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Abstract

For many indoor deployed internet of things (IoT) nodes, solar energy harvesting
provides a sustainable and autonomous energy source. However, as indoor solar
panels can harvest only around 0.1 % of the energy that a panel would otherwise
harvest outdoors, reliable models are required to realize the untapped potential
of this energy source. Such models should be able to accurately estimate the
amount of energy that can be harvested over a given time horizon. Such knowl-
edge can be used to predict future harvestable energy, dimension a system, or
determine where a solar device should be placed to maximize its energy harvest-
ing.
In this bachelor thesis, an analytical model is developed to calculate the amount
of harvestable energy at any indoor location originating from natural light
sources. It consists of two submodels, namely an illuminance and an energy
model. The illuminance model converts outdoor irradiance measurements into
an interior illuminance distribution and the energy model converts indoor illumi-
nance into harvestable energy. Two parts of the analytical model are evaluated
through a real-world data set. Furthermore, this bachelor thesis evaluates the
deployment of indoor solar harvesting devices. The deployment model charac-
terizes potential device positions based on the number of direct sunlight hours
and is also assessed through real-world data.

ii



Contents

Acknowledgements i

Abstract ii

1 Introduction 1

2 Background 3

2.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Analytical model 6

3.1 Analytical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2 Illuminance model . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3 Energy model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.3.1 Derivation of the model . . . . . . . . . . . . . . . . . . . 10

4 Model evaluation 12

4.1 Beam illuminance evaluation . . . . . . . . . . . . . . . . . . . . 12

4.1.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1.2 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.2 Energy model evaluation . . . . . . . . . . . . . . . . . . . . . . . 14

4.2.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.2.2 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5 Deployment of indoor solar harvesting devices 18

5.1 Deployment location evaluation . . . . . . . . . . . . . . . . . . . 18

5.1.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

5.1.2 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 19

6 Outlook 24

iii



Contents iv

7 Conclusion 25



Chapter 1

Introduction

Solar energy devices can be deployed at any light exposed location with no infras-
tructure costs, while working autonomously and providing energy for internet of
things (IoT) nodes in a sustainable fashion. However, indoor-deployed devices
often have small rechargeable energy storages such as supercapacitors, making
them sensitive to a variable and unpredictable environment. Furthermore, in-
door solar panels can harvest only around 0.1 % of the energy that a panel would
harvest outdoors.
To realize the unexploited potential of indoor solar harvesting, reliable models
are needed which can provide guidance in the dimensioning and deployment of
indoor energy harvesting systems.
In this work, an analytical model is developed which determines the amount of
harvestable energy at indoor locations, originating from natural light sources. It
consists of two submodels, an illuminance and an energy model. The illuminance
model converts irradiance measurements into an interior illuminance distribution
which considers the room and window geometries. The energy model translates
the interior illuminance distribution into harvestable energy. In addition to the
analytical model, this work considers the deployment of indoor solar harvesting
devices. Using previous models and conclusions from the analytical model, the
direct sunlight hour distribution inside a specific location at ETH Zurich is eval-
uated.
While other studies [1] [2] [3] have focused on developing interior illuminance
models, this work deals with the extension of an illuminance model to a full
analytical model which translates outdoor irradiance measurements into interior
harvestable energy. Therefore, the conversion of illuminance to energy is consid-
ered, in the interest of offering an accurate estimation on how much energy can
be harvested at an indoor location.
Through the development and evaluation of an analytical model, this work ar-
rives at several conclusions regarding indoor solar energy harvesting. On the
one hand, the evaluation of the beam illuminance model verifies a high corre-
lation between a beam illuminance condition and measured illuminance peaks.
On the other hand, the assessment of the energy model performance results in
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1. Introduction 2

the observation of varying accuracy between the two evaluated locations. While
performing well in both cases, the model tends to underestimate the harvestable
energy at the energy peaks in the location which harvests generally more energy.
Another conclusion, that can be drawn from the energy model, is that in order
to harvest more energy the solar panel size can be increased or that the solar
panel’s placement should be adjusted to ensure maximum exposure to direct
sunlight.
The deployment model evaluation, which assesses whether the condition for di-
rect sunlight is fulfilled for a grid of points, arrives at multiple findings regarding
ideal solar panel placement. In the considered location at ETH Zurich, three
different potential solar panel deployment heights and two walls are evaluated.
In terms of the different heights, it is observed that more energy can be harvested
when the solar panel is placed near the window. However, the amount of beam
illuminance hours can vary greatly around the window itself. Furthermore, a
shift of the beam illuminance hour distribution according to the sun movement
can be seen. This shift is also observed in the evaluation of the two walls. How-
ever, the positions with the largest number of beam illuminance hours are not
found in the area closest to the window anymore. Through the sun movement,
the highest number of beam illuminance hours are shifted slightly away from the
window. As the sun movement varies not only over the day but also over the
whole year, the placement of a solar harvesting device has to be adjusted over
time to continue capturing the maximum amount of energy.
The remainder of this work is structured as follows: The reader is introduced to
the terminology and related work in Chapter 2. Then, in Chapter 3, the analyt-
ical model is presented. On one hand, the illuminance model is explained, and
on the other hand, the energy model and its derivation are discussed. Chapter 4
deals with the evaluation of the beam illuminance and energy model. In Chapter
5, the deployment model and its evaluation are discussed. After providing an
outlook on future work in Chapter 6, the report summarizes the main conclusion
in Chapter 7.



Chapter 2

Background

This chapter offers a summary of the used terminology and previous work rele-
vant for the project.

2.1 Terminology

Solar radiation
Solar radiation is electromagnetic energy originating from the sun. Its spectrum
can be split into ultraviolet, infrared and visible light bands. These three spectral
bands constitute approximately 8%, 50% and 42% respectively of the light that
reaches the earth’s surface [4]. The amount and intensity of solar radiation that
a location receives depends on a variety of factors such as latitude, altitude,
season, time of day and cloud cover [4].

Irradiation H
Irradiation is the process by which an object is exposed to radiation. In this
paper the exposure originates from the sun. Its SI unit is kilo watt hour per
square meter (kWh/m2). The overall global irradiation H is composed of two
components, beam Hb and diffuse irradiation Hd [3].

Irradiance Ee
Irradiance is the radiant flux Φe received by a surface A:

Ee =
∂Φe

∂A

Its SI unit is watt per square meter (Wm−2). The overall global irradiance Ee
is composed of two components, beam Ee,b and diffuse irradiance Ee,d [3].

Illuminance Ev
Illuminance is the total luminous flux Φv incident on a surface A, per unit area:

Ev =
∂Φv

∂A
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2. Background 4

It is a measure of how much the incident light illuminates the surface, wavelength-
weighted by the luminosity function to correlate with the human eye’s brightness
perception [5]. Its SI unit is lux (lx), or equivalently lumens per square meter
(lm m−2). The total illuminance Ev is composed of three components, diffuse
Er,d, beam Er,b and reflected illuminance Er,r [3].

Luminous flux Φv

Luminous flux is the measure of the perceived power of light. In contrast to
radiant flux, it is adjusted to reflect the sensitivity of the human eye which varies
according to the received wavelength [5]. The adjustment is done by weighting
the power at each wavelength with the luminosity function [5]. The SI unit of
luminous flux is the lumen (lm).
The following equation calculates the total luminous flux Φv in a source of light
through the photopic luminosity function:

Φv = 683.002(lm/W )

∫ ∞
0

V (λ)Φe,λ(λ) dλ

with Φe,λ being the spectral radiant flux, in watts per manometer, V (λ) being
the luminosity function and λ being wavelength, in nanometers.

Luminosity function V (λ)
The CIE photopic luminosity function V (λ) is a standard function established by
the Commission Internationale de l’Éclairage (CIE) and can be used to convert
radiant energy into luminous energy [6]. It describes the human eye’s response
to different wavelengths.

Radiant flux Φe

In radiometry, radiant flux or radiant power is the measure of the total power
of electromagnetic radiation or the radiant energy emitted or received, per unit
time:

Φe =
∂Qe
∂t

where Qe is the radiant energy emitted or received over time t. The SI unit of
radiant flux is Watt (W ).

Luminous efficacy of radiation K
Luminous efficacy of radiation measures the fraction of electromagnetic power
usable for lighting, measured in lumens per watt (lm/W ). It is obtained by
dividing the luminous flux by the radiant flux [5]:

K =
Φv

Φe

For monochromatic light at a wavelength of 555nm, the photopic luminous effi-
cacy of radiation has a maximum possible value of 683.002 lm/W [5].
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2.2 Related work

Several existing publications were considered and leveraged for this work. [1]
presents a systematic approach to offline capacity planning of a power subsys-
tem for solar energy harvesting systems. The approach is based on a modi-
fied astronomical model and considers seasonal variations of the energy source.
The results show that pre-deployment design considerations are important for
achieving long-term reliable system operation. Developing an analytical model
for indoor solar energy harvesting, as presented in this work, allows the same
considerations to be done for an indoor environment.
[3] introduces the simulation tool DeLight which uses as input data hourly hori-
zontal beam and diffuse irradiance measurements, which are readily available at
many weather stations around the world. It is explained how to convert irradi-
ance measurements into indoor illuminance, and the performance of the model
is evaluated for several luminous efficacy and sky luminance models. In this
work, the illuminance model is part of the analytical model which computes the
harvestable energy indoors.
Additional related studies are provided by [7], [2] and [8]. [7] assesses the cor-
relations of global and diffuse solar luminous efficacy for all sky conditions. [2]
presents an algorithm framework for sky luminance distribution, based on the-
oretical considerations of the CIE general model, in order to accurately predict
indoor illuminance. [8] compares three well-known sky distribution models with
measured data.
Related work on interior energy harvesting can be found in [9]. The estimation of
harvestable energy in time-varying indoor light conditions is addressed and the
influence of considering spectral information on the energy estimation accuracy
is evaluated. The results of the article show that a spectrum-based method leads
to significant performance improvements in cases where the light condition is not
defined by a single light source which is the situation for this work. [6] proposes
a new luminosity function, that improves upon the original CIE 1924 function
which is generally used in terms of illuminance to intensity conversion.



Chapter 3

Analytical model

In this chapter, the analytical model for indoor solar energy harvesting is in-
troduced. It combines an illuminance and energy model. Both submodels are
discussed and the derivation of the energy model is explained.

3.1 Analytical model

The analytical model is the combination of an existing model for interior illumi-
nance distribution and a newly derived model for energy calculation. The illu-
minance model converts irradiance measurements into illuminance values. The
energy model takes the output of the illuminance model as an input and converts
it into harvestable energy.
In Figure 3.1, the analytical model with its two submodels is shown. The analyt-
ical model takes hourly horizontal global and diffuse irradiance measurements as
well as the room and window geometries as an input. Through the illuminance
model, which consists of a sky luminance, luminous efficacy, and interior light
transfer model, these are converted into an interior illuminance distribution. In
a next step, the energy model computes the luminous and radiant flux based on
the interior illuminance distribution. The output of the analytical model is the
interior energy distribution.

3.2 Illuminance model

In this section, the interior light transfer model and its components are discussed.
Furthermore, the conditions for direct sunlight are introduced.

Generally, the DeLight Algorithm takes the global horizontal and diffuse irra-
diance measurement as an input, which can be computed from solar radiation
measurements [3]. The total irradiance Gi is the sum of the beam irradiance
Gbi, the diffuse irradiance Gdi, and the reflected irradiance Gri [3]. To convert
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Input

• Horizontal global and diffuse irradiance measurements

• Room and window geometries

Illuminance Model

• Sky luminance model

• Luminous efficacy model

• Interior light transfer model

Interior Illuminance Distribution

• Output of illuminance model

• Input of energy model

Energy Model

• Luminous flux computation

• Radiant flux computation

Output

Interior energy distribution

Figure 3.1: Schematic diagram of the analytical model
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Figure 3.2: Selected room and window geometry considered in analytical model
(illustration from [3])

the solar irradiance measurements into illuminance values, a luminous efficacy
model is applied. Several luminous efficacy models exist which vary in the ac-
curacy of their performance. The luminance value of each point in the sky is
usually calculated by a sky luminance model, taking the horizontal beam and
diffuse illuminance values as an input. As in the case of luminous efficacy, there
are several models to choose from. The interior light transfer model determines
the illuminance distribution inside a room, while taking into consideration the
geometry of the room, such as the width of the room or the size of the window.
Some of the considered room and window geometries are shown in Figure 3.2 [3].
The total illuminance Ev consists of the three components, beam illuminance
Er,b, diffuse illuminance Er,d and reflected illuminance Er,r [3].

The exposure of a point P to beam illuminance is tied to the condition that
the sun is directly visible at that place. To assess whether this is the case, the
following two inequations need to be fulfilled:

θ1 < θs < θ2 and ψ1 < ψsw < ψ2

– θ1 and θ2 are the altitude angle of the lower, respectively the upper edge
of the window relative to the point of reference P (in radians)

– ψ1 and ψ2 are the azimuth angle of the left, respectively the right edge of
the window relative to the point of reference P (in radians)

– ψsw is the solar azimuth relative to the azimuth angle of the window normal
ψs−ψw, where ψw is the azimuth angle of the window normal (in radians,
from south to west).
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Figure 3.3: The altitude and the azimuth angles of the edges of the window, seen
by the point of reference P inside the room (illustration from [3])

The corresponding angles are shown in Figure 3.3. If these conditions are fulfilled,
the beam illuminance can be computed by the following expression:

Er,b = τw(θi)Eb

where τw(θi) corresponds to the light transmittance of the window with the angle
of incident θi [3]. Eb is the horizontal beam illuminance measured outdoors. To
calculate the light transmittance of the window, in general the approximation of
Rivero is used [3]:

τw(θi) = 1.018τw(0) cos(θi)(1 + sin3(θi))

The interior horizontal diffuse illuminance does not depend on direct sunlight
exposure, but it considers the sky luminance and the solid angle of the window
seen by the point P [3]. It can be calculated using the following equation [3]:

Er,d =
τwL

2
{ z√

h2p + z2
(arctan

xw + ww − xp√
h2p + z2

+ arctan
xp − xw√
h2p + z2

)−

z√
(hp + hw)2 + z2

(arctan
xw + ww − xw√
(hp + hw)2 + z2

+ arctan
xp − xw√

(hp + hw)2 + z2
)}

where

– L Luminance of radiating surface (cd/m2)

– z Perpendicular distance from the window (m)
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– hp Height of the lower edge of the window and the plane of reference (m)

– hw Height of window (m)

– xp Distance between the reference point P and the left wall (m)

– xw Distance between the left edge of the window and the left wall (m)

– ww Width of the window (m)

In this work, the reflected illuminance is assumed to contribute a negligible
amount to the total energy, compared to the diffuse and beam illuminance, and
is therefore neglected. Consequently, the total illuminance is viewed as the sum
of the beam and diffuse illuminance:

Ev = τw(θi)Eb +
τwL

2
{ z√

h2p + z2
(arctan

xw + ww − xp√
h2p + z2

+ arctan
xp − xw√
h2p + z2

)−

z√
(hp + hw)2 + z2

(arctan
xw + ww − xw√
(hp + hw)2 + z2

+ arctan
xp − xw√

(hp + hw)2 + z2
)}

As the filtering of windows is generally optimized to V (λ) [4], it is assumed
that only a negligible amount of ultraviolet and infrared light enters the room.
Therefore, the interior illuminance distribution, which corresponds to the visible
band of the solar spectrum, is the only component that provides harvestable
energy.

3.3 Energy model

This section addresses the second part of the analytical model, which targets
the conversion of illuminance to energy. The derivation of the model and its
components are explained and discussed.

3.3.1 Derivation of the model

The energy model is divided into three steps. First, the illuminance is converted
into luminous flux by using the fact, that the luminous flux is the product of the
illuminance and the receiving surface. In the second step, the luminous flux is
translated to radiant flux by dividing the luminous flux through the maximum
radiation luminous efficacy. To convert radiant power into energy, the computed
power is multiplied by the time. Each step is explained in more detail in the
following passages.
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1. The beginning of the derivation is set by the estimation of the luminous
flux Φv. It corresponds by definition to the received illuminance Ev times
the receiving area A:

Φv = Ev ∗A

2. In a next step, the luminous flux Φv is converted into radiant flux Φe. To
calculate the luminous flux, the luminous efficacy of radiation K is used.
It measures the amount of electromagnetic power that can be used for
lighting:

K =
Φv

Φe

As in this thesis it is assumed that all light entering a location contributes
electromagnetic energy and can be used for lighting, the luminous efficacy
is set to the maximum value: Km = 683.002 lm/W . Therefore, the radiant
flux can be computed by dividing the luminous flux Φv by the maximum
luminous efficacy of radiation Km:

Φe =
Φv

Km
=
Ev ∗A
Km

3. To compute the energy, one last step is performed. As the radiant flux Φe

is defined by the radiant energy Ein emitted or received, per unit time t,
the energy can be estimated by multiplying the radiant power Φv by the
time t:

Ein = Φe ∗ t =
Φv ∗ t
Km

=
Ev ∗A ∗ t

Km

To account for the lost power due to the conversion of solar energy to
electrical energy, the previous expression is multiplied by the solar panel
efficiency parameter µ:

Ein =
Ev ∗A ∗ µ ∗ t

Km



Chapter 4

Model evaluation

In this chapter, first steps towards evaluating the analytical model are presented.
The beam illuminance and energy model are discussed.

4.1 Beam illuminance evaluation

This section addresses the beam illuminance model. It is a model that assesses
whether the condition for beam illuminance, which is introduced in 3.2, is sat-
isfied. The input of the model are the solar altitude and azimuth angles as well
as the azimuth angle of the window normal. The output is set to “False” in case
of no direct sunlight and set to “True” in case of a beam illuminance contribu-
tion. The following subsections explain the general setup and verify the model’s
performance by comparing the estimated direct sunlight condition to measured
data.

4.1.1 Setup

In order to evaluate the beam illuminance model, a data set provided by the Com-
puter Engineering Group ETH Zurich, is used which contained measurements of
indoor illuminance and harvested energy [10]. For the beam illuminance eval-
uation, location 2 (location 14 in [10]) is considered. The measured room and
window geometries are shown in Table 4.1. The solar energy harvesting device
which was used to measure the illuminance and harvested energy, is placed at
the left wall at a height of 2.1m, 1.3m away from the window.
For the evaluation, the time horizon between the 25th and the 31st of May of the
year 2020 is considered and the corresponding solar altitude and azimuth angles
for location 2 (47.3778°N, 8.5523°E) are calculated.
To assess whether a point of reference P is hit by direct sunlight, given a clear
sky, the following two conditions must be satisfied [3]:

θ1 < θs < θ2 and ψ1 < ψsw < ψ2

12
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Measured room and window geometry of location 2 m

Length of the room 10
Width of the room 3.72
Height of the room 2.7

Width of the window 3
Height of the window 1.62

Distance between left wall and left edge of window 0.36
Distance between right wall and right edge of window 0.36
Distance between ground to lower edge of the window 0.78

Table 4.1: Room and window geometries of location 14

The angles θ1, θ2, ψ1, and ψ2 are calculated through the room and window ge-
ometries in respect to the position of the solar harvesting device. Next, the con-
dition is examined in a time interval of one hour and compared to the measured
illuminance. If the condition is fulfilled, the beam condition is set to “True”, if
not it is set to “False”. The result is compared to the measured illuminance.

4.1.2 Evaluation

It is expected that in case of direct sunlight, the measured illuminance is higher
compared to other times of the measurement horizon. As the beam condition
returns “True” in case of beam illuminance, it can be assumed that the condition
correlates with the measured illuminance peak occurrences. For the evaluation
of the beam illuminance model, the measured indoor illuminance is visually com-
pared to the expected beam illuminance occurrence.
In Figure 4.1 two main things can be observed. First of all, on six of the seven
considered dates a big illuminance peak can be seen. These six illuminance peaks
align well with the evaluated beam illuminance condition. A strong correlation
from the direct sunlight condition being true to a considerably bigger amount of
harvestable energy can be detected. As a consequence, it makes sense to estimate
a position with considerable direct sunlight exposure to place a solar harvesting
device, in order to harvest more energy. In conclusion, beam illuminance does
not always play a role but when it does a significantly high energy contribution
can be seen which would be intuitively expected with direct sunlight.
Secondly, the direct sunlight condition applied to the data set matches the peaks
in all but a single case. On the day where the model does not perform according
to the measurements no peak is detected, yet the beam illuminance model sug-
gests that a peak should occur. Since the days before and after this date show
a peak and the sun movement was minimal, it is reasonable to assume this off
value is due to weather conditions, such as an overcasted sky or other external
factors.
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Figure 4.1: Measured illuminance (top) versus calculated beam condition (bot-
tom).

4.2 Energy model evaluation

In this section, the performance of the energy model is evaluated. By applying
the model on a data set [10] of measured illuminance, the computed energy is
compared to the measured energy values. Five samples of two different locations
(location 06 and location 14 in [10]) are considered and for visual comparison
the results are plotted.

4.2.1 Setup

To evaluate the model, a data set [10] provided by the Computer Engineering
Group ETH Zurich is used which contains the measured illuminance Ev and
harvested energy Ein of a solar panel device deployed at two different locations
at ETH Zurich. The data set contains three years of measurements of location
1 (location 06 in [10]) and one year of measurement of location 2 (location 14 in
[10]). For the evaluation, five samples of different time horizons were considered,
one sample of each season and additionally a week from May.
To assess the performance of the derived energy model, the parameter Asolar
[10] is set to the solar panels size, which was used during the measurement:
Asolar = 0.00165m2. For the efficiency µsolar, a general estimation of solar panel
efficiencies is assumed and therefore set to µsolar = 0.2. Km is the maximum
radiation luminous efficacy and therefore of value 683.002 lm/W . To calculate
the energy of an hour, t is set to 3600s.
After defining all parameters, the measured illuminance values Ev are plugged
into to model and Ein is calculated. The computed output is visually compared
to the measured harvested energy through several plots.

4.2.2 Evaluation

The evaluation shows that the model performs well in both locations. Especially
in the first location, the model performs accurately over the whole time horizon
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Figure 4.2: Measured versus calculated energy compared in two different loca-
tions during summer 2018 (top) and 2020 (bottom).

and tends to slightly underestimate the harvestable energy only in the peaks.
In the second location, the model also performs reasonably well but during the
energy peaks it tends to be significantly off by an average factor of two. It can
be observed that location 2 harvests considerably more energy than location 1.
Especially the month May (Figure 4.6) shows an amount of harvested energy
which is multiple times bigger compared to the four other samples. During the
peaks of the summer (Figure 4.2), fall (Figure 4.3), winter (Figure 4.4), and
spring (4.5) the measured energy peak never exceeds 1.7J in an hour while in
the sample of May (Figure 4.6) six out of seven days harvest over 14J during their
energy peak hour. On the date which does not show such a high peak in energy,
the maximum still lies over 3J . This indicates that the range of harvestable
energy varies strongly over the day and year, resulting in a significantly higher
amount of harvestable energy in specific cases.
It can be concluded that the energy model performs very well in the first location
which never exceeds 0.4J of harvested energy in its energy peak hours. The model
tends to slightly underestimate the peak values of harvestable energy which could
be due to inaccuracies during measurements.
In the case of the second room, the model still performs reasonably well but
tends to underestimate the harvestable energy during the energy peaks by an
average factor of two in the worst case (Figure 4.6). Again, this could be due to
inaccuracies during measurements.
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Figure 4.3: Measured versus calculated energy compared in two different loca-
tions during fall 2018 (top) and 2020 (bottom).

Figure 4.4: Measured versus calculated energy compared in two different loca-
tions during winter 2019 (top) and 2020 (bottom).
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Figure 4.5: Measured versus calculated energy compared in two different loca-
tions during spring 2019 (top) and 2020 (bottom).

Figure 4.6: Measured versus calculated energy compared in two different loca-
tions during May 2019 (top) and 2020 (bottom).



Chapter 5

Deployment of indoor solar
harvesting devices

In the previous chapter, two different locations were examined, and the consid-
erable variation of harvested energy was discussed. As it was concluded that
more harvestable energy is provided in case of direct sunlight exposure, a rea-
sonable strategy to maximize energy harvesting lies in the determination of the
position with the most exposure to beam illuminance. Taking this into account,
a deployment model is introduced which, based on window coordinates and the
sun movement, computes the number of hours of direct sunlight hours at each
point in a room. This model can be used to calculate the total number of beam
illuminance hours in an empty indoor location. As a consequence, it can assist
in determining suitable deployment positions of a solar harvesting device.

5.1 Deployment location evaluation

In this section, the setup of the deployment model is presented and furthermore,
its evaluation for five different cases is discussed.

5.1.1 Setup

The evaluated room, which corresponds to location 2 from the previous chap-
ter (location 14 in [10]), is located at ETH Zurich (47.3778°N, 8.5523°E) and
contains one window facing North-East. The room and window geometries are
listed in Table 4.1. The data collected at this location shows that the room is
occasionally exposed to beam illuminance. For the evaluation, a time horizon of
24 hours of the 25.05.2020 is considered.
The deployment model utilizes the room geometry and solar altitude as well as
azimuth angles to calculate the beam illuminance hours. Furthermore, the co-
ordinates of the window corners are considered. These points consist of three

18
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coordinates of which x represents the room length, y stands for the width of
the room and z corresponds to the height. Furthermore, the solar altitude and
azimuth angles of each hour are determined in radians, as well as the azimuth
angle of the window normal from south to west, which in this case is ψw = 48°.
To compare different areas in a room, the model evaluates a grid of potential so-
lar energy harvesting device deployment positions. For each of these, the model
first calculates the relevant angles for the beam illuminance condition and then
verifies the condition for each hour of the considered time horizon. In a last
step, the total number of beam illuminance hours are summed up at each point.
Five different cases are illustrated through heatmaps which show the beam illu-
minance hour distribution inside location 2.
The deployment evaluation model considers an ideal scenario based on three
simplifications. The model assumes a clear sky and an empty room, as clouds or
furniture would decrease the amount of direct sunlight through blocking direct
sun rays. Furthermore, it is supposed that no buildings and trees are stand-
ing between the window and the sun, as this would additionally block beam
illuminance from entering the window.

5.1.2 Evaluation

For the evaluation of the deployment model, five heatmaps are plotted to visual-
ize the beam illuminance hour distribution for a day in May. As not all positions
are suited for a solar energy harvesting device placement, only five potential ar-
eas are considered.
The first three Figures, 5.1, 5.2, 5.3, show the direct sunlight hour distribution
at ground height of location 2 (z = 0.0m), at average desk height (z = 0.7m), as
well as at shelf height (z = 2.0m) to compare different heights for deployment.
The fourth Figure, 5.4, shows the left (y = 0.0m) and the right wall (y = 3.70m)
to determine, whether the beam illuminance hour differs in these cases.
In Figure 5.1 the beam illuminance hour distribution of the ground height is
plotted. It can be observed that the highest number of beam illuminance hours
is computed below the left half of the window and corresponds to eleven beam
illuminance hours. However, the amount of beam illuminance hours varies be-
low the window itself. The right half below the window counts only five beam
illuminance hours at its minimum. Furthermore, it can be seen that no sunlight
reaches the corners of the room and that the amount of beam illuminance hours
decreases when moving to the back of the room. The pattern of the beam illumi-
nance hour distribution suggests that the sun rises above the top right corner of
the plot and proceeds to advance to the right. Because of the movement of the
sun, the determined distributions make sense. Even though the number of beam
illuminance hours is high below the window, the floor is generally not a suitable
place for a measurement device. Workplaces are often located at the window
which could block direct sun rays, or the device could potentially be harmed.
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Figure 5.1: Beam illuminance hours distribution calculated for ground height.

Figure 5.2: Beam illuminance hours distribution calculated for desk height.
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Figure 5.3: Beam illuminance hours distribution calculated for shelf height.

Figure 5.2 shows the beam illuminance hour distribution at desk height. The
amount of direct sunlight is highest around the window and again its maximum
corresponds to eleven beam illuminance hours. However, compared to Figure
5.1, there is only one position with so many beam illuminance hours and the
right side of the window computes even less beam illuminance hours compared
to the floor case, which is only four beam illuminance hours. This could be due
to a steep angle inclination of the sun towards the window, which results in more
direct sunlight exposure of the floor below the window compared to the area at
desk height. The corners next to the window are again not exposed to beam
illuminance at all. Again, because of the movement of the sun, the determined
distributions make sense.
Figure 5.3 shows the number of beam illuminance hours at shelf height. It can
be observed that in this case nearly no direct sunlight is computed, except for
a few positions in the top left corner at the top of the window, where again a
maximum number of eleven beam illuminance hours is calculated. In this case,
the difference between the right side of the top of the window and the left side
is bigger than in the previous two cases. The smallest amount of beam illumi-
nance hours at the right side of the top corresponds to only three hours. The
corners next to the window are still the only positions which receive zero beam
illuminance hours and even though nearly the whole room is exposed to only
one beam illuminance hour, the same beam illuminance hour distribution shift
to the left side of the room as before can be recognized.
The fact that there is still a spot which can harvest the same amount of maximum
beam illuminance hours, like the ground and desk height case, demonstrates that
different areas can have positions of similar potential regarding maximum energy
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Figure 5.4: Beam illuminance hours distribution for left wall (left) and right wall
(right)

supply.

In Figure 5.4, the heatmaps of the right and left wall of location 2 are plotted.
It can be observed that compared to the previous considered cases, the maximum
beam illuminance hour corresponds now to five instead of eleven hours in both
cases. However, the lines at the top which correspond to the corners next to the
window are still receiving no direct sunlight. Furthermore, again a shift of the
beam illuminance hour distribution can be observed. In this case, the distribution
is shifted downwards and away from the window. This makes intuitively sense,
as the sun rises higher over the day and therefore more sun rays are getting
blocked by the top of the window.
Comparing the two walls, it can be seen that the left wall is generally more
exposed to direct sunlight than the right one. Moreover, the maximum number
of beam illuminance hours are found further away from the window compared
to the right wall, where they are found right next to the corner. Because of
the rising position and movement of the sun, it makes sense that the left wall
is more exposed to direct sunlight. Lastly, it can be observed, that except for
a few points, no beam illuminance hours are computed for the top of the room.
Due to the inclination angles of the sun this observation is reasonable.
It can be concluded that, regarding deployment height, solar energy harvesting
devices are able to harvest more energy when they are placed nearby a window.
Nevertheless, the amount of beam illuminance hours varies highly around the
window itself which is observed at ground, desk and shelf height. As the height
increases, the variation along the window length increases as well. Furthermore,
a beam illuminance hour distribution shift is observed, which corresponds to the
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movement of the sun.
In case the solar panel should be placed on a wall, it is important to consider, that
the maximum number of beam illuminance hour might be significantly smaller
compared to positions at the window itself. Furthermore, the highest number of
beam illuminance hours is not found at the positions closest to the window. The
corners next to the window are not exposed to direct sunlight at all and in case
of the left wall the maximum number of beam illuminance hours is shifted to the
back of the room. The reason for this shift can again be found in the movement
of the sun. As the rising position of the sun also changes over the year, the
observed heatmap would change significantly in terms of beam illuminance hour
distribution pattern and maximum beam illuminance hours.



Chapter 6

Outlook

Considering the performance of the energy formula in the evaluated locations, a
varying accuracy can be observed in terms of the energy peaks. Through further
analysis on the energy behaviour during beam illuminance exposure, it could be
investigated whether the underestimation is due to crude parameter estimation
or whether other factors play a role. If this is the case, the energy model should
be adapted to provide a precise model in general and not exclusively in cases
where only a small amount of energy is harvested compared to other locations.
To achieve a reliable overall performance, in addition to the energy model, all
components of the analytical model need to be extensively evaluated. In partic-
ular, the illuminance model needs additional validation.
To determine the ideal placement of a solar energy device and to compute the
harvestable energy at that location, the deployment location evaluation needs
to be complemented by an energy calculation. The deployment model itself can
provide a clearer insight on the beam illuminance evolution, if the condition is
verified for more iterations in terms of sun angles. Instead of considering an
hourly change in the sun’s positioning, examining the beam illuminance values
per minute at each point is a reasonable range. On the other hand, a deployment
evaluation over a longer period of time needs to be inspected to draw conclusions
of the accuracy of the model regarding long term usage.
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Chapter 7

Conclusion

This work presents an analytical model to determine the harvestable energy
in an indoor location from natural light sources, and a deployment model for
indoor solar harvesting devices. Two parts of the analytical model are evaluated.
The beam illuminance model demonstrates a high correlation between the beam
illuminance condition and measured illuminance peaks for the evaluated location.
The energy model performs well in both considered locations but varies in its
accuracy regarding energy peak values. The deployment model is evaluated for
three different potential deployment heights and two walls at a specific location
at ETH Zurich. The resulting beam illuminance hour distributions align with
the movement of the sun.
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