's around the retroreflective region are known to depend
strongly on leaf geometry [32].

2.2.2 Experimental measurements reflection of grass

The reflection of grass has been measured in several studies. One way to measure the reflection
of grass is using a goniometer. A goniometer is a measurement device where a light source
is aimed at a sample, after which the reflected light is measured at several angles using a
detector. A disadvantage of this setup is that measuring at the hot spot itself is impossible, as
the detector then blocks the light source.

There are ways to measure closer to the hot spot. For example, Belcour et al. [40] used a beam
splitter to be able to measure at the same place as the light is coming in. Roosjen et al. [20]
also circumvented this problem, using an industrial robot-arm. They measured lawn grass of
the species Lolium perenne L. They observe a retroreflective component, which they attribute
to the erectrophile LAD which causes more internal shadow casting within the canopy. They
noticed that the reflectance decreases as the elevation angle increases, which they attribute to
the soil as the grass is not fully covering the surface - especially at nadir position.

The reflection of the same grass species has also been analysed by Sandmeier et al. [19] in the
form of anisotropy factors. The anisotropy factor is defined as the portion of the reflected
radiance relative to the nadir reflectance, sometimes also called relative reflectance [41]. To
compute the anisotropy factor, the reflectance is measured using a goniometer. Close to the
hot spot, they measured an anisotropy factor of about 2 for A = 550nm, which indicates that
the retroreflection lobe can be rather sharp.

Besides the structural properties of grass by considering it a canopy, the properties of the
individual grass blades are also an important component in the overall reflectance. For example,
Carter [42] found that as leaf water content decreases in the grass species Arundinaria tecta,
leaf reflectance increases over the entire spectrum from 400 - 2500 nm. These grass properties
might be affected by for example mowing. Clark, Prioul and Couderc [43] observed that the
relative water content in a leafs of Italian ryegrass decreased by about 15% in the first 30
minutes after cutting. Dyer, Turner and Seastedt [44] hypothesize that mowing could alter
physiological processes in the plant, increasing its reflectance. So, physiological properties of
the grass also play a role in grass reflection.

2.2.3 Numerical methods to simulate the reflection of grass

Models to investigate the canopy are called canopy reflectance models (CRM). Four main classes,
grouped by their approach and complexity, are [45]:

o Geometrical models treat the canopy as translucent geometric shapes;

o Turbid medium models describe the canopy as a horizontally uniform plane-parallel layer
with absorbing and scattering particles;

e Hybrid models use a combination of geometric models and turbid models;

e Monte-Carlo ray tracing models trace individual rays from the source to the receiver. A
ray is defined as line drawn in space which represents the direction of flow of radiant
energy [25]. The chain of scattering events encountered on the path of each ray are
simulated by modelling only the single scattering properties (Monte-Carlo).

A popular model is the PROSAIL model, which consists of a leaf optical properties model
PROSPECT and the turbid medium canopy model SAIL. Leaf optical properties obtained
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from PROSPECT are fed into SAIL, which gives the reflectance of the canopy [45]. The
current PROSAIL model computes the BRDF from 400-2500 nm in increments of 1 nm as a
function of sixteen inputs, including water content, canopy architecture and solar diffusivity.
The model makes the assumption that leaves are broad and behave like a Lambertian reflector.
Furthermore, the canopy is modelled as being homogeneous and gaps in the canopy can therefore
not be modelled accurately. Ray tracing models are therefore more accurate [46].

There are various Monte Carlo ray tracer models to model a canopy. For example, the model of
North [47] does not model the leaves individually, but computes the intersection of the ray with
the blade by random sampling of the distance until collision. This probability is a function of
the previous direction of the photon and the total leaf surface area per unit volume of space.
They arrive at an expression for the probability that a leaf at a certain depth in the canopy is
both illuminated and viewed, and use Monte Carlo simulation to sample this probability.

In the 1980’s, Juhan and Marshak [48] developed a Monte Carlo method to analyse the influence
of leaf orientation and the specular component of leaf reflectance on the BRDF. They found
that the BRDF of a canopy with more electrophile leaves differs the most from a Lambertian
surface for low angles of incidence. They also found that considering the specular component
of leaf reflectance significantly impacted the BRDF, especially for high elevation angles as the
leaf’s orientation becomes more and more horizontal [49].

Qin and Goel [50] compared hot spot models for canopies and found that the retroreflective
lobe is broader for high elevation angles compared to lower elevation angles. Furthermore, for
a given elevation angle, the retroreflective lobe is broader when the LAI is high, the leaves are
more square-like and the LAD is planophile compared to a low LAI, rectangular leaves and
erectophile LAD. As the ratio between the mean leaf width to the length increases (and the
grass becomes more square-like), the width of the retroreflective lobe increases. Qin et al. [32]
found that the retroreflective effect is more sensitive to changes in leaf dimension when the
elevation angle is low.

2.2.4 Motivation for the development of a Monte Carlo ray tracing model

I developed a Monte Carlo ray tracing model to obtain the spectro-angular BRDF of grass,
which T use to eventually compute the energy yield. This model is introduced in chapter [3]

A model has some pronounced advantages over obtaining the BRDF experimentally. Firstly,
the model is free from the challenges of a physical goniometer: light can be measured in three
dimensions and there is no detector blocking the source. The sample can have the desired
dimensions which might not physically fit in a goniometer. Furthermore, experimenting with
different types of grass and soil can be done easily without having to change the samples in the
goniometer, which could contaminate the machine. The model introduces control over many
parameters, including but not limited to the light source, detection mechanism and sample.

Compared to other numerical methods to obtain the BRDF of grass, a main advantage of
choosing a Monte Carlo ray tracing method is that it gives the most insight in how the sample
parameters influence the BRDF compared to the other CRM introduced above.

2.3 Incorporating the reflectance in photovoltaic yield

Knowing the BRDF is important information for calculating the yield and optimizing the
system, as argued in section [I.1] Several studies showed that taking the spectral aspect into
account is important for an accurate yield calculation [6} 7, 8]. Pal and Saive [51] simulated and
Van Loenhout [52] experimentally verified that the different angular reflection behaviours affect
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the current density of a solar panel. The spectro-angular reflection properties of a reflector thus
impact the albedo and ultimately the yield that is obtained.

In this thesis, the simulated BRDF of grass will be used as input in the model of Pal [9] to
calculate the resulting yield. This is an optical model: the irradiance that reaches the front
and rear side of the bifacial solar panel is computed [53]. It is also a reverse ray tracing (RRT)
model. In a RRT model, the path of the rays from the module to the sun is followed.

The model of Pal [9] consists of two surfaces, namely the bifacial solar panel and the reflector.
Both surfaces are divided into pixels. Furthermore, the location of a light source can be
specified, as well as its spectrum. The geometry of the setup can be adapted. For example, the
solar panel can be tilted as desired.

In the model, the flux of photons incident on the bifacial solar cell consists of three parts:
1. the flux that reaches the bifacial solar panel directly from the source;

2. the flux that reaches the front of the bifacial solar panel indirectly, i.e. by first being
reflected by the reflector;

3. the flux that reaches the rear of the bifacial solar panel indirectly.

The software computes the short circuit current density in every module pixel due to each of
these three fluxes. The short circuit current density (jsc) is the maximum current that the
solar cell can obtain in a certain area [54]. A summation over the short circuit current density
per pixel is performed to compute the short circuit current (Isc).

The short circuit current is used to compute the power produced by the solar cell. This
calculation requires the values of two more parameters: the open circuit voltage and the fill
factor. The open circuit voltage (Voc) is the maximum voltage that can be obtained from a
solar cell [54]. Operating the cell at either the short circuit current or the open circuit voltage
does not yield any power, as there is either no voltage or no current, respectively. Instead, the
cell is ideally operated at its mazimum power point (MPP) [54]. At this voltage (Vaspp) and
current (Ipspp), the most power is produced. This point is indicated on a sketch of the current
voltage diagram in figure [d It can be found by multiplying the short-circuit current and open
circuit voltage by the fill factor (FF). Both the open circuit voltage and the fill factor depend
on the solar cell type [54]. The maximum power (Pypp) can thus be computed as follows:

Pypp =FF - Isc - Voc (4)

Iscd— ~.(Ympp, Impp)

V Voc
Figure 4: In this sketch of a current voltage (IV) plot, the short circuit current (Ig¢), open circuit voltage

(Vo) and maximum power point (MPP) are displayed. The fill factor (FF) multiplied by the Isc and Voc is
the area of the largest rectangle which fits under the IV curve.
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2  Theoretical Background

Running the model of Pal [9] for multiple positions of the sun allows for computing the short
circuit current at each of these positions. Multiplication by the time the sun spends in every
position, the open circuit voltage (Vo) and the fill factor (F'F), allows for computation of the
power profile (P(t)). This calculation has been implemented by Rikhof [24]. Integration of the
power profile over time gives the energy yield.

An important property of this model for this work is that it allows for computing the energy
yield while taking the spectro-angular reflection of the reflector into account. Furthermore, as
the current I can be traced back to the three types of fluxes, the model can be employed
to get insight in how the energy yield is built up. For example, it can be used to analyse the
contribution of each of the three fluxes of light to the power profile and the energy yield.

11



3 Ray tracing model for simulation of grass reflection

3 Ray tracing model for simulation of grass reflection

In this chapter, the ray tracing model that I developed will be explained. First, an overview
of the model is given. Then, each main component of the model is described in detail. The
introduced parameters are calibrated: their optimum value to reduce the error of the ray tracer
is explored. Lastly, the use of the model is discussed.

3.1 Overview ray tracing software

A Monte Carlo ray tracing model has been designed to determine the BRDF of grass. The
model has been made in Matlab. The code can be found in appendix [D] A brief guide how use
the code to reproduce the main figures in this report can be found in appendix [C]

The main assumptions of this model are:

e A ray can be modelled as a vector with a certain direction, a magnitude and wavelength;

A grass blade can be modelled as a vertical rectangle and exhibits diffuse reflection;

The ground can be modelled as a horizontal plane and as a blackbodys;

Depending on the wavelength of the incoming wave, a portion is reflected, the rest of the
wave magnitude is assumed to be absorbed and lost from the system;

Rays whose magnitude at a all wavelengths is smaller than 1% of the initial magnitude
are considered negligible and disappear from the system[].

A bundle of parallel rays is generated which is directed at the volume of the space under
examination. The space is filled with a horizontal surface (the soil) and vertical surfaces (grass
blades). When a ray intersects with a surface, it is redirected in a random direction (diffuse
reflection) and it loses spectral magnitude (energy) depending on the reflectance of the surface
at that wavelength. Once it has been redirected, the ray may bump into another surface,
after which its direction and magnitude are adapted again according to the reflectance. When
the ray intersects with the detection dome, it is condidered to be detected and its spectral
magnitude at the intersection point is stored. Figure |5/ shows how a single ray is traced from
the source (green dot on the dome). The ray is reflected by the grass and eventually detected
(blue dot on the dome). By repeating this process for many rays, the total magnitude of the
rays that intersected in a specific part of the detection dome grid is obtained. By normalizing
this spectro-angular radiance, the BRDF is obtained.

!This assumption is used to avoid the model to trace light indefinitely. Many Monte Carlo ray tracers have
such a condition, for example the ray tracer software SunSolveYield [55].

12



3 Ray tracing model for simulation of grass reflection

Figure 5: Visualisation of the ray tracing model. The same coordinate system is used as in figure The
hemisphere represents the detection dome. The sample is placed in the middle of the dome and consists in
this case of a circular ground with vertical rectangular grass blades on top. A ray (black line) is shot from the
detection dome (green dot), reflected between grass blades and eventually detected (blue dot).

Algorithm [I| shows the pseudocode for the ray tracing program. After ray and plane generation,
the path of every ray is traced. The first task of the algorithm is to find the first surface (be it
the ground, grass or the detection dome) that the ray intersects with.

To this end, first the intersection time of the ray with the detection dome and all surfaces (i.e.
the ground and the grass) has to be computed. This serves two purposes: 1) it is used to check
which surface is hit first and 2) it is needed to compute the intersection point of the ray with
the surface. For the grass and the ground, the plane in which the surface is situated is used
for this calculation. All surfaces (ground, grass and detection dome) are sorted on intersection
time in ascending order for computational efficiency. For every surface in this list, the software
computes if the ray hits this surface. If the ray intersects with the detection dome, the ray is
detected and thereby the program breaks out of the outer while loop and starts tracing the
next ray. If the surface is not the detection dome, the intersection point of the ray and the
plane in which the surface lies is computed. If the ray falls within the boundaries of the surface,
the ray changes direction and magnitude according to the refectance at that wavelength and
the program breaks out of the inner while loop. Using the new ray properties, it proceeds to
compute the intersection time with every surface again and checks if the ray hits any of the
surfaces. If the ray does not hit the detection dome, nor the surface in the plane, the next
surface in the list of sorted surfaces is considered, while the ray’s properties remain unchanged.
If the magnitude of the ray is lower than 1% for all considered wavelengths, the path of the ray
is no longer traced.

In the following sections, the main components of the algorithm will be explained in detail.

13
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Algorithm 1 Ray tracing algorithm to determine the BRDF of grass.

generate sample
generate a bundle of parallel rays
for every ray do
while ray is not detected do
if ray magnitude < 0.01 then
break
end if
calculate intersection time of ray with detection dome
for every plane do
calculate intersection time of ray with plane
end for
sort surfaces on intersection time
k_plane + 1
while k_plane < number of surfaces do
if surface is the detection dome then
detect ray
break
end if
calculate interscetion point ray with plane
if ray hits the surface then
change ray direction
change ray magnitude
break
end if
increase k_plane
end while
end while
end for

14
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3.2 Sample generation

The sample can consists of two types of surfaces: circular surfaces and rectangular surfaces.
Figure [6] shows a sample for grass, where the ground is modelled as a circle and the blades
are assumed to be vertical rectangles - a blade is considerably thin compared to its width and
length. Therefore, the surfaces are two dimensional in an otherwise three dimensional model.

The properties attributed to these surfaces are elaborated upon below.

Figure 6: Example of a grass sample in the coordinate system, where the ground is modelled as a circle and the
grass blades are modelled as vertical rectangles. The small lines perpendicular to the surfaces are the surface
normals.

Circular surface properties

For a circular surface, the centre, radius (7sampre) and height of the surface are specified. For
the sample grass, the ground is considered to be a circular surface whose center is in the middle
of the detection dome.

Rectangular surface properties
For a rectangle, all four corners of the surface need to be specified. Furthermore, the centre of
the surface is saved and the length and height can be set.

In the example of the grass sample, the grass blades are modelled as vertical rectangles, whose
centres (¢p, 1) are randomly (but uniformly) distributed over the circular sample in the xy-
plane. Therefore, the centres are chosen by uniformly sampling a disc.

by = 278 (rad) (5)
Ty = <Tsample - %wblade) \/g (Tad) (6)
1,62 € [0, 1] (7)

where the random numbers &; are generated by Matlab’s rand function. This function returns
uniformly distributed random numbers between 0 and 1. The grass blades therefore spawn
randomly but uniformly in the sample. By restricting the radius in which the centre of the
blades are allowed to spawn by half of the width of the blade, no blade falls outside of the
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radius of the sample. Figure [7a] shows the sample from nadir position and shows the randomly
spawned points (in orange) in the allowed area (shaded in gray).

Now that the centres (xy,y;) of the samples projected on the xy-plane are known, choosing a
height of the grass blades (zyqq4e) and width of the grass blades (wpqq.) allows for determining
the corners of the grass blades as illustrated in figure [7b}

1
X1 = T4 = Tp — §wblade (8)
Ty = X3 = T1 + Whiade 9)
YI=Y2=Y3=Ys=1Wp (10)
Z1 = 22 = Zblade (11)
z3=24=0 (12)

where subscripts 1,2 3 and 4 refer to the left top corner, right top corner, right bottom corner
and left bottom corner, respectively. Now, the sample consists of rectangular blades that are
randomly oriented on the sample, shown by the light green lines in figure [Tal Lastly, the grass
blades are rotated randomly such that each blade is facing a random direction, where rotation
angle v is:

v = 2m&s (13)
&€ 10,1 (14)

In figure [Ta] the dark green lines represent the rotated grass blades as viewed from the top.
As the centres and rotation of each grass blade depends on these equations only, grass blades
can also grow through each other. This is illustrated by the two grass blades in the top right

quarter in figure [7a]

(e, ¥1, 1) (x3,¥2,23)
=
o
) (
Xby Yo Zt
| Zp1ade b: Yb: ©b
T € ]
i rsample
Wb;;{dé"""-—-'
(X4, Y2, 23)  (x3,¥3, 23)
X-axlis
(a) A grass sample as viewed from the nadir position. (b) A grass blade as viewed along the y-axis. First,
The centres of the grass blades (in orange) are ran- its centre is determined (in orange). The coordinates
domly distributed over the allowed area (shaded in of the angles of the blade are determined based on
gray). First, the grass blades are all parallel to the x- this position. The orientation of the blade is ran-
axis (in light green). They are rotated by angle v to domized later by application of a random angle ~
make them face a random direction (in dark green). (see figure 4

Figure 7: Two dimensional illustrations of the main parameters relevant to the generation of the sample.
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Non-sample area
The area of the bottom of the detection dome that is not a Sampldﬂ, is modelled to behave like
a blackbody. A ray of light that intersects with this area is lost from the system.

3.3 Ray generation

Generating the first ray

A ray can be described by a vector: it has both a magnitude and a direction. From hereon,
any vector is a three dimensional vector with three components as defined by the Cartesian
coordinate system - e.g. any vector ¥ has an x, y and z component. Consider a ray starting at
point €, travelling along the direction d. The point p(t) where the ray is at time ¢ can then be
computed as follows [56):

pt)=é+td (15)

Using this notation, a ray is created with the following properties:

e Starting point (€), computed from the azimuth (Pseurce) and elevation (Gspurce) angle of
the source and the radius of the detection dome.

e Direction (d = §— &) where § is the end point. The first ray that is generated is aimed
at the middle of the detection dome. The height h at which the rays are aimed can be
chosen by the user. The choice for height influences the results and the height should
therefore be chosen carefully, as described in section ((5z, 8ys52) = (0,0, h)).

e Magnitude per wavelength m()\). The value of the magnitude can be chosen freely, as
the magnitude measured will eventually be normalised to obtain the BRDF. Therefore,
initially, m(X) = 1VA.

Note that knowing the time ¢ and the first two properties allows us to compute the position of
the ray using equation [15| Figure [§| shows one generated ray. Its starting point corresponds to
the green point and it ends at the middle of the detection dome. The magnitude per wavelength
allows for measuring the spectral dependence of the radiance.

Generate a bundle of parallel rays

A bundle of rays that fall uniformly on the surface is generated based on the direction of the
first ray. Figure @ shows a bundle of 50 rays. The direction of all rays is the same (cf), but the
end point (s, and s,, s, = h) differs such that the rays are falling uniformly distributed on the
surface, mimicking a beam. This beam has a circular cross section on the xy-plane at height
h. When h = 0, the end points of the rays are uniformly distributed on the ground in a certain
illuminated area (the area within the yellow circle in figure @ Figure [10|is a sketch of the view

from nadir position, where the illuminated area is shown by the yellow-shaded area.

The sample (which is a circle) can be divided into an illuminated and non-illuminated area. As
the cross section of the beam is always circular on the ground, the illuminated area A;juminated
can be determined with respect to the area of the sample A ppie:

2
Ailluminated = ailluminatedAsample (16)

Tilluminated = Qilluminated! sample (17)

2 _ _ 2 . .
Anon—sample = Adome — Asample = (Gapme — 1) Asampie according to equation
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=90

Figure 8: One ray with ¢source = 180° and Ogpyree = 45° is shot to the centre of the detection dome.

where a2, ... ... is the fraction of the area which is illuminated compared to the sample area. In
principle, the value of a;;uminated, the ratio between the radius of the illuminated area r;uminated
and the radius of the sample 7s4mpie, can be any value: however, Gijuminated > 1 is n0t sensible
as part of the rays will be shot next to the sample and thus lost immediately. The value of
Gilluminated Nas been optimised, as is further elaborated on in section H

The properties of the parallel rays are:

e Direction (ci} as computed for the first ray.

e Starting point (€) is computed using equation . Here, d is as defined above. The end
points § are chosen such that the end points are uniformly distributed in a circle on the
chosen height h, which is the same height as for the first ray:

s = 21&,y (rad) (18)
T's = Tilluminated 55 (Tad) (19)
€4,6 €10, 1] (20)

These spherical coordinates are then transformed to Cartesian to obtain (s,,s,,s,).
Lastly, time t is the time it takes before this ray intersects with the detection dome
(see equation and using these inputs € is computed.

e Magnitude per wavelength m(\) as assigned to the first ray.

All rays (including the first ray) thus have the same direction and an end point that falls within
the circle of radius rijuminated; which can be seen from figure [9

3.4 Ray intersection

A surface can be described as a plane with boundaries. For any point p’ that lies in the plane
of point p; with surface normal 7, the following relation holds true [56]:
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Figure 9: 50 parallel rays incident from ¢source = 180° and Ogouree = 45° are shot into the illuminated area
(Aittuminated), in yellow.

(P—p) - 7i=0 (21)

The intersection time of the ray with the plane can now be found by substituting equation
in equation [21] [56],

(=)t

t= =
d-n

(22)

Substituting equation [22|in equation [15| gives the intersection point of the ray with the plane, p;.
This does not guarantee that the ray also intersects with the surface in the plane - the program
checks if the computed intersection point falls on or within the boundaries of the surface. Only
if this is the case, the surface is considered to be ’hit’.

The planes resembling the grass blades are two dimensional, but situated in a three dimensional
world. If a ray is parallel to the surface and hits the surface from its infinitesimally thin side,
d-it = 0Pland no intersection time can be computed (equation . Therefore, the ray does not
'see’ the grass blade and the ray effectively shines past it. This is the case when light shines
from O,0urcc = 90° on a vertical grass blade, as well as when light shines from any ¢,urce to a
blade whose tangent line is parallel to ¢ource. In these situations, the light does not reflect on
the blade.

As the starting point and direction of the ray are known, the number of surfaces that the ray
can hit when it is initially incident on the surface is reduced to only the surfaces that are in the
path of the ray. Computational time can be saved if only the intersection time of the blades in
the path has to be computed. The initial position is specifically ideal to apply this technique,
as the path of the parallel rays is almost the same - a list of surfaces that are present in this
path only has to be made once. For a ray coming from the sky, the software only computes the

34 -7 = 0 or practically zero (|d - 7| < 10')
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Figure 10: Two dimensional illustration of the top view of the sample (black circle). The illuminated area
(shaded in yellow) lies within the sample. The light is incident from ¢soyrce. The end points 5 of the light
(yellow circles) have as coordinates (¢s,rs,h).

intersection time for the surfaces whose centres occur in the area Ajjyminated,initia;- This area
is defined to have the width of 7 minated + Whiade and extends from one end of the detection
dome to the other. This area is shaded in red in figure Once the ray has hit a surface, all
surfaces are taken into account again.

When a ray hits a surface, its direction and magnitude change.
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Figure 11: Two dimensional illustration of the top view of the detection dome (blue circle). The black circle
represents the sample and the yellow shaded area is the illuminated area. As light is shot from azimuth ¢source,
only blades (dark green lines) whose centres (orange points) fall within the initially illuminated area (shaded in
red) are considered in the calculations, as these are the only blades that could potentially be hit. This reduces
calculation time.
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3.4.1 New direction

When a ray hits a surface, it changes direction. The method through which the new direction
is chosen and the grid layout of the detection dome determine the number of photons detected
in every pixel of the detection dome. Choosing a new direction and measuring the rays at the
detection dome should be done such that upon measuring a Lambertian surface, the radiance
measured is equal for every angle: this is the definition of a Lambertian surface (see equation

3).

The possible directions from which the ray can 'choose’ depends on the orientation of the surface
that the ray hits: the new direction should be physically possible. For example, if the surface
is oriented horizontally on the ground, the new direction of the light has to be in the half-space
above the surface. Figure displays 1000 possible ray directions for one ray intersecting at
(0,0) on the xy-plane. For a differently oriented surface, some directions are impossible as the
ray is not allowed to travel through the surface. Figure illustrates this principle, showing
a half-space of possible directions in black and a half-space of invalid directions in red.

The situation described above is translated to mathematical equations in order to choose valid
new ray directions. Mathematically, the new direction is chosen in the half-space of the surface
normal. The valid polar angles of the new ray direction are sampled uniformly in the spherical
coordinate system of the detection dome. To take the direction of the incoming light into
account (and thus the side of the surface that is hit), the normal should be in the half-space of
the incoming light ray. This ensures that the light reflects back into the half-space that it was
coming from.

=90 =90

0=0

(a) (b)

Figure 12: Visualisation of possible reflection directions (1000 displayed) of one incoming ray for a horizontal
(a) and tilted (b) surface. The directions in red are not valid, because they are not in the half-space of the
surface normal in the direction where the light is coming from.
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Ensuring that the surface normal is in the direction of the incoming ray
First, the program evaluates if the normal is in the half-space of the incoming ray. For a vector
v, surface normal 77 and related surface parameter d, the following relations are true:

<y

d (¥ is in the same half-space as 1)
d (¥ is in the opposite half-space from 1) (23)

S 3L 3L
<y
ANV

<y

=d ( U1isin the plane)

In these relations, the parameter d follows from the Cartesian equation which models a surface.
It is is the distance from the plane to the origin:

d=p; i (24)

Knowing d, the relations are applied to ensure that the normal is in the direction of the incoming
light. To this end, ¥ is substituted by the direction of the incoming ray, d, and the direction of
the normal is flipped to —7 if 77 - d < d.

Determining a new ray direction in the half-space of the normal

Now that the surface normal is in the same half-space as the incoming ray, a new direction can
be chosen. The new direction of the ray is determined by sampling a sphere uniformly in polar
angles and based on random numbers generated by a normal distribution:

¢new = _g + 7T€6 (’I"Cld) (25)
Onew = —m + 21&7 (rad) (26)
&6, &7 € [0, 1] (27)

This gives a possible new ray direction in the sphere. However, only the ray directions in the
correct half-space are allowed. Therefore, after generating a new ray direction, it is checked
whether this new direction dnzw is in the same half-space as the surface normal. If this is the
case, the new direction is a valid direction. If the new direction is not in the half-space of
the surface normal, the new direction is rejected and a new direction is chosen according to

equation [25]

The new direction of the ray is chosen such that the surface reflects diffusely, like a Lambertian
reflector. Every surface that is part of the sample is modelled to reflect diffusely - the grass
blades included. This is also how Juhan and Marshak [48] model the reflection of leafs.

e
The chosen new ray direction is transformed to Cartesian coordinates, which results in d,,e,.
Figure illustrates that the new directions that are chosen are rotated correctly.

3.4.2 New magnitude

The new magnitude of the ray depends on the type of surface, which determines the percentage
of reflectance per wavelength. The new magnitude of the ray after intersection (me,) is
simply the old magnitude of the ray (m,yq) times the reflectance (Rgyrface) Which depends on
the material. The ray magnitude is thus adapted as follows:

mnew(/\) = mold<)\) : Rsurface(A) (28)

The non-reflected part of the ray is assumed to be fully absorbed - in other words, lost from
the system.
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Included options for surface types are, among others, a blackbody (all wavelengths are absorbed,
Rpjackbody(A) = OVA) and a Lambertian reflector (all wavelengths are reflected, Riampertian(A) =
1VA). Spectrally dependent reflectance data can also be used to model non-ideal surfaces. In
this report, the reflectance data of grass comes from Russell et al. [6] and is shown in figure
This data is interpolated to get the reflectance at the input wavelengths that are set by the
user at the start of the program. The soil is assumed to be a blackbody.

Reflectance of grass
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Figure 13: The reflectance of grass (R) as function of the wavelength (). Data from Russell et al. [6].

3.5 Ray detection

The ray is detected when it intersects with the detection dome. This is the hemisphere in which
the system is contained. The dome is placed over the ground surface. To know the angular
BRDF, it is important to know where the ray hits the dome - i.e. where the intersection point
is between the ray and the dome.

A sphere can be described in vector notation where every point p'lies on the sphere with radius

Tdome and centre ¢ [56]:
(F'= ) (P— &) = Tiome = 0 (29)

where 7 4., and correspondingly the area at the bottom of the hemisphere Ay, is determined
with respect to the sample size according to:

Adome - a’?lome Asample (30)

T'dome = Qdome’ sample (31)

The value of agome, the ratio between the radius of the illuminated area r4,,,. and the radius of
the sample 7ggmpie is Testricted to agome > 1 to ensure the entire sample falls within the dome.

The value of agome has been optimised, as is further elaborated on in section )

Substituting equation [15in equation , the intersection time with the sphere is [56]:

A E- 9\ E- (D7) (=) 1) )
d-d

and equation can then be used to compute the intersection point. Figure shows an
incoming ray being reflected by the sample and detected at the blue point.

The detection dome is discretized to measure the detected ray. Therefore, it is divided into
pixels. The detection dome is considered to be a spherical coordinate system, resembling a
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Figure 14: An incoming ray is reflected by the sample and detected at the detection point, displayed in blue.

spherical geographic coordinate system. The grid pixel size is thus uniform in terms of # and
¢. That is, if an accuracy of 5 degrees is chosen, the matrix C(i,j) containing the centre of
every pixel looks as follows:

C(i,j) = C(0,9) (33)
Cli+1,j)=C0+p,9) (34)
C(i,j+1)=C(0,0+B) (35)

Cli+1,7+1)=CO+ 8,0+ ) (36)

In this way, the entire C' matrix is filled, where each value belongs to the centre of a pixel on
the detection dome. Figure [15|shows the pixels on the detection dome and their centres when
f = 15°. The sum of the final ray magnitude (m ;) at every wavelength of all rays hitting
the pixel with center C(i,j) pixel is saved in the matrix grid pixel C(i,j).

When a ray hits the detection dome, it is checked which pixel was hit by looking for the smallest
difference between the detection point ( Ogerected ANd Ggetectea) and the centres of the pixels (¢
and ¢¢). Essentially, the program finds in which pixel the detection point (blue dot) falls, as
illustrated in figure 15|

Then, the final magnitude of the ray at each wavelength (m i) is added up to the spectral
value that this pixel already had. In this way, the spectro-angular radiance is obtained: the
radiant flux reflected by a surface, per unit solid angle per unit projected area. So, for each
bundle of rays shot at a specific angle of incidence (Gspurce, Gsource), the spectro-angular radiance
(L(C, X)) can be determined. The formula below describes how the radiance for a single pixel
and wavelength is built up: the magnitudes of the rays (m i) at a wavelength (\) are summed
for all rays (n(C')) that hit a pixel C.

A) = myina(X,C) (37)
n(C)
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Figure 15: An incoming ray is reflected by the sample and detected at the detection point (in blue), which falls
in the highlighted pixel. Here, the angle between the pixel centres § = 15°.

Or, in terms of # and ¢:

L0, ¢, \) = > myina(X,C) (38)
n(6,9)

So, the radiance for a certain angle of incidence is a three dimensional matrix: tabulated
spectro-angular radiance.

3.6 From radiance to BRDF

Clearly, the BRDF will depend on the shape of the radiance - but they are not the same
quantity. To transform the reflected spectro-angular radiance (L) to the spectro-angular BRDF
(f(0,¢,\)) -which will be a tabulated BRDF (TBRDF) - the radiance has to be normalized
[57]. This is done by applying the law of energy conservation.

The law of energy conservation states that the number of photons coming out of the system
should be equal to the number of photons entering the system when there are no loss mechan-
isms. This principle of energy conservation can be mathematically described as follows:

21 ;77
Z Z f(‘gdomev gbdome; )\>005(g - edome)Sin(g - gdome)dgdomed¢dome =1 (39)
»=0 6=0

The cosine takes into account that every pixel has a different viewing angle with respect to the
centre of the sample, and therefore sees a different amount of radiance. The sine takes into
account the tilt of each detection dome pixel.

However, in the detection dome, energy is not always conserved as there is absorption in the
system. In the case of a simple horizontal circular sample, energy might be lost if the sample
absorbs (R()\) < 1 in equation[2§)). Such a loss mechanism can cause less number of photons to
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come out out of the system than were initially coming in. This imbalance is to be accounted for
in the BRDF, otherwise all samples would always have an albedo of 1. This effect is accounted
for by the spectral albedo (p(\)):

p(N) = =2 (40)

where E,,; and E;, are the exitance (radiant flux leaving a surface per unit area) and incoming
spectral irradiance (radiant flux received by a surface per unit area), respectively:

Fpe) = 325 L0,6.0) (a1)

=0 6=0

Ezn()\> = Z minitial(/\a C) (42)

In summary, the BRDF is computed as follows:

_ L(9, 6, )
Ziﬁ:O Zg;ro L(Q, ?, )\)005(% - 9)‘%”(% - e)dedqﬁ

f(edomea (bdomea >\) ,0()\) (43)

For a given wavelength, the BRDF has the shape of the reflected radiance. The radiance has
to be normalised, which is done by the sums in the denominator. To account for energy loss
in the BRDF, the first division is multiplied by the spectral albedo. The BRDF as shown in
equation 43| can be obtained for every angle of incidence of the light, which makes the BRDF

ﬁve dimensional: f(esourcea (bsource? 9dome> ¢dome7 )‘)

3.7 Calibration of the parameters

The ray tracer software makes use of many parameters, whose values affect the resulting BRDF.
This section aims to create insight in the effects of these parameters with as goal to achieve a
BRDF which is as accurate as possible. First, the simplest sample is considered: a horizontal
Lambertian surface. Then, the parameters are calibrated for grass, modelled by multiple diffuse
reflectors.

3.7.1 Calibrating the horizontal Lambertian reflector

To ensure the model is working, the TBRDF of a Lambertian reflector (as illustrated in figure
D is measured and compared to the analytical Lambertian. The BRDF of the latter is % for
all directions of the hemisphere (equation .

As the model is run for a Lambertian reflector, some simplifications are made. The model is run
by simply only generating a horizontal plane in the detection dome, which does not decrease
the magnitude of the ray after collision:

Mnpew = Mold (44)

Thereby, the spectral dependence of the TBRDF is taken out entirely. Furthermore, as the
reflector is Lambertian, the BRDF does not depend on the angle of the incident light. Con-
sequently, the TBRDF becomes two dimensional as it only depends on 64pme and @gome. Fur-
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thermore, as it is known that the BRDF for a Lambertian surface is a constant, it can be
deduced that the obtained TBRDF should not vary with 00 and ¢gome.

All rays are directed at the origin of the xy-plane to increase calculation speed and such that
the variables agome and aggmpre do not play a role. Furthermore, the software is run ten times
and the average radiance is taken such that local errors are evened out.

Figure shows the BRDF of a horizontal Lambertian surface, evaluated for 100,000 rays.

As the magnitude of the rays never decreases, the energy entering the dome should also leave
the dome to fulfil the law of energy conservation. In other words, the integration shown in
equation [39| should evaluate to 1 for an ideal diffuse reflector, which has been verified.

Comparison TBRDF to analytical Lambertian: Number of rays and detection dome
grid accuracy

Comparing the obtained TBRDF to the analytical Lambertian, the root mean squared error
(RMSE) follows:

ST i (2 £(6,0))°

RMSE — 0 r
Z¢:O 29220 1

(45)

The simulation is run for n rays and a detection dome accuracy measured in 3, the amount of
degrees between detection dome pixel centers. Figure [16| shows how for § = 0.5° an increase in
the number of rays decreases the RMSE - which is expected as a larger sample size will decrease
the error.

10° Influence number of rays on RMSE (3 = 0.5)

RMSE

10" F 5

-2 L L L L [ R | L | L | Lo L L R |
10
10* 10° 108 107
n

Figure 16: Root mean squared error (RMSE) as function of the number of rays (n) for 5 = 0.5°.

Figure shows the results of a simulation where the BRDF has been saved for n from 10%
to 10? and the detection dome pixel size varies (ﬂ)ﬁ For each value of the number of rays n,
there is a minimum at a certain value of the detection dome pixel size parameter 5. Two main
effects can be seen:

1. As the pixel size increases, the RMSE decreases as the errors on individual pixels are
averaged;

2. As the pixel size increases further, the RMSE increases. Because of the large pixel size, the
detection dome shape is made up of less faces and is therefore different from a hemisphere
- in that case, measuring diffuse reflection becomes less accurate.

4The chosen values of 3 are multiples of 8 = 0.5° such that the TBRDF for larger pixel sizes (e.g.3 = 1°,
B = 1.5° etc.) can be computed after running the ray tracer for only one pixel size. Some multiples of § = 0.5°
are skipped because the detection dome hemisphere cannot be divided into equal parts anymore (e.g., 5 = 3.5°
does not fit an integer number of times in the azimuth (360°) nor in the elevation angle (90°))
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The first effect is more prominent for a low number of rays, whereas the second effect is more
prominent for a larger number of rays. This can be intuitively explained: when there are more
rays, the error per pixel will be smaller already. Therefore, to minimise the RMSE, a high
number of rays needs to be detected by a smaller pixel size compared to a low number of rays.

Accuracy test of the ray tracer

10%¢
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Figure 17: Root mean squared error (RMSE) as function of the detection dome accuracy § in degrees for various
number of rays (n).

The ray tracer runs by a for loop over the number of rays. Therefore, the running time
proportionally increases with the number of rays as can be seen from figure [18] Furthermore,
a high value of $ means a low number of pixels, which reduces the memory requirements.

Comparison TBRDF to analytical Lambertian: Measured area relative to the dome
In the section above, all incoming n rays are shot towards the middle of the detection dome.
However, if they were to be shot to a point at a certain radius away from the centre of the
dome, the rays don’t fall equally distributed on the grid anymore and the resulting BRDF gets
distorted. Therefore, the rays should be aimed close to the centre of the detection dome. The
impact of the size of the detection dome with respect to the size of the illuminated area has
been evaluated. The illuminated area is set to be the same as the sample size, and the ratio
between the radius of the detection dome and the radius of the sample agome is varied.

Figure [19| shows the relation between the RMSE and agome. The plot is for n = 10% and 3 = 3°
(as deduced from figure [I7). It can be seen that the error is minimised when the detection

103 - Bun time per number pf‘ravly's[
10% ¢

10" E

10° e
10* 10° 108 107
n

Figure 18: The run time ¢ in seconds against the number of rays for g = 0.5°.
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dome is larger than one thousand times the size of the sample.

Relation RMSE and a for n = 1e® and 3=3
102E Emsmemea e=reEEEy == T “Md‘c‘)‘me‘ E=EmmmRay =y

10-3 Lol | Lol Lol Lol Lol Lol . ‘..ﬁ
10° 10" 102 10° 10% 10° 108 107 108

adome

Figure 19: Root mean squared error (RMSE) as function of agome, the ratio between the radius of the detection
dome and the sample (which is the spot size as here, a;jjuminated = 1. Case for n = 10% and 8 = 3°.

So far, the incident rays have been aimed at height h = 0. When the sample height is increased
and the rays are aimed higher (h > 0), the lower pixels of the detection dome will receive less
radiance. To analyse this effect, the parameter ¢ is introduced. This parameter is the ratio
between the dome size and the height:

Tdome
= 46
¢== (46)
Note that ¢ > 1 to make physical sense. Figure 20| shows the resulting RMSE when shooting
the rays at (x,y,z) = (0,0,h) and varying h. At ¢ = 1, the rays are shot at the top of the
detection dome. The error is minimised when the dome is about a thousand times larger than
the height at which the rays are shot (¢ = 10%).

Relation I?MSE and q for n=1 0% and =3
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Figure 20: RMSE as function of ¢, the ratio between the radius of the detection dome and the height h that
the rays are shot at. Case for n = 1,000,000 and 8 = 3°.

Since a larger detection dome is not computationally more expensive, a detection dome is chosen
With agome = 108. Since agome determines 7gome, this means that A may not exceed h = 10° to
retain accuracy.

Other orientations of a Lambertian reflector

The TBRDF of differently oriented surfaces is simulated like the Lambertian surface. A Lam-
bertian surface should always give an equal radiance - and since the shape of the BRDF depends
on the radiance, this can be checked by looking at the BRDF. Figure [21] shows four different
orientations of a Lambertian surface, and the resulting shape of the BRDF. Note that here,
Agome = 108 is used. It can be seen that the BRDF is equally large to all directions that are
available, thereby validating that the BRDF of a Lambertian reflector in any orientation can
be simulated accurately (i.e. with the limitations according to figure .

29



3 Ray tracing model for simulation of grass reflection

() () () (h)

Figure 21: Possible reflection directions for a horizontal Lambertian (a), vertical (b) and tilted Lambertian
surface (¢ and d) and their corresponding BRDF (e,f,g, and h, respectively). The simulation has been run for
n=10% and B = 6.

3.7.2 Calibrating the grass reflector

The simplest grass sample consists of a circular surface, which is the ground, and rectangular
vertical surfaces which represent the grass. To focus only on the effect of the grass geometry,
the ground is assumed to be a blackbody. Each grass blade reflects diffusely, like a Lambertian
reflector - but for the grass, spectral reflectivity R(\) is taken into account.

The simulations are run for ten different randomly oriented samples such that the local error
of a single sample is reduced.

Considerations for the height h
When the sample is changed for grass modelled as explained above, other parameters become
important: @iuminated NA Tijuminated- 1hese parameters determine in part the realism of the

obtained BRDF.

The goal of the ray tracer is to produce a BRDF for grass as if it were a large patch. However,
in the ray tracer, there is only a circular sample of grass - it has distinct boundaries. Depending
on the height that the rays are shot at, some rays will hit the grass at the edge of the sample
- especially for low elevation angles. These blades act like a vertical Lambertian (see figures
and and therefore influence to great extent the reflectance and thus the BRDF. This
influence has to be minimized. This problem can be solved by aiming the rays at height
h = zyaqe - now, by definition, the light will not hit the blade closest to the edge of the sample
as much from the side.

However, aiming the rays at h = zp4q4e also introduces constraints on the height of the blades.
If the blades are very high, the RMSE is distorted (see figure . Furthermore, the valid angles
for the source (the sun) are reduced. Consider a vertical Lambertian surface with a height 5
cm, which stands in the middle of the detection dome with a radius of 10 cm (figure 22b)). If
the source is at elevation angle 6,,,..c = 0 and the ray is shot towards A = 5cm, then the ray
direction has a positive z component: the ray is shot towards the sky instead of towards the
ground. Place some more grass blades in the sample, and it can be deduced that the initial
rays from the sun will have to go through grass blades to be able to follow their path towards
the sky. Clearly, this is not a physically possible situation.

With the help of geometry, the problem can be solved. The elevation angle of the source should
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be defined such that rays are never directed towards the sky. So, the ray direction is either
horizontal or aimed down. Related to this problem is that light which is shot at very low
elevation angles, will be detected on the opposite site of the detection dome. To avoid both
problems, the elevation angle of the source should always be higher than 0suuce min:

(47)

Tdome

h(l _|_ TdomeFTilluminated ))

_ Tdome —Tilluminated
esource,min = arctan <

Only at angles Osource > Osource,min the ray tracer will produce a valid result. If agom. is small,
Osource.min Will be large and the ray tracer can be used for less incident elevation angles. Again,
a large detection dome thus proves to be useful as it reduces Ospyrce.min- For example, aiming
rays at a sample with 7;uminated = 2.5cm at a height h = 2,9 = 8cm and a detection dome
of Tgome = D000km gives Osourcemin = 1.83 - 107%°. This angle should be computed to know
the lower limit at which the model is valid. The Matlab code throws an error when angles of
incidence are chosen which force the ray direction towards the sky.

Another option is to place the sample under the detection dome by height A. This configuration
carries the inherent assumption that there is a blackbody at the edge of the sample, as reflection
coming from the side of the sample is not measured and considered to be lost. For this reason,
this configuration was not chosen, although it might be worth re-evaluating this option in the
future as it avoids the error introduced by Osource min-

Considerations for the blade density

The number of blades hit by the beam and their orientation matters for the obtained BRDF.
Consider a sample illuminated by a light beam so small that all light falls on one grass blade in
the middle. The orientation of this grass blade has a profound impact on the resulting BRDF
- in the initial intersection of all rays with this blade, there is only one half-space of possible
directions (see figure . If the beam were to be aimed at a larger area of the sample, there
are initially more half-spaces of directions to choose from. So, the number of blades that are
illuminated influences the BRDEF. In this thesis, I take r;juminatea = 2.5¢m which consists of 45
blades - that gives a blade density of approximately 22,918 blades per square meter, based on
artificial grass [5§].

Considerations for a;;uminated

Consider a grass sample which is fully illuminated. The light rays hitting the grass blades at
the edge have an equal chance to be reflected upwards (get a positive z-component to dn;w)
and to reflect towards the ground (a negative z-component). If the sample size is increased
while the illuminated area stays the same, upward directed rays which would otherwise have
been detected have an increased probability of hitting an extra blade. The same is true for
downward directed rays.

To analyse if and how these effects affect the albedo, the ray tracing model has been run
by shooting n = 10° rays on the sample. The sample consists of a blackbody ground and
rectangular grass blades with height zy445 = h = 4cm and width wpyeqe = 0.5¢m. The accuracy
of the detection dome is 5 = 10°. The size of the illuminated area (determined by 7uminated)
is kept constant, while the sample size (determined by rsumpie) is increased. In other words,
Qiltuminated 1S changed, but in such a way that the spot size will stay the same. To analyse the
effect of decreasing a;;juminated, the model is run for four situations:

® Tilluminated = 2.5 CN, Tsample = 2.5 CIM, Gjlluminated = 1

® Tilluminated = 2.5 CI, Tsample ~ 3.3 CI, Qjlluminated = 0.75
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® Tilluminated = 2.5 C, Tsample = 5 CI, Ajlluminated — 0.5
® Tilluminated = 2.5 Cm, Tsample = 10 CM, Qjlluminated = 0.25

Figure presents the BRDF of grass for ten elevation angles of the source. There is no
reflection at Os,,.cc = 90°, as the rays directly hit the ground which is a blackbody and absorbs
all the light.

S S S S S

(a) Osource = 0.1° (b) Osource = 10° (C) Osource = 20° (d) Osource = 30° (e) Osource = 40°
(f) esou'rcc = 50° (g) esource = 60° (h) Gsou'rce ="70° (1) esource = 80° (,]) esource =90°

Figure 22: The BRDF of vertical grass for ten elevation angles of the source (Osource). Light (yellow line) is
incident from ¢source = 0°. Here, Tjiuminated = 2.9¢m, Tsample = 5cm and aiyguminated = 0.9.

Figure shows the value for the albedo (p) integrated over the detection dome (f4ome and
Gdome) for ten angles of incidence for each of the four situations for one wavelength (A = 900
nm). Overall, the albedo for this wavelength varies between p = 0.064 and p = 0.294. Given
that upon first intersection, a ray at A = 900 nm reflects 50.76% of the incoming light (see
figure , the albedo can be maximally 50.76%. Indeed it can be seen in figure [25| that the
albedo stays well below this limit.

In figure 25 compare the albedo for different elevation angles when the entire sample is illumin-
ated, i.e. for Tiuminated = Tsample = 2.5cm. The albedo is higher when the angle of incidence is
lower. Light coming in from a low elevation angle hits the grass blades at the top of the blade
(see figure , whereas light that comes in at a higher elevation angle penetrates deeper into
the grass (see figure . Light hitting the grass deeper has less chance to reflect towards the
sky, as illustrated by the blue arrow in figure 23b] Therefore, the simulated albedo of grass
is lower at high elevation angles of incidence. This effect will from hereon be called higher
elevation angle - lower albedo.

There are two main effects when the sample size increases while the illuminated area stays
constant. Consider again a fully illuminated sample (Tiuminated = Tsample = 2.5cm). After
intersection with a grass blade, there is a 50% probability that the new ray direction will have
a negative z-component. The reflected ray is travelling down and is absorbed by the non-
sample area. When the sample size is increased while the illuminated area stays the same,
essentially an extra ring of blades is added around the illuminated area. A ray which would
have otherwise been absorbed by the non-sample area, now has a chance to hit the grass
blades in this ring. Therefore, these rays get a new opportunity to be reflected towards the
detection dome. So, as the sample size increases, the albedo increases. For example, when
the sample is fully illuminated (Tuminated = Tsample = 2.5cm), the albedo for fspuree = 50° is
PA=9001m,0souree=50"aiuminarea=1 = 0-139, whereas when the sample increases two times in radius,
PA=9001m.0s0uree=50"aiuminatea=0.5 = 0-179. When the elevation angle of the source is low, the first
intersection of the ray with the blade will take place relatively on the top of the blade (see
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(a) Low elevation angle. (b) High elevation angle.

Figure 23: Two dimensional illustration of how elevation angle (0source) influences the chance to reflect towards
the elevation dome. The incoming ray (yellow) is shot from a certain angle of incidence on the grass blades, in
green. The ray then chooses a new direction. The blue angle represents the directions which will be detected
at the detection dome. The green angle represents the directions for which the light will hit another grass
blade. The grey angle represents the directions for which the ray is aimed at the ground. The angles are an
indication of the probability of this event happening. The figures show how changing (0source) influences these
probabilities.

figure . Therefore, a reflected ray travelling towards the ground from the top of the blade
(see figure has a larger probability of intersecting with a grass blade than a ray which
departed from the bottom of the blade (see figure @ . Consequently, the increase in albedo
is more prominent at low elevation angles (see figure @[}

=1l L=l WL L=l

(a) Downward ray: Low el- (b) Downward ray: High el- (c) Upward ray: Low eleva- (d) Upward ray: High eleva-
evation angle. evation angle. tion angle. tion angle.

Figure 24: Two dimensional illustration of how elevation angle (04oyrce ) influences the probability for a downward
ray to intersect with a grass blade (represented by the brown arrow) and the probability of an upward ray to
intersect with a grass blade (represented by the pink arrow). The yellow line represents the illuminated area.

Secondly, after intersection with a grass blade, there is also a 50% probability that the new
ray direction will have a positive z-component. When the sample size has increased, these rays
have an increased probability to hit a grass blade. Hitting yet another blade means that the
magnitude of the ray decreases. This effect is most present when light is incident from a high
elevation angle, as for light penetrating deeper into the grass the probability that an upward
directed ray hits another grass blade (see figure is larger than for rays hitting the blades

near the top (see figure 24c]) .

These two effects counteract each other, and as a result, it can be seen in figure that for
every elevation angle, the sample size at which the albedo is at its maximum is different. For
example, for O4,,.cc = 80°, the figure shows that the maximum albedo for this angle is obtained
at Tilluminated = 2-9CI, Tsample = 3.3 €M, Qityminated = 0.75. For Osoyree = 20°, the maximum
albedo is not reached yet at rijuminated = 2.9 €M, Tsgmpre = 10.0 cm, @ijuminatea = 0.25. Each
elevation angle thus has a sample size related to it at which its albedo is at its maximum.

It is expected that the albedo will converge for a large sample size. However, the convergence
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Comparison of albedo for various sample sizes for A = 900 nm
T T
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Figure 25: The albedo (p) at wavelength A = 900nm for four values of the ratio of the illuminated radius over
the sample radius (aiuminated) and ten elevation angles (Bsource). The illuminated area is kept the same, but
the sample around the area increases from rsgmpie = 2.5em (left case) to rsgmpre = 10cm (right case). Note
that the albedo at Ogpyrce = 90° is zero in all four cases.

cannot be clearly seen from figure [25| - likely the sample size has to be increased even further.
Increasing a;uminatea cOmes with a computational cost (see figure , as the number of blades
on the sample has to increase to retain the blade density. Therefore, in the continuation of the
report, aiuminated = 0.5 will be used.
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Comparison of run time for various samples
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Figure 26: The average run time of the ten runs in seconds for four values of a;juminateq and ten elevation
angles (Osource)-

3.8 Usage of the ray tracing model

In principle, the described ray tracing software can be used to generate a BRDF for any position
of the sun. Considering that the sun’s position varies a lot throughout a day and the year,
running the ray tracer software for each and every possible position of the sun is computationally
expensive. Computational time can be saved by simply checking which positions the sun takes
in the sky: there are many combinations of @gyurce and Ospuree that the sun will never be in
for a certain location when modelling direct light. For example, for the city of Aasen in the
Germany, there is a Ogource, mas €levation angle in which the sun can be. This restricts the number
of positions to compute the BRDF for. When grass is assumed to be azimuthal symmetric on
the macro scale, after retrieving the BRDF for ¢gurce = 0° and multiple values of 0,4ce, the
BRDF data can be simply rotated to retrieve the BRDF data for the desired ¢spurce. Thus,
a library containing the BRDF at ¢source = (0” and esource between esource,mz’n and esource,maz is
enough to be able to model the BRDF at every possible position of the sun at a given location.

From the library of BRDF’s, the BRDF corresponding to a certain 0,.,ce and ¢gource can be
retrieved and used in the reverse ray tracing code of Pal [9] to compute the energy yield.
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4 Results and discussion

In this section, the BRDF that is obtained from the developed ray tracing model will be
compared to experimental data. Furthermore, it will be demonstrated that the program can be
used to compute the influence of different grass geometries on the yield of a bifacial solar panel.
To this end, a case study of a vertical bifacial solar farm in Aasen, Germany, is performed.

4.1 Introduction grass samples
The following grass samples are investigated (see figure :

e Sample 1: Vertical grass 4 cm
Parameters as displayed in table [1]

e Sample 2: Vertical grass 8 cm
Parameters as displayed in table [I], but:

— Blade length is zpj4qe = 8cm

e Sample 3: Vertical grass 12 cm
Parameters as displayed in table [I], but:

— Blade length is zp4qc = 12cm

e Sample 4: Varying height
Parameters as displayed in table [I| but:

— The type of blade is changed to “VerticalVaryingHeight”

— Blade length 2yq4e is a random number between zpademin = 4cm and Zpademaz =
12em as follows:

Zblade = Zblade,min + (Zblade,max - Zblade,min)€8 (48)
& €[0,1] (49)

e Sample 5: Tilted top 20° bottom 4cm top 4cm
Parameters as displayed in table [I| but:

— The type of blade is changed to “VerticalAndTilted Top”
— Zblade,top = 4em

— An extra variable, the blade tilt, is introduced. This variable gives a range for the
minimum (7,,;,) and maximum angle (7,,4,) that the tilt may have as seen from the
xy-plane normal. Here, 7,,;, = —20°, Tiaee = 20°. The blade tops are assigned a
random tilt angle 7 between these two angles:

T = Tmin + (Tma:p - Tmin)§9 (50)
&9 € [0,1] (51)

e Sample 6: Tilted top 40° bottom 4cm top 4cm
Parameters as displayed in table [1] and with corrections as for sample 5, but:
— Tomin = —40°, Tynae = 40°.
e Sample 7: Tilted top 20° bottom 8cm top 4cm

Parameters as displayed in table [I| and with corrections as for sample 5, but:
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— Zplade = 8CM

e Sample 8: Tilted top 40° bottom 8cm top 4cm
Parameters as displayed in table [1] and with corrections as for sample 7, but:

— Toin = —40°, Thae = 40°.

e Sample 9: Tilted top 20° bottom 4cm top 8cm
Parameters as displayed in table [1| and with corrections as for sample 5, but:

— Zblade,top = 8cm

e Sample 10: Tilted top 40° bottom 4cm top 8cm
Parameters as displayed in table [1| and with corrections as for sample 9, but:

(<]
— Tmin = —40 y Tmazx

6=90

6=90

180

(e) 5: Tilted top 20° bottom
4cm top 4cm

180

= 40°.

6=90

(f) 6: Tilted top 40° bottom
4cm top 4cm

(i) 9: Tilted top 20° bottom
4cm top 8cm

0=90

(c) 3: Vertical 12 cm

6=90

(g) 7: Tilted top 20° bottom
8cm top 4cm

(h) 8: Tilted top 40° bottom
8cm top 4cm

6=90

(j) 10: Tilted top 40° bottom
4cm top 8cm

Figure 27: The analysed samples.

As the model is run ten times for every sample, the individual peculiarities introduced by all
parameters determined by random numbers (e.g. low probability events) are evened out.

The latter six samples consisting are considered to be more true to the real morphology of grass
than the first four. Nevertheless, the first four grass sample help to explain the effects seen for
the other six grass samples.
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Table 1: The parameters used to run the ray tracing model.

Parameter Symbol in report Value Notes
Sample Radius T sample 5 cm
Reflectance ground Ryround(N) 0 Blackbody
Number of blades - 180
Type of blades - “VerticalSameHeight”  All blades have a height zy4qe
Blade width Whlade 0.5 cm
Blade length Zblade 4 cm
Reflectance grass Ryrass(N) Values from @
Detection Accuracy dome grid I} 6°
Size dome relative to sample Adome 108 T'dome = 5000 km
Light Azimuth angle source Dsource 0°
Elevation angle source Osource Varied [Osource,mins B2 B : Osourcemaz]”
Wavelengths A (300 : 10 : 1100] nm
Number of rays n 10°
Size illuminated area relative to sample  Guminated 0.5 Tilluminated = 2.5 €M
Other Number of runs - 10

4.2 Comparison BRDF and albedo for various types of grass

In this section, the spectro-angular albedo of the different samples are analysed. Furthermore,
the albedo variation from sample to sample is investigated.

4.2.1 An angular dependent BRDF

0=90

6=0
=0
¢=90 ¢=90
(a) Vertical 8 cm: (b) Vertical 8 cm: (c) Vertical 8 cm:
Gsource =12° esource = 36° esource = 60°
=90 =90 =90

=0 =0
»=0 ¢=0
»=90 ¢=90 ¢=90
(d) Varying height 4cm - 12cm: (e) Varying height 4cm - 12cm: (f) Varying height 4cm - 12cm:
Osource = 12° Osource = 36° Osource = 60°
0=90 =290 =90

=0
¢=0

¢=90 ¢=90 ¢=90

(g) Tilted top 40° bottom 4cm top 8 cm: (h) Tilted top 40° bottom 4cm top 8 (i) Tilted top 40° bottom 4cm top 8 cm:
Osource = 12° cm: Osource = 36° Osource = 60°

Figure 28: The BRDF of vertical grass for three values of the elevation angle 0,,y,ce. Figures a to ¢ belong
to sample 2 “Vertical 8 cm”, d to f to sample 4 “Varying height 4cm - 12cm” and figures g to i to sample 10
“Tilted top 40° bottom 4cm top 8 cm”.
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Figure shows the angular BRDF for A\ = 900nm for several samples. All values of the
BRDF for the ten samples can be found in appendix [A] From these plots, there appears to be
azimuthal retroreflection for all ten samples: the light reflects in the azimuthal direction from
which it came (Ggome = Psource = 0°).

For the samples consisting only of vertical blades (i.e. “Vertical grass 8 cm” and “Varying
height 4cm - 12 cm”), quite some light is reflected straight up into the sky: there is a peak at
Oaome = 90°. This can both be seen in subfigures a-f in figure 28] and in figures and
in appendix [A] This behaviour can be attributed to the vertical geometry of the grass. Upon
first incidence, the light can only escape in the available directions as displayed in figures
and 23al Furthermore, the possible escape directions at fgome = 90° after first incidence overlap
with the possible escape directions after hitting a blade on the other side again, as is illustrated
in figure 29| These effects result in a peak around 64.,,. = 90°.

Figure 29: Two dimensional sketch of the detection dome (blue hemisphere) and the sample. When light is
reflected more than once, the probability that the new ray direction is towards the detection dome (blue arrow)
overlaps, resulting in an overall higher chance to reflect towards €soyrce-

Retroreflection over the elevation angle (i.e. the light reflects in the elevation angle direction
from which it came, Ogome = Osource) Only occurs when there is a tilted top involved (see figures

, , and [52| in appendix |A]).

In figure , the shapelﬂ of the obtained retroreflection lobe for “Tilted top 40° bottom 4cm top
8cm” is compared to experimentally obtained data for the wavelength A = 550nm. The exper-
imental data is obtained by goniometer measurements on grass performed by Jelle Westerhof.
The figure shows the cross-section of the retroreflection lobe: a cut through the detection dome
from @gome = 0° t0 Ogome = 180°. As the simulation has been run with an accuracy of the
detection dome of 5 = 6°, the elevation angles that are compared are not exactly the same.

For elevation angles ;... = 30°, the shape of the simulated BRDF does not agree with the
measured reflection for Oy, < 15°. Interestingly, the measurements do not show this effect.
For the highest elevation angles shown in figure [30] the shape seems to agree - a lobe is obtained
that is not ’attached’ to the ground.

5Comparing the numerical values is challenging, as the detector in the goniometer has another viewing angle
on the sample than is the case in the simulation.
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Shape comparison between simulated and experimentally obtained reflection lobe
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Figure 30: Comparison of the shape of the reflection. The yellow line represents the elevation angle of the
incident light (0source). The top three figures show the simulated BRDF of ”Tilted top 40° bottom 4 c¢m top 8
cm” for three elevation angles of the source (fsource). The bottom three figures show the measured reflection
of grass. Measurements performed with a goniometer by Jelle Westerhof (unpublished).

4.2.2 A spectrally dependent BRDF

Figure shows the spectral albedo of one grass sample ”Tilted top 40° bottom 4 cm top 8
cm”. The figure shows the spectral albedo for seven angle of incidences of the source (Gspurce)-
The albedo varies over the wavelength in accordance to Russell et al. [6] (crosses in figure [31]),
as expected from applying the reflectance R in equation [28]

The albedo for all angles is lower than the reflectance. This is to be expected, as in the ray
tracing model, rays are absorbed by the soil or multiplied multiple times with the reflectance
by intersecting with multiple blades. Both these effects decreases the radiance on the detection
dome and thus the albedo.

4.2.3 BRDF dependence on blade geometry

Figure shows the albedo (p) at A = 900 nm for thirteen elevation angles Gspuree Of all ten
samples. The figure shows multiple trends in albedo, which will be discussed in this section.

Grass length

In the first three vertical samples, the higher elevation angle - lower albedo effect as explained
by figures and can be clearly recognized, which agrees with the observations of Roosjen
et al. [20].

As the vertical grass becomes taller, the albedo increases for every angle of incidence. For
example, for an angle of incidence of 0,,,cc = 60°, the albedo of vertical grass of 4 cm tall is
about p = 0.165 for A = 900 nm. The albedo for 8 and 12 c¢m tall grass for the same parameters
are higher: p = 0.176 and p = 0.179, respectively. When the grass is taller, the ray hits the
blade relatively higher on the blade - recall how the height h that the rays are aimed at is
related to the vertical height of the blade zpuq.. A smaller portion of the ray directions is
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Spectral albedo for several elevation angles of the source
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Figure 31: The albedo (p) as a function of the wavelength (A) from A = 300 nm to A = 1100 nm of tilted grass
top 40° bottom 4 cm top 8 cm for seven values of elevation angle (64ource). The reflectance of grass from Russell
et al. |6] is shown as well.

therefore pointed at the ground. Compare figure to figure 33D} the angle that the gray
area makes, which is an indication of the probability that the ray hits the ground, decreases
as the grass becomes taller. So, taller grass increases the probability that the ray is reflected
towards another grass blade, after which the ray is given another chance to be directed towards
the sky and eventually detected - taller grass has a higher albedo for a given angle of incidence
and wavelength.

At low elevation angles, the ray hits the tall and the short grass close to the top of the blade.
The chance that the ray is reflected towards the ground is now more similar for the short and
the tall grass. So, for lower elevation angles the difference in albedo of the three vertical grass
samples is less.

These length effects are from hereon referred to as taller grass at higher elevation angles - higher
albedo.

When grass of various heights is combined, the trend in albedo as the angle of incidence changes
is different (see figure [31)). Effect higher elevation angle - lower albedo still plays a role, and
taller grass at higher elevation angles - higher albedo as well, be it locally for individual tall
grass blades. However these effects do not explain the low albedo at low elevation angles - for
Osource = 107°°, the albedo is even 0, which can also be seen in figure 46|in appendix . Clearly,
there is another effect turning up.

Recall that the incoming rays are aimed at i = Zpjade,maz- At all elevation angles, there are less
blades that are tall enough to be in the path of the ray. For example, when the ray comes in
at Osource = 107°°, only the grass blades that are taller than 11.99999869 cm will contribute to
the reflection H The probability that blades of this length even occur in the sample (related
to Matlab’s rand algorithm that generates &g (in equation ), is low. The probability is so
small that over all ten runs with 180 blades no collision takes place. The rays shoot overhead

In the most optimal situation, a ray is aimed at the edge of the illuminated area (7ijjuminated = 2.5 cm).
The ray then has 7sample + Tilluminatea ¢ to descend from h = 12 cm while having an elevation angle of
Osource = 1075. Using geometry, the ray can maximally descend ~ 1.30899694 x 10~%cm. To be hit, the blade
has to be higher than 11.99999869c¢m
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Comparison of albedo at A = 900 nm for various samples
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Figure 32: Comparison of albedo (p) for A = 900nm for the ten samples for thirteen elevation angles of incident
light (fsource). Note that for ”Varying height 4-12 cm”, the albedo at Ospyrce = 1075° is zero.
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Figure 33: Two dimensional illustration of how grass length (lpiqqe) influences the chance to reflect towards the
ground. The incoming ray (yellow) is aimed at a certain radius from the centre of the detection dome (s,) in
both cases, but the height (h) at which it is aimed has changed. When the grass is taller, the probability that
the ray hits the ground (related to the gray angle) has decreased, increasing the albedo.

and fall upon the non-sample surface. None of the rays are detected and the albedo is 0. This
effect, mized grass lengths at low elevation angles - lower albedo, also occurs at higher elevation
angles, although with a less extreme effect on the albedo. At high elevation angles, some rays
hit the ground immediately when the blade length is reduced, as can be seen by comparing
and [34a} mized grass lengths at high elevation angles - lower albedo. These two effects allow for
a maximum albedo when the elevation angle is neither too low for mized grass lengths at low
elevation angles - lower albedo, nor too high for mized grass lengths at high elevation angles -
lower albedo.

Introducing a tilted top

Four effects (higher elevation angle - lower albedo, taller grass at higher elevation angles - higher
albedo, mixed grass lengths at high elevation angles - lower albedo and mized grass lengths at
low elevation angles - lower albedo) have been discussed so far. When introducing a tilted top,
these effects are all still relevant. However, compared to the previously discussed samples, the
effects will be less visible. Because of the introduced tilt, the grass will have various lengths:
but the variation in length is much less extreme than is the case for sample “Varying height 4cm

42



4 Results and discussion

(a) (b)

Figure 34: Two dimensional illustration of how mixed blade length (Ipjq4e) influences the chance to reflect
towards the ground. As rays of different lengths are mixed, the probability that the ray hits the ground
increases, decreasing the albedo.

- 12c¢m”. For example, for the sample “Tilted top 40° bottom 4cm top 8 cm”, the height will
vary between 9.14 cm and 12 cm. As both mized grass lengths at high elevation angles - lower
albedo and mized grass lengths at low elevation angles - lower albedo) are less pronounced, by
just looking at the reduced height difference, the albedo will be higher for the tilted top cases
compared to “Varying height 4cm - 12cm”.

When the grass blades have tilted tops, the architecture of the grass significantly changes. the
tilted tops form a roof-like structure, consisting of the top blades and some gaps in between
them. When rays come in from a high elevation angle, they hit the top of the blade on the
side that faces the sky. As a result, the probability that the new ray direction will be towards
the sky increases compared to vertical grass. When the tilt of the blades is more extreme
(Tmin = —40°, Trae = 40°), the area covered in blades that is visible from the position of the sun
has increased - the LAI is larger. This increases the probability that a ray will hit a blade and
thus the albedo. So, more extreme tilted top at high elevation angles - higher albedo. Together
with the other effects, this results in an elevation angle at which the albedo is maximal.

At low elevation angles, more rays penetrate the grass. When the ray comes under the roof-like
structure, it is more difficult to escape compared to the vertical grass, as a ray aimed at the
sky might hit the top of the blades. When the tilt of the blades is becoming more extreme
(Tmin = —40°, Tyaz = 40°), the LAT increases which makes it even harder for rays that are under
the roof to escape the grass structure and reach the detection dome. Therefore, more extreme
tilted top at low elevation angles - lower albedo.

Comparing the samples where the bottom part of the grass is 4 cm tall to the samples where the
bottom part of the grass is 8 cm tall, it can be seen that the albedo is very similar - changing
the height of the bottom part of the blade does not affect the albedo as much as was the case
for the vertical grass. The effect taller grass at higher elevation angles - higher albedo which is
present for vertical grass is overshadowed by the effect of the tilted tops.

When the length of the tilted top is increased instead from 4 to 8 cm, the albedo for low
elevation angles decreases as the LAI is higher - there is more roof compared to gaps making it

difficult for light entering the grass to escape: longer tilted top at low elevation angles - lower
albedo.

4.3 Influence spectro-angular albedo on the energy yield

The influence of taking the spectro-angular albedo of grass into account when computing the
energy yield is investigated by using the computed BRDFs for all ten samples as an input to

43



4 Results and discussion

the software developed by Pal [9] and adapted by Anne Rikhof. As the energy yield differs per
specific situation, a case study is used to assess the influence of the spectro-angular BRDF of
grass.

4.3.1 Introduction case study Donaueschingen-Aasen solar park

In the town Aasen in the south of Germany, there is a solar farm with vertically mounted
bifacial solar panels, built by the company Next2Sun (see Figure . It consists of n-PERT
bifacial solar cells, which are vertically aligned from east to west. The peak power is 4.1 MWp
and its annual energy yield is about 4850 MWh. The solar panels are surrounded by grass,
used for hay and silage [59)].

| 10
|,'_':I .'] !

Figure 35: The Donaueschingen-Aasen solar park consists of n-PERT bifacial solar panels which are vertically
aligned, east to west. Figure from Next2Sun .

The company is interested in the influence of mowing the grass on the energy yield. They
shared measurements of the energy yield and the albedo - the albedo in this case is a single
number and does not have a spectro-angular dependency. It is known that a mowing event took
place on the 5th of July, 2022. Hence, by comparing a day before to a day after the mowing,
information can be obtained about the effect of the albedo on the yield.

As noted in the introduction, the yield of a bifacial solar panel depends on many factors, of
which one is the cloud coverage. To take this factor out of the equation as much as possible,
two clear-sky days are taken: days on which the direct irradiance (Egiet) is similar. Figure
[6] shows the direct irradiance in Aasen from the first to the ninth of July. The irradiance was
almost the same on the second and eight of July. Therefore, these two days will be compared.
The temperature on these days was very similar too, which is relevant as the temperature also
influences the performance of a solar panel as mentioned in the introduction.

Figure [36| shows the measured albedo on-site. The data has been filtered such that negative
values and values larger than 1 are not considered. Moreover, only data between 09:00 and
18:00 is displayed, as albedo measurements under low light intensity in the night have a low
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Irradiance, temperature and albedo around mowing date
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Figure 36: The direct normal beam irradiance (Egirect), temperature (T') and albedo (p) around the mowing
day (the fifth of July, highlighted in green). From this data, the second and eighth of July have been chosen for
comparison (highlighted in yellow). Data from Next2Sun.

signal-to-noise ratio. The graph shows that on days with less direct irradiance (i.e. cloudy
days) the albedo fluctuates more: when there is less irradiance, the signal-to-noise ratio is low.
So, the albedo of clear-sky days measured during daytime is the most accurate.

The albedo decreases throughout the day. This can have two possible explanations: either
the change of angle of the sun is at the root of this, or the grass morphology itself changes
throughout the day. In the first case, the albedo is expected to increase in the morning as
the sun’s elevation angle increases, and decrease in the afternoon as the sun’s elevation angle
decreases again. Although the albedo seems to have a small peak around midday, the overall
trend is still decreasing. One can also imagine that on a warm day, the grass might lose
some water, thereby rigidity of it structure, bending over a bit more. As the tilted top length
increases, the albedo decreases. Another explanation could be that the wind gradually changes
direction, which changes the overall tilt direction of the top of the grass blades which might
also affect the albedo.

The albedo seems to have increased slightly as the grass became shorter. On the second of July,
the albedo varies between 0.17 and 0.19, whereas on the 8th of July the albedo varies between
0.21 and 0.19. Next2Sun measured the energy yield on both of these days and found that the
energy yield on the eighth of July was 6.61 % higher than the energy yield on the second of
July. A factor that could explain part of this energy yield increase is the increase of the albedo
of the ground. In section 4.2.3, it was shown that a change in grass morphology changes the
spectro-angular albedo. In the continuation of this chapter, it is investigated if the various
spectro-angular albedos lead to a different energy yield. For the specific introduced case study,
the question is if the mowing of the grass could be responsible for the increase in energy yield
that Next2Sun measured.

To this end, the ray tracing mode as elaborated upon in section [3|is used to obtain the BRDFs
of the samples introduced and discussed in sections[4.1]and [4.2] These BRDF's are used as input
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to the reverse ray tracing software of Pal ﬂgl], which was introduced in section . using this
method, the energy yield of a single vertical bifacial solar panel is computed. When applying
the RRT software, a silicon heterojunction cell (specifically the cell published in Saive, Russell
and Atwater [60]) is assumed because of availability of this data. This determines the fill
factor and open circuit voltage, as well as the external quantum efficiency. The radiance of the

incoming light is taken to be the direct normal beam irradiance as obtained from the company
Next2Sun (see figure [36)).

4.3.2 Energy yield of a vertical bifacial solar panel surrounded by a diffuse re-
flector

Figure[37|sketches the used configuration for the vertical bifacial solar panel. The vertical panel
receives direct and indirect light on the front and the rear of the module.

1 x 1 m module

West $0.25m East
T

5 x 5 m reflector

Figure 37: Two dimensional sketch of the three dimensional simulation used as input to the software of Pal @Il
A vertical module is placed 0.25 meter above a reflector.

Figure shows the total power generated by the solar panel: the power due to the indirect
light captured by the front of the module, the power due to the indirect light captured by the
rear of the module and the power due to the captured direct light from the sky. The figure also
shows the power due to only the direct light from the sky (in black). This power profile has two
peaks, one in the morning and one in the afternoon. This is expected for east-west positioned
bifacial panels, as the angle of incidence of the sun will be beneficial (i.e. perpendicular to one
of the faces of the module) twice a day. The peak in the morning is higher as the irradiance
received in the morning is slightly higher than in the afternoon.

The same figure shows that making the reflector Lambertian (in dark blue) contributes signi-
ficantly to the power output. For example, at solar noon (at 13:30), the Lambertian reflector
produces 89 W/m? whereas the direct light does not produce any power. The power contrib-
uted by the reflector varies throughout the day due to the combination of a changing angle of
incidence of the sun, a changing irradiance and changing shade.

Figures and show the power generated by the indirect light that is captured by the
front and rear of the module, respectively. At sun rise, the sun is positioned in the north-east.
Throughout the morning, the irradiance coming from the sun increases, which increases the
flux reflected by the reflector and thus the power output due to indirect light. Furthermore,
the angle between the sun and the front face of the panel becomes less favourable as it start to
deviate more and more from the module’s normal. This decreases the power output towards
the end of the morning.

In the morning, the shadow is in the west and only plays a role for the power output of the
rear. This is illustrated by figure [38al Specifically, in the morning, a shadow is cast in the
south-west of the module. As the sun rises and travels south throughout the morning, the
shadow decreases and shifts to the north. The decreasing shadow size causes the power output
of the rear to increase, as a larger area of the reflector now can contribute to the reflection. The
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changing position of the shade also matters. At sunrise, the shade is in the south-west and the
part of the reflector closest to the module contributes fully to the reflection. As the morning
progresses and the sun moves to the east, the shadow casted by the module will be right in
front of the rear of the module. This inhibits the part of the reflector closest to the module
from contributing. The shift of the shadow decreases the power output until the sun has past
the east (at 09:15), after which the part of the reflector close to the module is lit again. These
effects can be seen back in the power profile of the rear (figure and this part of the module
to produce another power output than the front (figure .

> | \ |

West East West \ East
(a) Situation in the morning, when the sun is in the (b) Situation in the afternoon, when the sun is in the
east. west.

Figure 38: Two dimensional illustration of the incident light (in yellow) on the module (in gray) and the reflector
(in green). The module casts a shadow on the reflector, shown by the black line. The diffuse reflection upon
illumination of the reflector is shown in blue.
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(c) Power generated due to indirect light on the rear of the module.

Figure 39: Power generated on the second of July for a horizontal oriented bifacial solar panel. Figures a) and
b) present the power generated by the rear and front of the module due to indirect (reflected) light, respectively.
Figure ¢) presents the total power.

After solar noon, the described effects take place in reverse order. The generated power on the
rear and the front of the panel due to indirect light decreases as the irradiance falling on the
reflector decreases due to a combination of less favourable angle of the sun and solar irradiance.
The shade is now on the east side of the module (see . Therefore, less power is produced on
the front of the module compared to the rear of the module. As the sun sets and its elevation
angle decreases, the shadow increases in size, further reducing the produced power on the front
module.

Changing the Lambertian reflector for a diffuse reflector with the reflectance of grass, the total
output of the solar cell will be significantly less, as can be seen from figure [39al For example,
at solar noon the diffuse reflector with the reflectance of grass contributes 26 W/m?, which is
only 29% of the contribution of the Lambertian reflector at that time. This can be explained
by the albedo, which is lower when the reflectance is taken into account. The flux coming from
the reflector is thus less, reducing the number of photons that the solar cell can capture. The
power profile trend throughout the day is the same as for a Lambertian reflector.
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4.3.3 Energy yield of a vertical bifacial solar panel surrounded by grass

Compared to the Lambertian and diffuse reflector, grass, which exhibits retroreflective beha-
viour, produces a lot less power. In figures [394)] and the power of "Tilted top 40°
bottom 4 c¢cm top 8 cm” is displayed in yellow. The power profiles of the other grass types can
be found in appendix [B] Returning to the solar noon example, the power produced by the grass
" Tilted top 40° bottom 4 cm top 8 cm” is only 5 W/m?. The first explanation comes from the
albedo: the albedo of grass is less, as can be seen from figure |31} Furthermore, the albedo has
received an angular component, as it has a retroreflective lobe.

In figures and [39d, the angular, retroreflective component of the reflectance of grass can
be seen in the power profile of the front and the rear of the module. In the morning, the sun
shines from the east, creating a shadow on the west side of the module. The grass which is not
in the shadow has a retroreflective lobe pointing towards the sun, so towards the east, as can
be seen in figure [40al Retroreflective lobes from the grass in the west of the module can be
partly captured by the module’s rear. In contrast, retroreflective lobes from the grass in the
east of the module are not captured. As a result, in the early morning mostly the rear produces
power. In figure |39¢| it can be seen that the rear does generate power due to the indirect light
received in the morning, whereas figure shows that the front of the module barely produces
any power in the early morning. Since sunrise, there is some power production in the front of
the module as well as the BRDF is not entirely zero opposite to the retroreflection lobe (see
figure [52] in appendix [A] where the BRDF does not become zero at exactly ¢gome = —90° and

¢dome == 900)

For a reflector with retroreflective behaviour such as grass, the angular component of the
reflection changes throughout the day. Specifically, the angle of the retroreflective lobe changes,
as it follows the sun’s path through the sky. For example, at solar noon the retroreflective lobes
all point parallel to the module’s surface. So, even though there is no shadow, the output of
the module’s front and rear is relatively small compared to a diffuse reflector, as can be seen in
figure and 39d Together with the change in irradiance and the shadow effect as explained
in section [4.3.2] this behaviour results in an optimum power output from the rear of the module
in the morning, which lies around 12:00 for this sample.

West East West East

~ ‘Shadow - Shadow

a) Situation in the morning, when the sun is in the b) Situation in the afternoon, when the sun is in the
g

east. west.

Figure 40: Two dimensional illustration of the incident light (in yellow) on the module (in gray) and the reflector
(in green). The module casts a shadow on the reflector, shown by the black line. The retroreflective lobes upon
illumination of the reflector are shown in blue.

The situation in the afternoon is sketched in figure d0b] After solar noon, the sun travels
north and its elevation angle decreases. the shadow on the east of the module starts small
and relatively north to the module, but increases and shifts to the south as the sun sets. The
retroreflective lobes follow the path of the sun which results in an optimum power output for
the front of the module around 14:45, as figure shows.
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4.3.4 The influence of mowing on the energy yield

The influence of mowing on the energy yield can be analysed using the developed energy yield
calculation method. The vertical grass types (“Vertical 4cm”, “Vertical 8cm”,“ Vertical 12 cm”
and “Varying height 4 cm - 12 ¢cm”) are not considered in this section, as they are considered
to be less true to realistic grass morphology compared to the six tilted grass samples. This
leaves six samples with a tilted top and various lengths of the bottom and top part of the leaf.
These are divided into two categories: tall grass and short grass. The tall grass consists of the
grass types where one part of the grass blade is 4 cm and the other part 8 cm (samples 7,8,9
and 10), the short grass consists of grass types whose top and bottom are 4 cm (samples 5 and
6).

Figure presents the energy yield for the situation displayed in figure |37| in Aasen for the
second of July. The energy from the direct light does not differ as the reflector is changed.
However, changing the reflector impacts the energy yield. For the grass simulated using the
ray tracing model the energy yield is less compared to a grass modelled as a Lambertian and a
diffuse surface. Figure shows the energy yield for the eight of July. It can be seen that the
yield is similar to - as expected, as the solar angles, irradiance and temperature are also
similar for these two days.
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Energy yield on a vertical module, 2nd of July
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(a) Energy yield on the second of July for a vertical panel per reflector type.

Energy yield on a vertical module, 8th of July
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(b) Energy yield on the eight of July for a vertical panel per reflector type.

Figures and present the power profiles from the front and the rear of the module for
tall grass on the second of July (circles), and the short grass on the eighth of July (crosses).
The overall trend as described for “Tilted top 40° bottom 4 cm top 8 cm” in section [4.3.3] is
the same for all these grass types. The different types of grass generate their peak power at
slightly different times due to a combination of the albedo per elevation angle of incidence and
shape of the retroreflective lobe.

An interesting case is the power profile of “Tilted top 40° bottom 4 cm top 8cm” (displayed
in yellow), which reaches a maximum power that is about 1 W/m? lower on the front and on
the rear compared to the other grass types. At the time of the maximum, the elevation angle
of the sun is about s,,.cc = 60°. From figure it can be seen that the albedo of this grass
sample at this elevation angle and A = 900 nm is p = 0.16. Interestingly, the power output for
“Tilted top 20° bottom 4 cm top 8 cm” (in green) at the same elevation angle and wavelength
is significantly higher, even though the albedo is only 0.01 more (p = 0.17). This may be due
to the shape of the reflection lobe, which for “Tilted top 40° bottom 4 cm top 8cm” is less wide
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(i.e. extends to less azimuth angles and elevation angles) compared to the other tilted grass
samples (see figure |52 in appendix |A))
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(b) Power generated due to indirect light on the rear of the module.

Figure 42: Comparison of power P generated by indirect light throughout part of the day (time ¢ from 05:00
until 21:00) on the second of July (tall grass) and the eight of July (short grass) for a vertical oriented bifacial
solar panel.

Table [2| shows the percentage with which the energy yield changes compared from tall grass
(second of July) to short grass (eight of July). The table shows that for the examined cases,
the energy yield difference are in the range from —0.81% to +1.46%.

Next2Sun measured the energy yield on both of these days and found that the energy yield on
the eighth of July was +6.61 % higher than the energy yield on the second of July. The order
of the energy yield change that they measured is higher than the energy yield change that was
computed in this study (see table . This study does show that part of the increase in energy
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Table 2: Influence of changing from tall grass (on the second of July) to short grass (on the eighth of July) on

the energy yield.

Tall grass

Tilted top 20° bottom 8 cm top 4 cm
Tilted top 20° bottom 8 cm top 4 cm
Tilted top 20° bottom 4 cm top 8 cm
Tilted top 20° bottom 4cm top 8 cm
Tilted top 40° bottom 8 cm top 4 cm
Tilted top 40° bottom 8 cm top 4cm
Tilted top 40° bottom 4 cm top 8 cm
Tilted top 40° bottom 4 cm top 8 cm

Short grass

Tilted top 20° bottom 4 cm top 4 cm
Tilted top 40° bottom 4 cm top 4 ¢cm
Tilted top 20° bottom 4 cm top 4 cm
Tilted top 40° bottom 4 cm top 4 ¢cm
Tilted top 20° bottom 4 c¢cm top 4 cm
Tilted top 40° bottom 4 cm top 4 cm
Tilted top 20° bottom 4 c¢cm top 4 cm
Tilted top 40° bottom 4 cm top 4 cm

Energy yield difference
—0.33%
+0.08%
+0.18%
+0.59%
—0.81%
—0.40%
+1.04%
+1.46%

yield could be due to a change in grass morphology. For example, when the top of a tilted grass
blade is cut, the energy yield increases.

To verify to what extent the change in grass morphology us responsible for the change in
power output measured by Next2Sun, the grass morphology before and after mowing needs to
be known. Furthermore, other factors that could cause a change in energy yield need to be
monitored and taken into consideration in the energy yield calculation model. For example,
mowing grass may change the reflectance properties of the individual blades as Dyer, Turner

and Seastedt [44] hypothesised.
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5 Recommendations

In this section, recommendation are given to improve the adopted method used to obtain the
BRDF of grass and to subsequently to calculate the energy yield based on this BRDF.

5.1 Ray tracing model

Modelling ray direction

The model generates a beam of parallel rays which are shot towards the sample. However,
realistic lighting conditions should also take into account diffuse light. Diffuse light has been
scattered by other reflectors already (clouds, buildings, plants etc.) and therefore has a ran-
domised direction. It can be taken into account by shooting rays from the detection dome with
randomised ray directions. The fraction of diffuse to direct light (so rays with randomised ray
direction to rays coming from the elevation angle of the source) is critical to correctly incorpor-
ate this effect. Overall, the reflection of a grass sample will show less retroreflective behaviour
when taking into account diffuse light. For diffuse rays coming from a certain direction, the
direction into which they will be reflected is likely to be the direction from which they were
coming. Adding up these retroreflective lobes from all directions gives an overall diffuse effect.
However, as long as more rays are coming from one angle than another, there will be a retrore-
flective lobe.

When, after the ray has intersected with a surface, a new ray direction is chosen, a new ray
direction is sampled uniformly in polar angle. This has to be done because of the choice for
a grid with a spherical coordinate system. However, it might be more intuitive to change to
uniformly sampling a hemisphere instead, and take a coordinate system where every pixel on
the detection dome has the same solid angle.

Modelling an individual blade

In the developed ray tracing model, surfaces can only reflect diffusely. Considering that Juhan
and Marshak [49] found that the specular component of leaf reflectance significantly impacted
the BRDF, analysing the effect of adding a specular component is recommended.

In the model, surfaces can only absorb or reflect light. However, surfaces can refract and trans-
mit light as well: upon incidence on a grass blade, light is refracted (i.e. bend as it encounters a
medium with a different index of refraction |25]), travels through the grass and finally refracted
again when leaving the grass blade. Including these effects makes the model more accurate.
As light which is now considered to be absorbed might be refracted and transmitted, including
this effect is expected to increase the albedo.

The geometries of the blade which have been used in this work are simplistic. Samples consisting
of only vertical blades are deemed unrealistic. Although the samples that include a tilted
grass segment are already approaching reality a bit more, they are not representative for the
geometries of a real grass blade. To make the blades more realistic, they need to be divided
into more segments, such that the bends of grass can be modelled more accurately. Using the
current calculation algorithm, this will increase the computational time drastically: recall how
using more surfaces as input to the ray tracing model increased the computational time (figure
26). Related to the transmission and the geometry is the question to what extent a three
dimensional grass blade can be represented by a two dimensional surface.

The leaf structure was assumed to be static. However, the orientation of leaves may exhibit
spatial and temporal variability [61]. The LAD for various species is an active research area:
for example, a recent development is the application of deep learning to monitor the temporal
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variation of leaf angle distributions [62]. Implementing this will give a time-dependent BRDF,
which can influence the energy yield results.

Furthermore, it should be considered to take temporal change in reflectance of the grass blades
themselves into account, as for example Carter [42] found that leaf water content changes the
albedo of the grass.

Realism of the sample

The samples investigated in this thesis are spawned homogeneously. However, in reality, grass
is not as homogeneous - there might be spots where the grass is locally more dense. This
will influence the albedo, as it changes the probability of a ray to be redirected towards the
detection dome. Furthermore, in the current grass sample blades can cross each other, which
is not the case in reality. An improved structure of the grass will benefit the accuracy of the
obtained BRDF for grass.

The soil has been modelled as a blackbody to only study the impact of grass. However, the
soil is still part of the reflector and to make a more accurate model, the reflectance of the soil
should also be taken into account. This will increase the albedo overall, as light which would be
lost from the system with blackbody soil, will now have a new chance to be redirected towards
the sky. It will also impact the spectral distribution of the BRDF. Because only grass carries a
reflectance, the entire spectrum is scaled to the spectrum of grass. When the reflectance of the
soil is modelled, the spectral variation of the BRDF will not resemble the reflectance of grass
as much anymore. Furthermore, in this model the soil is assumed to be a flat plane, whereas in
reality it has a different geometry. When the soil is given a non-zero reflectance, the geometry
of the soil will impact the albedo as well.

Validation and error analysis
The found BRDF can be validated by comparing it to more experimental data. Experiment-
ally measured reflection quantities use different viewing angles, which poses a challenge: the
ray tracing model has to be run for these specific viewing angles. This makes experimental
validation time consuming. Nevertheless, it should be done to validate the found BRDFs as
they form the bases of this study.

As randomness plays a significant role in the ray tracing model, the simulated BRDF can vary
even though the model is run for the same input parameters. In this study, to limit this effect,
the model is run ten times for each sample and the average BRDF is taken. However, it is
important to know how much the BRDF can deviate from sample to sample such that the error
on the computed energy yield can be estimated.

Computational efficiency

The computational time is a bottleneck for the performance of the ray tracing algorithm: with
a faster code, the number of rays, the size of the grass sample and the illuminated part of the
sample can be increased. This will benefit the accuracy of the simulated BRDF, as argued in
section [3.7] Furthermore, it allows for running more complicated leaf geometries in considerable
less time. There are various options to make the code faster. For example, the code can be
re-written as to make it multiple-core. The algorithm at the foundation of the code can also be
improved, for example by decreasing the number of planes that are checked for intersections to
only planes that are in the half-space of the direction of the incoming ray.

5.2 Energy yield computation

Overall, there are many opportunities to make the energy yield calculation more exact - as
mentioned in the introduction, the energy yield depends on many factors including e.g. the
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temperature and the cloud coverage, which are not taken into account here. However, the
model still serves the purpose of showing the influence of the spectro-angular albedo on the
energy yield, and including a factor like temperature does not discredit this result.

Running the energy yield calculation at higher resolution, i.e. for a higher accuracy of possible
sun positions will make the calculated yield more accurate, which means the impact of different
grass types on the energy yield can be assessed more accurately. Furthermore, increasing the
accuracy of the BRDF will also increase the energy yield calculation accuracy.

The performed energy calculation does not include diffuse light. To include this, the RRT
model can be run with light from every possible solar angle, like proposed for the ray tracing
model. When the BRDF is also taking into account diffuse light, the energy yield under diffuse
conditions can be computed. This will change the computed energy yield.

Mismatch

The used reverse ray tracing model does not take into account electrical effects in computing the
power and energy yield - the module is considered to be one large solar cell. However, electrical
effects might impact the outcome of the analysis significantly. In a solar module, solar cells
are often connected in series to increase the power and voltage obtained from a single cell.
Some conditions will cause certain cells to generate more current than others. For example, a
non-uniform irradiance on the module will cause some cells receive more photons and generate
more current. However, the current through in-series connected cells must be the same. Due
to this electrical effect, the total current drops to the lowest current generated by a cell. This
phenomenon is called mismatch and can decrease the power output of the module as well as
lead to deteroriation of the cell [63].

In this work, the angular component of the reflection is changed and this will have an impact
on the distribution of irradiance over the cells of the module. The used reverse ray tracing
model computes the short circuit current density for every pixel defined on the module and
adds them up. However, it does not impose a mismatch condition, causing the energy yield
to be overestimated. For a more accurate energy yield calculation, this condition should be
applied. Future research should include an analysis on the effect of different grass types on the
mismatch.

Validation of the calculation method

More case studies have to be performed to quantify to what extent a change in the spectro-
angular albedo of grass impacts the energy yield. Availability of real-world data of the properties
of grass (e.g. height and reflectance) as well as data on the solar cells in question is key to
increase the accuracy of the yield calculation of the models and being able to compare this to
energy yield measurements.

56



6 Conclusion
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Research on grass reflection is widespread and therefore also disconnected. In the PV com-
munity, the phenomenon of retroreflection of grass impact on yield has not been accounted
for to the author’s knowledge. In this thesis, the impact of different grass structures on the
spectro-angular reflection and impact on the energy yield has been investigated. A ray tracing
software has been developed to simulate the reflection of different types of grass. This was used
as input to a reverse ray tracing model to compute the energy yield. The tilt of the grass blade
was found to introduce a retroreflective component as a function of the elevation angle of the
source.

The simulated spectro-angular reflection has been applied to a case study to compute the
energy yield. Taking into account the retroreflective reflection lobe of grass results in a lower
energy yield of a vertical east-west bifacial solar panel compared to assuming grass to reflect
diffusely. Moreover, it was shown that the morphology of the grass influences the energy yield.
For example, cutting the tilted top part of the grass blade increases the energy yield in the
order of 1% for the specific case study.

The presented work lays a foundation for more research into how the properties of the reflector
impact the energy yield of solar panels. The research can be extended to other agricultural crops
by modifying the sample examined by the ray tracing model. Knowing the energy yield more
accurately comes with the benefits mentioned in the introduction: reduction of the investment
risk barrier, support of grid operation and reinforcing the roots for scientific development.

Concerning the latter, the results can be used for optimisation of an agrivoltaic system: the
solar panel can be positioned and oriented more accurately such as to capture more irradiance.
Furthermore, it opens up a new dimension to albedo management: adjusting the reflection such
as to increase the energy yield. For example, a farmer might choose a crop that reflects the
light such as to maximise the energy yield, or adapt agricultural practices (e.g. mowing earlier)
to enhance the amount of energy that can be harvested.

Overall, the photovoltaic community would benefit from incorporating the spectro-angular
albedo in energy yield calculations.
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