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Summary

As a key pillar of the long-term decarbonization efforts, Photovoltaic (PV) is expected to
grow significantly, driven by continuous technology development, cost reduction, and
long-term climate action strategies targeting net-zero greenhouse gas (GHG) emissions
by 2050. A major advantage of PV over other renewable energy sources is its ability to be
integrated seamlessly into the urban environment without demanding additional land
use. With the ongoing urbanization, the expansion of decentralized solar energy solu-
tions will be essential in facilitating the transition to a green energy future. However, de-
spite these incentives, designing, allocating, and maintaining urban PV systems present
challenges.

This dissertation explores potential solutions to these challenges from various per-
spectives, aiming to improve understanding of the dynamics between PV systems and
the urban environment. To achieve this, simulation models are developed and imple-
mented to evaluate large-scale urban PV potential while incorporating social and cli-
mate concerns. Meanwhile, experimental approaches are taken to investigate the multi-
functional capabilities of PVs that can be integrated into the future urban infrastructure.

Chapter 2 addresses urban PV deployment from a technical perspective. A com-
prehensive simulation workflow is established utilizing Light Detection and Ranging
(LiDAR) data and building footprint inputs, enabling large-scale solar PV potential as-
sessment in the urban environment. This framework delivers multiple outputs, includ-
ing accurate geo-referenced 3D building models, annual solar irradiation maps, annual
DC/ACYyield maps, and roof classifications based on the specific yield of installed PV sys-
tems. These high-resolution 3D solar PV potential maps for building roofs and facades,
along with potential PV system layouts, support the estimation of annual PV yield and
the identification of the most viable building candidates for PV integration. Applying
this simulation framework on the campus of Delft University of Technology (TU Delft)
reports a total of 8.1 GWh/year PV potential from the building roofs and facades.

Chapter 3 studies urban PV deployment from a social perspective by designing a geo-
graphic information system (GIS) based large-scale visibility assessment tool to quantify
the roof visibility for PV planning. This tool quantifies roof visibility through line-of-sight
(LOS) assessments between roof surface points and hypothetical observers represented
by points along road networks. The outputs offer not only binary visibility information of
roof points (indicating whether roof points are visible or obscured) but also their visual
amplitude (measuring the degree of visibility to the public domain). Moreover, the tool
is able to suggest feasible PV system layouts, and the visibility of PV modules within the
system is categorized into low, medium, and high categories, providing valuable insights
into the multi-criteria decision-making process for urban PV planning. The simulation
results for twelve monumental buildings on the TU Delft campus indicate annual PV
potentials of 2.68, 0.42, and 0.37 GWh for PV modules categorized as low, medium, and
high visibility, respectively.

ix



X Summary

Chapter 4 investigates urban PV deployment from a climate perspective by assessing
its impact on the Earth’s energy balance. A set of numerical and analytical frameworks
is established to simulate urban albedo and quantify the radiative forcing (RF) effects
associated with urban rooftop PV integration. These effects include 1) enhanced positive
RF due to reduced albedo and 2) compensatory negative RF from the decreased CO,
emission due to the replacement of fossil fuel with PV electricity. The albedo results are
validated with the Moderate Resolution Imaging Spectroradiometer (MODIS ') satellite
products, with 90% of investigated coordinates showing +0.03 difference. The RF results
reveal that the negative RF can offset the positive RF within around forty days under the
current grid carbon emission intensity (437 g CO,-eq/kWh) when PV is deployed across
all rooftops in Delft. This finding provides a more comprehensive understanding of the
role of urban PV in sustainable engineering and highlights its rapid climate mitigation
potential.

Chapter 5 explores urban PV deployment from an application perspective by study-
ing the dual functionality of laminated crystalline silicon (c-Si) PV cells in a visible light
communication (VLC) system for simultaneous energy harvesting and data transmis-
sion. Seven different c-Si architectures are examined, with their bandwidth character-
ized across a voltage range from short-circuit to open-circuit under three light-emitting
diode (LED) colors at three irradiance levels. The findings reveal a trade-off between en-
ergy harvesting and communication when PV cells are used as VLC receivers. LED color
has minimal influence on the bandwidth across the entire operating voltage range. How-
ever, higher LED intensity enhances communication performance when PV laminates
are working at lower operating voltages, while its impact is negligible at the maximum
power point (MPP).

1MODIS albedo product is a daily 16-day data, which provides both black sky albedo and white sky albedo for
10 wavelength bands.



Samenvatting

Als een belangrijke pilaar van de langetermijnstrategie voor decarbonisatie, zal zonne-
energie met fotovoltaische (PV) systemen naar verwachting sterk groeien, gedreven door
voortdurende technologische ontwikkelingen, kostenreductie en klimaatstrategieén die
mikken op netto-nul broeikasgasemissies (GHG) in 2050. Een groot voordeel van PV ten
opzichte van andere hernieuwbare energiebronnen is de mogelijkheid om naadloos te
worden geintegreerd in de stedelijke omgeving, zonder extra landgebruik te vereisen.
Met de voortgaande verstedelijking zal de uitbreiding van decentrale zonne-energie sys-
temen essentieel zijn bij het faciliteren van de overgang naar een groene energietoe-
komst. Ondanks deze voordelen brengt het ontwerpen, toewijzen en beheren van stede-
lijke PV-systemen echter aanzienlijke uitdagingen met zich mee.

Dit proefschrift onderzoekt mogelijke oplossingen voor deze uitdagingen vanuit ver-
schillende perspectieven, met als doel het inzicht te vergroten in de dynamiek tussen
PV-systemen en de stedelijke omgeving. Hiervoor zijn simulatiemodellen ontwikkeld en
toegepast om het grootschalige stedelijke PV-potentieel te evalueren, waarbij sociale en
klimatologische aspecten zijn meegenomen. Daarnaast zijn experimentele benaderin-
gen ingezet om de multifunctionele mogelijkheden van PV te onderzoeken in toekom-
stige stedelijke infrastructuren.

Hoofdstuk 2 behandelt stedelijke PV-implementatie vanuit een technisch perspec-
tief. Een uitgebreid simulatiekader is ontwikkeld op basis van Light Detection and Ran-
ging (LiDAR)-data en gebouwcontouren, waarmee het stedelijke PV-potentieel groot-
schaligkan worden ingeschat. Dit kader levert meerdere resultaten op, waaronder nauw-
keurige geo-gerefereerde 3D-gebouwmodellen, jaarlijkse zoninstralingskaarten, jaarlijk-
se DC/AC-opbrengstkaarten en dakclassificaties op basis van de specifieke opbrengst
van geinstalleerde PV-systemen. Deze hoog-resolutie 3D-kaarten van het zonne-energie-
potentieel voor daken en gevels van gebouwen, gecombineerd met mogelijke PV-systeem-
indelingen, ondersteunen zowel de schatting van de jaarlijkse PV-opbrengst als de iden-
tificatie van de meest kansrijke gebouwen. Toepassing van dit kader op de campus van
de Technische Universiteit Delft (TU Delft) toont een totaal potentieel van 8.1 GWh/jaar
aan PV-opbrengst op daken en gevels.

Hoofdstuk 3 onderzoekt stedelijke PV vanuit een sociaal perspectief door middel
van een geografisch informatiesysteem (GIS) voor grootschalige zichtbaarheidsevalua-
tie. Dit instrument kwantificeert de zichtbaarheid van daken via lijn-van-zicht (LOS)-
analyses tussen dakpunten en hypothetische waarnemers weergegeven door punten langs
wegennetwerken. De resultaten omvatten niet alleen binaire zichtbaarheid (waarbij wordt
aangegeven of dakpunten zichtbaar of verborgen zijn), maar ook de visuele amplitude
(de mate van zichtbaarheid vanuit het publieke domein). Daarnaast genereert het in-
strument mogelijke PV-systeemindelingen, waarbij de zichtbaarheid van de modules
wordt ingedeeld in laag, middel en hoog. Dit biedt waardevolle input voor multi-criteria
besluitvorming rond PV-planning. Toepassing op twaalf monumentale gebouwen van
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xii Samenvatting

de TU Delft-campus toont jaarlijkse PV-opbrengsten van respectievelijk 2.68, 0.42 en
0.37 GWh voor modules met lage, middelhoge en hoge zichtbaarheid.

Hoofdstuk 4 bekijkt stedelijke PV vanuit een klimaatperspectief door de impact op de
energiebalans van de aarde te analyseren. Een reeks numerieke en analytische kaders is
ontwikkeld om stedelijke albedo te simuleren en de effecten van stralingsforcering (RF)
door stedelijke PV-integratie te kwantificeren. Deze effecten omvatten 1) verhoogde
positieve RF door verminderde albedo en 2) compenserende negatieve RF door lagere
CO,-emissies dankzij vervanging van fossiele brandstoffen door PV-elektriciteit. De al-
bedoresultaten zijn gevalideerd met de Moderate Resolution Imaging Spectroradiometer
(MODIS!) satellietproducten, waarbij 90% van de onderzochte codrdinaten een verschil
van +0.03 vertoonden. De resultaten tonen aan dat negatieve RF de positieve RF binnen
circa veertig dagen kan compenseren bij de huidige emissie-intensiteit van het net (437
g CO2-eq/kWh) wanneer alle daken in Delft worden bedekt met PV. Deze bevinding geeft
een vollediger beeld van de rol van stedelijke PV in duurzame engineering en benadrukt
het snelle klimaatmitigerende potentieel.

Hoofdstuk 5 onderzoekt stedelijke PV vanuit een toepassingsperspectief door de dub-
bele functionaliteit van gelamineerde kristallijn-silicium (c-Si) PV-cellen in een zichtbare-
lichtcommunicatie (VLC) systeem te bestuderen, waarbij energieopwekking en data-
transmissie gelijktijdig plaatsvinden. Zeven verschillende c-Si-architecturen zijn onder-
zocht, waarbij hun bandbreedte is gekarakteriseerd over een spanningsbereik van short
circuit tot open circuit onder drie kleuren licht-emitterende diodes (LED) en drie irradi-
antieniveaus. De resultaten tonen een afweging tussen energieopwekking en communi-
catie wanneer PV-cellen als VLC-ontvangers worden ingezet. De LED-kleur heeft nau-
welijks invloed op de bandbreedte, maar hogere lichtintensiteit verbetert de communi-
catieprestaties bij lage spanningen, terwijl dit effect verwaarloosbaar is bij het maximum
power point (MPP).

IHet MODIS-albedoproduct is een dagelijkse 16-daagse dataset die zowel black-sky- als white-sky-albedo
biedt voor 10 golflengtebanden.
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Introduction

The Industrial Revolution marked the dawn of modern society, fundamentally trans-
forming how people live and work through large-scale mechanization. This shift dra-
matically increased production and transportation efficiency, enhancing overall com-
fort and convenience. However, this groundbreaking transformation has required burn-
ing fossil fuels, releasing enormous amounts of heat-trapping greenhouse gases (GHG),
particularly CO;, into the atmosphere, driving global warming.

Over millions of years, atmospheric CO; levels remained below 300 parts per million
(ppm), but this number started rocketing since the Industrial Revolution [1]. Between
2002 and 2022 alone, CO; levels jumped from 365 ppm to 420 ppm, as shown in Figure
1.1, which warms up the globe by approximately 1.47 °C in 2024 than the pre-industrial
average [2]. This rise in temperature poses severe consequences for lives on Earth, af-
fecting natural ecosystems, climate cycles, public health, economic stability, and other
critical aspects [3]. Therefore, urgent actions need to be taken to combat the climate
crisis and mitigate further escalation.

AIRS Mid-Tropospheric CO, (ppm) <D AIRS Mid-Tropospheric CO, (ppm) < NG

September 2002 September 2022

Figure 1.1: The change in atmospheric CO2 concentration over two decades from 2002 to 2022 [1].
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1.1. The role of Photovoltaics (PVs)

In 2015, the Paris Agreement was adopted to limit global warming to well below 2 °C,
preferably to 1.5 °C, above pre-industrial levels [4, 5]. This is certainly an ambitious tar-
get, and achieving this goal requires slashing GHG emissions by replacing fossil fuels
with renewable energy sources.

As of 2023, renewable energy sources accounted for 13% of the world’s total en-
ergy supply, with projections indicating an increase to 20% by 2030 [6]. Particularly in
the electricity sector, renewable energy sources are expected to provide 60% of electric-
ity generation in 2030 under the Net Zero Emissions (NZE) Scenario [7]. Among these
sources, solar energy is a key pillar in the long-term decarbonization efforts. Although
PV currently contributes a relatively small share of global electricity generation (5.5% as
of 2023), significant growth is anticipated due to continuous technology development
and cost reduction [8]. As shown in Figure 1.2, a recent study predicts an annual PV
growth rate of 25%, and the worldwide installed PV capacity could reach up to 75 TW by
2050 [9]. To realize such a boost in PV penetration in the energy system, developments
are required not only in large-scale solar farms but also in the widespread deployment
of PV systems in urban settings, especially considering the ongoing progress of urban-
ization with population influx [10].

100
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Figure 1.2: Modelled annual and cumulative installation of PV, which maintains 25% growth rate until 2030,
then reduces slowly to steady state [9].

1.2. PV in the urban environments

The current electrical energy distribution system predominantly features centralized gen-
eration and a mono-directional distribution network. This system relies on large power

plants producing electricity and long-distance grid networks transporting the electricity

to consumers. However, achieving a sustainable future cannot be simply accomplished

by replacing conventional power plants with large-scale renewable energy farms. One

potential limitation of this centralized approach is reduced reliability because a failure

at the central power plant can impact the broader grid [11]. Considering the intermittent
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nature of renewable energies, optimizing the reliability of the energy system will be even
more challenging. Another significant issue is the energy loss during the long-distance
transmission and distribution of electricity. In addition, as the electrification of end-uses
accelerates, the finite grid capacity can also become the bottleneck. As an alternative,
decentralized renewable energy sources offer the ability to produce electricity locally,
spreading the responsibility of electricity generation across numerous smaller produc-
ers. This configuration reduces power loss by placing generations close to consumers,
enhancing energy independence, and relieve the electricity imports from the grid when
the generation coincides with the demand. Meanwhile, considering that most of the
world’s population (68% by 2050) will be living in cities in the future, the development of
decentralized renewable energy solutions in urban environments will play a significant
role in facilitating the transition to green energy (12, 13].

PV systems emerge as the most viable option to meet this goal due to their adaptabil-
ity in urban settings. Unlike other renewable technologies, they offer great advantages
for urban integration, including ease of local implementation and efficient use of exist-
ing surfaces [14, 15]. PV can be seamlessly integrated onto a variety of urban structures,
such as buildings, roads, and waterways, all without requiring additional land [16-19].
This high integrability has already driven the growing adoption of PV in urban environ-
ment, and considerable growth potential still remains. For example, building envelopes
in Germany can offer a technical potential of around 1000 GW,, of which less than 10%
has been utilized [20, 21].

Although PV technology is highly compatible with urban environments, designing,
allocating and maintaining these systems within such contexts presents challenges:

e From a technical perspective, densely constructed cities often limit the incom-
ing sunlight, while rich urban morphology - including buildings, infrastructures,
and vegetation — can cause complex shading patterns. As a result, not all urban
surfaces are suitable for PV installation, and designing urban PV systems is more
challenging than simply optimizing tilt and orientation for a given location. In-
stalling PV modules in areas with low irradiation or frequent shading reduces their
specific yield, undermining the system’s economic viability.

e From a social perspective, PV generally has relatively high public acceptance [22].
Nevertheless, urban PV installations are subject to more strict social regulations,
requiring designs that preserve the visual integrity of the urban landscape. This
is especially crucial for historical buildings and cultural heritages, where PV mod-
ules must be aesthetically integrated or remain invisible to the public [23]. These
constraints further limit the deployment of urban PV systems.

¢ From a climate perspective, the expansion of urban PV systems can give rise to ad-
verse effects [24]. The substitution of original urban surfaces with highly absorp-
tive PV modules usually reduces the urban albedo. Locally, this reduced albedo
contributes to the formation of urban heat islands (UHI), degrading the thermal
comfort of urban dwellers, adversely affecting their health and potentially reduc-
ing life expectancy [25]. Globally, it increases the energy absorbed by Earth, en-
hancing the warming effect [26, 27].
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e From an application perspective, the growing accessibility with the widespread
deployment of PV modules presents the opportunity to explore its multi-functional
potential. Beyond serving as passive energy harvesters, PV systems can also ful-
fill additional design purposes, such as enhancing aesthetics [28], incorporating
thermal management [29], and improving shading tolerance [30]. To further maxi-
mize the benefits of urban PV integration, exploring their potential for information
communication is also a promising application. The photons absorbed by the PV
modules not only generate electricity but can also be modulated to transmit data.
In this way, PV technology evolves from a purely energy-generating system to an
active, multifunctional component of urban infrastructure [31].

Solving these challenges helps understanding the dynamics between PV systems and the
urban environment, facilitating the streamlining of large-scale urban PV deployment.

1.3. Aim and outline of this work

The objective of this work is to evaluate the large-scale urban PV potential while incor-
porating social and climate concerns. Additionally, it investigates the multi-functional
capabilities of PV systems that can be integrated into the urban infrastructure.

The first part of this work focuses on developing a simulation framework to assess
the PV potential in complex urban settings. The second part extends the analysis by ad-
dressing social and climate factors related to urban PV deployment. Finally, the third
part of this research explores the potential of using c-Si solar cells as data receivers. The
methodology employed for each study is described in detail within the corresponding
chapter. The structure of the dissertation can be broken down into the following chap-
ters:

Chapter 1, being the current chapter, highlights the significance of urban PV deploy-
ment and the challenges it faces. It also outlines the contributions of this work in poten-
tially solving these challenges.

Chapter 2 addresses first the technical aspects of urban PV deployment, and a com-
prehensive simulation workflow is presented for high-resolution 3D solar PV potential
mapping on building roofs and facades. This framework estimates the PV yield within
the urban environment and identifies the most favorable roof surfaces for PV integra-
tion.

Based on the developed simulation workflow, Chapter 3 dives into the social chal-
lenge of urban PV integration. Particularly, a framework is established for assessing the
PV module’s visibility from the public domain at the street level, which helps facilitat-
ing the streamlined integration of PV on restricted buildings such as monuments and
cultural heritages.

Chapter 4 is dedicated to studying the impact of urban PV integration on albedo and
its implications for Earth’s energy balance. It presents two simulation stages: the first one
computes the change of albedo due to urban PV deployment and the resulting additional
solar energy absorbed by the Earth, and the second one calculates the CO, emission
reduction due to the displacement of fossil fuels with PV and estimates the time required
to offset the initial albedo-related warming.

In Chapter 5, the potential of using solar cells to receive data is explored. Specifically,
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it analyses the bandwidth characteristics of c-Si PV cells, from the first to the latest gener-
ation, under different current-voltage operating points, LED colors, and light intensities.

Finally, the conclusions are drawn in Chapter 6, where future research recommenda-
tions are presented.

1.4. Main contributions to the PV field

The main highlights of this research are listed below:

¢ A comprehensive workflow for solar PV assessment in dense urban environments,
generating multiple geo-referenced outputs including 3D building models, annual
solar irradiation map, annual DC yield map, annual AC yield map, roof PV system
layout, and roof classification based on the PV system’s specific yield.

¢ A line-of-sight (LOS) assessment method for quantifying the visibility of roof sur-
faces from the public street level, categorizing them into low, medium, and high
visibility categories and computing their corresponding PV potential.

¢ An in-depth analysis of the dual consequences of urban PV integration for the
Earth’s energy balance, offering insights into the urban albedo modification and
its implications for radiative forcing dynamics.

* A systematic study of using c-Si PV cells for simultaneous energy harvesting and
information receiving in visible light communication.







Solar PV potential in urban
environment

This chapter is based on the following publication:

Y. Zhou, M. Verkou, M. Zeman, H. Ziar, and O. Isabella, A Comprehensive Workflow
for High Resolution 3D Solar Photovoltaic (PV) Potential Mapping in Dense Urban Envi-
ronment: A Case Study on Campus of Delft University of Technology, Solar RRL 6, 2100478
(2021). (DOL: https://doi.org/10.1002/s01r.202100478)

2.1. Introduction

Following the directive of the Paris Agreement, the Dutch government launched the Na-
tional Climate Agreement in 2019, and an ambitious goal was set to reduce GHG emis-
sions by 49% by 2030, relative to 1990 levels [32]. Additionally, it also projects that 70%
of the electricity will be sourced from renewable energy by 2030, with a target to achieve
nearly complete GHG reduction by 2050. To realize these objectives, a boost of green
energy penetration in the domestic energy system is essential.

In alignment with these goals, TU Delft aims to achieve a climate-neutral campus
by 2030 [33]. Among various renewable energy technologies, PV systems emerge as the
most viable option due to their adaptability in urban settings. According to the latest
available report, only 1.2 MW),, of solar capacity is installed on campus buildings, and
a significant expansion of PV deployment is needed to minimize the campus’s carbon
footprint [34, 35]. Designing PV systems in complex urban settings can be challenging,
and to facilitate the road mapping of renovating existing campus buildings with PV tech-
nology, it is crucial to understand the urban context so that available building surfaces
can be identified and their PV potential can be assessed [36, 37]. One innovative method
involves using aerial imagery combined with image recognition to identify the geometry
of suitable roof surfaces for PV integration [38-40]. Among others, orthographic aerial
images provide a direct view of building areas, and the height of buildings is generally

11
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estimated by fitting a normal distribution function. In contrast, aerial stereo images al-
low the generation of the digital surface model (DSM) through stereophotogrammetry,
using overlapping images from different angles [41]. Another approach is based on light
detection and ranging (LiDAR), which is currently the most widely used spatial data to
represent and reconstruct the urban environment [42]. This remote sensing technology
densely samples earth surfaces by transmitting laser pulses and analyzing the reflected
signals [43].

Generally, the assessment of renewable energy potential, specifically solar energy,
can be structured hierarchically: i) physical potential that represents the total amount
of solar irradiation impinging on the study area; ii) geographical potential that considers
only the solar irradiation on surfaces that are available for PV integration; iii) technical
potential considering the efficiency of specific PV technologies and the balance of sys-
tem (BOS) components; and iv) economic potential which assesses the financial viability
of the PV system installation [44]. Over the past few decades, extensive research has fo-
cused on estimating urban solar energy potential, each tailored to different hierarchical
levels depending on project goals and data availability [45-49]. Jaroslav et al. assessed
the PV potential in a small city in eastern Slovakia by using open-source tools, beginning
with the creation of a 3D city model and utilizing the r.sun solar radiation model and
PVGIS to calculate the roof’s technical potential [50]. T. Santos et al. proposed a two-
stage process that also models population distribution at the building level [51]. How-
ever, both studies primarily examined building roofs and did not consider shading from
trees, infrastructure, or other artifacts. C. Catita et al. extended the solar potential analy-
sis to vertical building facades using hyperpoints, which involve a set of points with the
same XY coordinates but varying Z values [52]. This approach facilitated 3D mapping of
solar potential on building surfaces, but more in-depth results, such as geographical or
technical potential, were not delivered. Similar work has been done by M. C. Brito et al.
on the city of Lisbon and A. Vulkan et al. on a neighborhood in Rishon LeZion in Israel
[53]. Both works based their analysis on a relatively low spatial resolution (1 by 1 m?), and
only the physical potential on building surfaces is calculated. Particularly in the work
from A. Vulkan, small-scale artifacts are excluded, and the solar irradiation calculation
only considers the direct component. A .V .Vo et al. reported a comprehensive workflow
for estimating urban solar potential by processing each LiDAR point, but it demands
a high-resolution LiDAR dataset (300 points/m?) and is computationally intensive [54].
Another detailed model, PLANTING, developed by S. M. Murshed et al., calculates the
economic potential of solar installations on both roofs and facades but requires hourly
analysis and access to semantically and topologically accurate CityGML data, which are
challenging to prepare [55]. N. Alam et al. conducted a detailed analysis of different reso-
lution settings in PV potential calculation, including temporal resolution, 3D city model
resolution, and sky dome subdivision. It was demonstrated that higher resolution gen-
erally improves accuracy while at the cost of increased computational time [56].

In this work, we developed a large-scale urban PV modeling workflow up to the AC
level that utilizes a minimum set of freely available input datasets. This workflow is semi-
automatic and requires only LiDAR data and building footprints as inputs, which is a
unique approach compared to other studies that typically demand additional data, in-
cluding aerial images or expensive 3D building models [57, 58]. Meanwhile, the work-
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flow is capable of delivering PV AC yield for both building roofs and facades, providing
decision-makers with broader insights into urban solar planning. Notably, this method
enhances existing models by investigating i) portrait and dual-tilt mounting configu-
rations on flat roofs, ii) partial shading losses induced by mutual shading, iii) skyline
variation for each module, and iv) dynamic inverter efficiency based on Sandia National
Laboratories (SNL) model. Furthermore, instead of calculating hourly irradiance on the
plane-of-array (POA) and aggregating these over the year to estimate annual solar irra-
diation, which requires significant computational resources, this work employs an in-
house developed simplified skyline-based model to map solar PV potential efficiently
[59]. This model accurately estimates annual solar PV potential on various surfaces while
significantly reducing computational demands. The complete workflow is shown in the
Figure 2.1.

2.2, Methodology

2.2.1. Input data preparation

Airborne LiDAR data offers precise topographical information, which details the phys-
ical representation of natural and artificial surface features. During collection, LiDAR
equipment, typically mounted on aircraft, emits laser light toward the ground. This light
reflects off surfaces and is captured by the sensor, which records the time taken for the
light to travel to and from the objects. Analyzing this travel time allows for the calculation
of distances, which are combined with the Global Positioning System (GPS) to generate
elevation data with geographical coordinates [60]. The resulting dataset is presented as a
geo-referenced point cloud, meaning each point is assigned 3D geographic coordinates
that allow it to be accurately located in space. LiDAR technology can identify basic ob-
jects on the ground, such as vegetation, buildings, etc. As laser light traverses trees, for
instance, the photons may be partially reflected off branches or leaves since they are
small in size and full of gaps. The remaining photons continue their journey until they
encounter a solid surface. Thus, multiple returns can be captured and recorded by the
sensor from one pulse of light to create a waveform. Different objects can be identified
by analyzing these waveforms.

The Dutch government initiated its first batch of LiDAR data collection in 1997. The
dataset is called Actueel Hoogtebestand Nederl (AHN), and the latest accessible version
(AHNS5) is currently under collection. For the purposes of this research, the AHN3 LiDAR
dataset was utilized, as it represented the most current available batch during the re-
search period. Generally, the time span of LiDAR acquisition stretches over a few years.
The AHN3 data was collected between 2014 and 2019 and has a resolution of around 6 to
10 points per square meter [61]. Figure 2.2 displays the AHN3 LiDAR data of part of the
TU Delft campus, in which the elevation of the points, from low to high, is indicated by
the color from grey to yellow.

The management and process of LIDAR data are facilitated by the GIS [62]. The raw
LiDAR data, often voluminous and complex, can pose significant challenges for direct
analysis. To enhance manageability and for the ease of application, this data is typically
transformed into a raster-based DSM. This conversion is efficiently carried out using the
built-in geoprocessing tools available in ArcGIS Pro, which streamline the handling of
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Figure 2.2: The AHN3 LiDAR data of part of the TU Delft campus, in which the elevation of the points, from
low to high, is indicated by the color from grey to yellow.

large datasets by simplifying the rich point clouds into a more accessible format [63].
The DSM serves as the input to the projects carried out during the research period, and
it is essentially a grid that consists of equally sized cells, with each cell assigned a single
height representing the height of that complete cell.
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Figure 2.3: This illustration shows the conversion of two cells into a raster format from raw LiDAR data. The
blue point indicates the height value assigned to each cell, which is determined by either taking the average
height of all points within the cell or by adopting the height of the highest point (represented by the red point).

Depending on the intended use, the height value assigned to each cell can represent
various aspects. Commonly, it may adopt the average height of all LiDAR points cap-
tured within that cell, providing a general representation of the terrain. Alternatively, it
can reflect the maximum or minimum height recorded within the cell, which is useful
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Figure 2.4: DSM of part of the TU Delft campus, in which each pixel represents one single height value. The
elevation, from low to high, is indicated by the color transitioning from black to white.

for terrains with abrupt height variance. For example, in applications involving natural
terrain mapping, averaging the heights of all points in a cell is preferred, ensuring a con-
tinuous representation of the overall landscape. Conversely, in urban settings where a
cell might encompass the building and its surrounding environment, using the average
height could lead to distortion of the representation of building shapes. In such sce-
narios, using the maximum height of the points within the cell provides a more precise
representation of the urban features. Given the resolution of the AHN3 dataset, the cell
size (also referred to as pixel size) can be minimally chosen as 0.5 meters, meaning that
each cell covers an area of 0.25 m?. Figure 2.3 illustrates this process, where raw LiDAR
data from two cells are converted into raster formats. In the approach shown on the left,
the highest point within the cell is identified, and its height is assigned to the cell cen-
ter to represent its height. Conversely, the approach on the right calculates the average
height of all points within the cell, assigning the mean value to the cell center to repre-
sent the cell’s height. The resulting DSM of the same TU Delft campus section is shown
in Figure 2.4, where the elevation (from low to high) representing each pixel is indicated
by the color transitioning from black to white.

2.2.2. Reconstruction of 3D building models
The reconstruction of 3D building models leverages two key datasets: building footprints
and LiDAR data, both of which are provided freely by the Dutch government [64]. The
building footprint represents the outermost boundaries of a building’s exterior walls,
defining the planimetric layout of the structure. To illustrate the practical application of
this workflow, the Electrical Engineering, Mathematics, and Computer Science (EEMCS)
faculty building is used as a case study whose building footprint and corresponding Li-
DAR data are shown in Figure 2.5.

Initially, the original building models are generated in ArcGIS Pro with the LAS Build-
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Figure 2.5: a) Building footprint of the EEMCS faculty building; b) LiDAR data of the EEMCS faculty building,
with the height (in meters) indicated by a color bar.

ing Multipatch tool [65]. This model reconstructs the building models by creating a net-
work of triangular meshes that connect all the adjacent LiDAR points within the building
footprint. Figure 2.6 illustrates the original 3D building model of EEMCS faculty, which
consists of numerous triangular meshes covering the entire building surface. However,
due to the irregularity of the original LiDAR data, adjacent triangular meshes within a
roof segment may not align properly, leading to significant discrepancies in slope and
orientation. This misalignment ultimately compromises the accuracy of solar PV po-
tential simulation results. Therefore, it is essential to refine the geometry to ensure that
precise models are available for subsequent analysis.

My

L e e |

0 10 20 40 Meters

Figure 2.6: The original 3D model of the EEMCS faculty building. The building surfaces consist of triangular
meshes that are generated from LiDAR points.

To achieve this, a free 3D creation suite, Blender, is used. Its built-in mesh simplifi-
cation tool enables users to eliminate unnecessary vertices or meshes while maintaining
minimal alterations to the overall model shape [66]. After applying this tool over multiple
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iterations, the number of vertices and meshes is reduced to 1% of the original building
model. Figure 2.7 presents a comparison of the EEMCS faculty building model before
and after mesh simplification, clearly showing a dramatic decrease in the number of
meshes while the shape of the building remains largely intact.

300,000 Vertices “ 3,000 Vertices (1%)
600,000 Triangles ~ 5,000 Triangles

Figure 2.7: The Building model of EEMCS faculty before and after mesh simplification. The number of
vertices and triangles is reduced to 1% by using the built-in tool in Blender while the shape of the building
remains largely intact.

The final building model is achieved through manual adjustments to eliminate out-
liers and align edges effectively. Figure 2.8 displays the refined EEMCS building model.
Upon closer inspection of various model sections, it becomes evident that only essential
roof and facade polygons remain. Notably, building features such as ventilation sys-
tems, antennas, and chimneys have been excluded, as they do not contribute to the
usable area for PV installation. The time required for our semi-automatic method to
reconstruct geo-referenced building models varies based on the building’s complexity,
typically ranging from several minutes to a few hours. This significantly reduces the time
needed for manual reconstruction with software like SketchUp, which often necessitates
detailed building floor plans and several days to complete a single model [67]. In con-
trast to other recreation methods, such as drone-based photogrammetry, our approach
does not require travel or specialized drone operation skills [68]. Nonetheless, it still pro-
duces highly accurate geo-referenced building models, relying solely on LiDAR data and
building footprints.

One of the primary limitations of this methodology is the inadequate modeling of
building facade details, as illustrated in Figure 2.9. The aperture at the top of the high-
rise building is absent from the model, and the open space at the base of the low-rise
building is also not accurately represented. This limitation arises primarily from the lack
of digital facade information, as the locations of windows, ledges, and gaps are generally
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Figure 2.8: The final refined 3D model of EEMCS faculty building, which only includes essential roof and
facade polygons.

not captured by LiDAR data. Consequently, only sharply defined closed facades are re-
constructed by connecting the roof edges to the building footprint. Another limitation
of this methodology is the workload involved in reconstructing buildings, as it relies on
a semi-automatic approach. An alternative is to use the 3D BAG dataset, which provides
the 3D building models to the level of detail (LoD) 2.2 for the entire Netherlands based
on LiDAR data and building footprints [69]. Although these building models offer decent
roof geometries, the noises that the building model contains (such as redundant vertices
and faces) often complicate the subsequent solar PV potential simulations. Figure 2.10
illustrates this difference for the EEMCS faculty building: the refined semi-automatic re-
construction in Figure 2.10a is free from the noises circled out in Figure 2.10b, where
these noises can confuse the developed MATLAB algorithm to accurately merge the tri-
angular faces into coherent roof surface for further solar PV computation.

2.2.3. Annual solar irradiation map on buildings

The first step in mapping annual solar irradiation on buildings involves creating a uni-
formly distributed grid on the building surface. Each point on this grid represents a
specific surface area, allowing for the calculation of incident solar irradiation using the
simplified skyline-based method. The surface grid is generated using a barycentric coor-
dinate system, which enables the location of any point within a triangle to be expressed
using the following formula [70]:

P=a-A+f-B+y-C 2.1)

where P represents the coordinates of the point of interest, while A, B, and C denote the
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Figure 2.9: Limitation of the 3D building model reconstruction. The building facade cannot be properly
recreated due to the lack of facade information. The aerial photo is obtained from GoogleMap (Imagery (©)
2021 Google, Imagery (C) 2021 Aerodata International Surveys, Maxar Technologies, Map data (© 2021).

Figure 2.10: Comparison between the EEMCS faculty building model: a) refined model using semi-automatic
approach, b) retrieved model from 3D BAG database. The noises in model b (e.g., redundant vertices and
faces) complicate the subsequent solar PV potential simulations.
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coordinates of the triangle’s vertices. To ensure that the point of interest lies within the
triangle, the following constraints must be satisfied:

a+pf+y=1 @2)

{a’,ﬁ,y €1[0,1]
Figure 2.11 demonstrates the application of the barycentric coordinate system to ob-
tain the location of point P. In this illustration, point P divides the original triangle into
three sub-triangles. The coefficients «a, , and y are then calculated by determining the
ratio of the area of each sub-triangle to the area of the original triangle. For instance, the
coefficient a is computed by dividing the area of the blue sub-triangle by that of the orig-
inal triangle, and a similar process is repeated for the coefficients § and y. Adjusting the
area ratios of triangles enables the mapping of an evenly distributed grid onto building
surfaces. For this study, a grid size of 0.5 meters was chosen. Figure 2.12 illustrates the
result of applying the barycentric coordinate system to one of the facades of the EEMCS
faculty building. The zoomed-in image clearly shows that the points are uniformly dis-
tributed across the facade surface, maintaining a consistent gap of 0.5 meters.

A A PBC -

9= AABC A

AAPC
< P= AAsc = A

_ ragp A
c ~Vv= AABC:A

Figure 2.11: Using barycentric coordinate system to decide the location of the points. In this illustration,
point P is the point of interest and subdivides the original triangle into three small triangles.

B

The annual solar irradiation for each point is determined using a simplified skyline-
based model, which fits a polynomial function with a set of synthetic skylines [59]. This
function is characterized by five coefficients and two primary parameters: Sky View
Factor (SVF) and Sun Coverage Factor (SCF). The SVF quantifies how much of the sky
hemisphere is freely visible, while the SCF indicates whether the horizon blocks the sun.
These five coefficients, unique for every tilt and orientation within a given climate, were
calculated for the local climate in Delft, the Netherlands, for each 45° azimuth and 5°
tilt angle, with intermediate values derived through linear interpolation. Implementing
this method requires information about roof property (tilt and azimuth) and the SVF and
SCF derived from the skyline profile. The building surface’s tilt and azimuth angles are
inferred from the face normal vector, as depicted in Figure 2.13. Specifically, roof tilt O is
calculated as the angle between the face normal ng and the ground normal [0,0,1], while
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Figure 2.12: Applying the barycentric coordinate system to one of the facades of the EEMCS faculty building.
The zoomed-in image clearly shows that the points are uniformly distributed across the facade surface,
maintaining a consistent gap of 0.5 meters.

the roof azimuth Ap, is derived from the angle between the due North vector [0,1,0] and
the projection of the face normal onto the ground plane. To determine the SVF and SCE
an in-house developed MATLAB script is utilized to generate the skyline profile from the
DSM [71]. This script constructs the skyline for any specified tilt and azimuth angle by
first segmenting the full azimuth range into slices, and then assessing the height points
within these segments. The highest point within each azimuth slice defines the horizon

altitude for that segment. Combining the skyline profile with the sky hemisphere allows
for determining the SVF and SCE

Zenith

Figure 2.13: Determination of roof tilt 6 and azimuth Ag from roof surface normal np.

Figure 2.14 presents a bird’s eye view of the solar irradiation map of the EEMCS fac-
ulty building. Although rooftop artifacts were excluded during the building model re-
construction phase, their shading effects are still considered in the solar potential as-
sessment based on the DSM-extracted skyline profile. These obstacles reduce the sun-
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light reaching roof sections, resulting in areas depicted in dark red on the irradiation
map. By comparing this map with the GoogleMap aerial photo, one can easily identify
the types of obstacles present. For instance, the high-rise building’s rooftop is shaded
by antennas, while the low-rise building’s rooftop is shaded by the ventilation system.
Furthermore, the surrounding urban environment also influences the solar irradiation
received by building surfaces. Figure 2.15 illustrates the solar irradiation map from a
side view of the EEMCS faculty building, showing significant shading on the lower re-
gion of the southern facade of the Electrical Sustainable Power (ESP) lab due to trees. In
contrast, the saw-tooth-shaped rooftop of the low-rise receives the highest annual solar
irradiation, suggesting a high PV potential yield.
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Figure 2.14: Annual solar irradiation map of the EEMCS faculty building from a bird view. The aerial photos
are obtained from GoogleMap.

2.2.4. Annual DC yield map on buildings

The annual solar irradiation map provides information on the physical potential of build-
ing surfaces. However, directly applying the same grid points from this map to calculate
DCyield often leads to an overestimation of the actual capacity of PV systems. This dis-
crepancy primarily arises because certain portions of the roof surfaces are unsuitable for
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Figure 2.15: Annual solar irradiation map of the EEMCS faculty building from a side view. The aerial photos
are obtained from GoogleMap.

PV module installation. Such areas may include spaces already occupied by rooftop ar-
tifacts or locations where the installation of PV systems is economically unviable, given
current PV technology costs. Besides, general rules of PV system installation must also
be followed, such as maintaining a certain distance from the roof edge and ensuring ad-
equate row-to-row clearance. These guidelines inherently reduce the roof coverage ratio
achievable by the PV system, consequently reducing system DC yield.

To more accurately simulate the annual DC yield, a panel-fitting algorithm is imple-
mented across all building roof surfaces. This algorithm facilitates the arrangements of
PV modules on these roof surfaces, accommodating user-defined dimensions and clear-
ances. Figure 2.16 schematically illustrates the panel fitting process in a landscape con-
figuration on a slanted roof. It starts with the projection of the roof surface onto the
ground. A rotation matrix, Mg, is then applied to align the projected roof polygon with
the intrinsic coordinate system. Depending on the roof orientation, this rotation may
be clockwise or counter-clockwise to prevent inversion of the polygon. Subsequently, an
original bounding box is defined for each roof polygon, within which a grid of PV mod-
ules is populated, considering the dimensions and clearances of the selected PV module,
as shown in Figure 2.16d. For slanted roofs, no offset from the roof edge is considered,
and the clearance between PV modules is maintained at 5 cm to facilitate maintenance
access. After that, the algorithm evaluates the suitability of each module by verifying
that all four corners of the module reside within the roof polygon and that the overlap
between roof and module polygons is larger than 99%. Modules that fail to meet these
criteria, marked in red in Figure 2.16e, are excluded from the configuration. Optimal
panel placement is achieved through iterative adjustments, shifting the entire grid by
predefined distances along the x and y axes in each iteration to maximize the number of
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Figure 2.16: Schematic demonstration of the panel fitting algorithm: a) the roof surface is projected onto the
ground plane; b) the roof projection is rotated using a rotation matrix to align with the intrinsic coordinate
system; c) an original bounding box is created for the rotated roof projection; d) a grid of PV modules is

established, adhering to the dimensions of the selected PV module and user-defined clearance; e) PV
modules that cannot be accommodated on the roof surface are identified, and they are marked in red and
removed; f) a grid shift is applied to the entire grid of PV modules to optimize the panel fitting result.
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PV modules. The distances for grid shifting are defined by:

Xshift =—(Lm+Gyx) - %
is1 (2.3)
Yshifr =—Wn+Gy)- 5
where Ly is the module length, W), is the module width, G, is the clearance along the
x-axis, Gy is the clearance along the y-axis, and i is the number of iterations. In a portrait
configuration, module length and width in the equation are interchanged. To minimize
computational effort, the number of iterations is adjusted based on the roof size: large
roofs exceeding 300 m?2 undergo three iterations, small roofs under 100 m? are iterated
eight times, while roofs of intermediate size execute five iterations. Figure 2.16f displays
the panel fitting outcome following the grid shift, revealing that an additional PV module
is accommodated in this revised arrangement compared to the initial setup. Finally, the
fitted modules are reoriented using the transpose of rotation matrix Mg, and all module
corners are projected back onto the roof plane so that the skyline can be correctly gen-
erated for PV output calculation. This step involves finding the intersection between the
normal of PV corner points and the roof plane, as depicted in Figure 2.17. The coordi-
nates of the intersection C can be calculated with variable ¢ according to the following
equation:

x=by+uv-t
y=b2+1}2't (2.4)
z=bs+uvs-t

where

. (a1 —Db1)-ny+(az — b)) -np + (az — b3) - n3 2.5)

ny vy +n2-v2+n3-vs
Here, point B represents the coordinates of a fitted PV module corner, while vector 7 is
set to [0,0,1]. Point A specifies the coordinates of a roof surface corner, and the vector 7
denotes the normal vector of the PV module face, which is aligned with the roof surface
normal in the case of slanted roofs.

Fitting panels onto flat roofs is more complicated. One challenge is that the roof sur-
face normal cannot be directly used to determine its orientation, as the projection of
the face normal vector onto the ground is only a 1D point. This issue is solved by using
the directional vector of the longest roof edge as a reference to define roof orientation.
Another challenge is determining the tilt and orientation of PV modules because they
cannot be inherited directly from the roof. Given that the Netherlands is located in the
northern hemisphere, PV systems on flat roofs should ideally face south to maximize
POA irradiation. This optimal orientation is achieved by dividing the intrinsic coordi-
nate system along its diagonals, as shown in Figure 2.18a, then the roof orientation is
matched to the corresponding segment. If the roof orientation falls within the angle
range segments A or C, the modules adopt this orientation. If the roof orientation is
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Figure 2.17: Schematic illustration of finding the intersection between the normal of PV module corners and
the roof plane. Here, A represents a point on the plane, 7 is the plane’s normal vector, and B is an arbitrary
point that is not on the plane which defines line L with direction vector 7. Point C denotes the intersection

between plane P and line L.

Figure 2.18: a) The intrinsic coordinate system, divided into four angle range segments. The module
orientation vector Ay is aligned parallel to the roof orientation vector A for segments A or C, and
perpendicular to Ap for segments B or D; b) The coordinate system is segmented into five sectors, each
associated with a specific rotation matrix.
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found in either angle range segment B or D, the module orientation is adjusted to be
perpendicular to the roof orientation. Additional angle shifts are applied to ensure that
roof orientation always ends up in segment C to face south.

The final challenge involves defining the correct rotation matrices to align the roof
polygon with the intrinsic coordinate system. As depicted in Figure 2.19, the coordi-
nates of the module polygon corners are arranged in a fixed order. Therefore, the pro-
jected roof polygon must be rotated to align with the appropriate axis to ensure that
when the module polygons are projected back to the original flat roof surface, module
corners 2 and 3 correctly represent the module tilt by lifting off from the roof surface
geometrically. As an example, Figure 2.19c contains a projected flat roof polygon with
the orientation (v;,v»2) defined by its longest edge. The rotation matrix Mg is applied
so that the polygon is aligned with the x-axis for panel fitting. However, this can result
in incorrect geometric module tilts due to improper lifting of the module corners when
projected back. To mitigate this, different rotation matrices are employed, utilizing a
four-quadrant coordinate system that mirrors the intrinsic system but spans an angle
range of [-180°, 180°]. This system is divided into five segments as shown in Figure 2.18b,
with each segment assigned a specific rotation matrix from Table 2.1, enabling the roof
polygon to rotate minimally to align with either the X or Y axis for optimal panel fitting.
Figure 2.19d demonstrates a scenario where the projected roof polygon is aligned paral-
lel to the Y-axis, resulting in a correct geometric module tilt. The module grid generation
follows the standard PV system mounting configuration on flat roofs in the Netherlands,
where modules are tilted at 15° with a row-to-row spacing of 0.7 meters. Besides land-
scape and portrait configurations, a dual-tilt configuration is also investigated where PV
modules are tilted at 12° with a row-to-row clearance of 0.2 meters. Its orientation is per-
pendicular to that of single-tilt PV systems rather than being exactly east-west oriented
because this ensures an optimal packing density. It is worth mentioning that the dual-
tilt configuration is not subject to power reduction when its orientation is off from the
east-west. In fact, it benefits from such angle deviation by producing slightly more en-
ergy [72]. Additionally, flat-mounted PV systems with 0° tilt are considered for buildings
under strict visual constraints, such as monumental buildings or those along the streets
with a protected view, ensuring PV modules remain unseen from street level.

After obtaining the geographical coordinates of the fitted PV modules, a grid of eigh-
teen uniformly distributed points is generated on each module plane for the annual DC
yield calculation. Each point represents a group of four solar cells, totaling seventy-two
solar cells per module. This approach effectively balances accuracy with computational
efficiency. Before proceeding with the DC yield mapping, one more issue needs to be
tackled. As noted in section 2.2.2, the reconstruction of 3D building models does not ac-
count for rooftop artifacts. Consequently, this oversight leads to an overestimation of the
feasible PV module placement, as illustrated in Figure 2.20a. To solve this, annual solar
irradiation is first calculated for each point on the module, and points falling below the
irradiation threshold (<600 kWh/year) are filtered out. This threshold also helps to elimi-
nate modules that suffer from moderate shading caused by nearby tall buildings or large
vegetation. The DC yield for the remaining modules is computed using the simplified
skyline-based method, with the results averaged across the 18 points. Modules yield-
ing less than 650 kWh/kW,, are excluded due to their economic infeasibility. The final
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Figure 2.19: Illustration of the panel fitting process on flat roofs: a) Module corners are stored in a fixed order
to facilitate the creation of the geometrical module tilt; b) Module corners 2 and 3 are elevated from the flat
roof at a predefined tilt angle; c) Incorrect alignment of the rotated roof projection with the wrong axis,
resulting in an improper representation of the module tilt; d) Correct alignment of the rotated roof projection
with the proper axis, ensuring an accurate geometrical module tilt representation.

Table 2.1: Rotation matrices for different segments

Segment Rotation Matrix
A cos(f5—a) -—sin(5-a)
sin(3-a) cos(3-a)
B cos(—a) -—sin(—a)
sin(—a) cos(—a)
C cos(5 —a) —sin(%—a)]
sin(3-a) cos(3-a)
D cos(—-r—a) -—-sin(-m—a)
sin(-r—a) cos(—m—a)
E cos(t—a) -—sin(r—a)

sinm—a) cos(m—a)
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PV system layout, displayed in Figure 2.20b, shows that this filtering process effectively
removes several modules, particularly those conflicting with the positioning of rooftop
ventilation systems.

Figure 2.20: Panel fitting results for Building 35 on the TU Delft campus: (a) The rooftop is fully populated
with PV modules based on the module dimensions and mounting configuration; (b) Modules receiving
minimum irradiation below 600 kWh/year and specific yields less than 650 kWh/kW, are excluded. The aerial
photo is sourced from GoogleMap (Imagery (©) 2021 Google, Imagery (©) 2021 Aerodata International Surveys,
Maxar Technologies, Map data (©) 2021).

Another challenge with the current PV system configuration on flat roofs involves
the row-to-row mutual shading. N. Alam et al. developed a real-time shadow simulation
model based on LiDAR and CityGML models, where line-plane intersection checks are
applied to capture various shading scenarios on PV modules [73]. Considering the input
data availability and the objective of this work, the power reduction caused by mutual
shading is accounted for by incorporating the points representing the fitted PV modules
into the DSM. Figure 2.21 compares the DSM of building 35 with or without the inclusion
of module geometry. It is clear in Figure 2.21c that the DSM modification replaces the
original roof surface points with those of the module points. This update in environmen-
tal features is integrated into the skyline profile generation, leading to a different set of
SVF and SCF for DC yield calculation. Meanwhile, particularly for portrait configuration,
the DC yield for each module is determined by the annual energy output of the bottom
cell string due to the by-pass diode effect. This effect is not accounted for in landscape
configurations, where the connection of solar cells to the bypass diodes typically offers
greater resilience to mutual shading.

The DCyield for facades is mapped without panel fitting due to the shortage of digital
facade information, such as the location of windows. Therefore, the facade DC yield map
is generated based on surface points, similar to the method used for generating the an-
nual solar irradiation map. To quantitatively assess facades, we employ the open/closed
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Figure 2.21: Modification of the urban environment demonstrated through the DSM of Building 35: a) DSM
overview of the building roof, with 'camera’ indicating the perspective for generating subfigures b and c; b)
original roof plane DSM without the inclusion of module points; ¢c) manipulated roof plane DSM where
points representing fitted modules are integrated into the urban context.

ratio, which is derived from GoogleMap StreetView images. This involves visually esti-
mating the areas covered by windows and walls, as depicted in Figure 2.22. Windows,
indicated by red polygons, are classified as open surfaces. They are good candidates for
transparent PVs, and it is assumed these surfaces will generate 10% of the power com-
pared to traditional PV modules. Walls, as indicated by the green polygons, are classified
as closed surfaces. Their DC yield is computed by multiplying the closed ratio by the
total facade DC yield, which is aggregated from all surface points. Economic thresholds
are not applied in this analysis to prevent excessive filtering of viable facade surfaces.

Windows Walls

10% of
DCYield

Figure 2.22: Facade DC yield mapping: Windows, marked by red polygons, are assumed to deliver 10% of the
power compared to classic PV modules, suitable for transparent PV applications. Walls, highlighted in green
polygons, are calculated to deliver full power.
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2.2.5. Annual AC yield map on buildings

Energy yield on the AC side is calculated by considering a series of system losses. A key
factor in this calculation is the inverter conversion efficiency, determined using the SNL
model, where 4 inverters with different nominal AC output power are chosen (1.5 kW, 3
kw, 6 kW, and 12 kW) [74]. These are designed to accommodate 5, 10, 20, and 40 selected
PV modules, respectively. The type and number of inverters assigned to each rooftop PV
system are estimated based on the maximum number of PV modules determined from
the panel fitting results. The workflow for selecting inverters is schematically illustrated
in Figure 2.23. To calculate inversion efficiency, efficiency curves for each inverter are
generated using the SNL model coefficients. The conversion efficiency for each PV sys-
tem is then determined by locating the ratio of the system’s annual DC yield to the esti-
mated annual Py of the inverters on these curves (here 4380 hours of operating time
are assumed). Fixed conversion efficiencies are also considered for MPPT (98%), ohmic
loss (99%), module mismatch (99%), and soiling loss (98%), which are used to compute
the overall DC-AC conversion efficiency [75]. For facades where panel fitting is not per-
formed, a fixed DC-AC conversion efficiency of 91% is assumed.

number of
PV modules

) 4 | efficiency with

N> 40 Yes B dib i Max
| efficiency with efficiency
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Figure 2.23: Algorithm of determining the type and number of inverters used to estimate the inversion
efficiency of rooftop PV systems, where N7 and N> indicate the number of inverters.

Y
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2.2.6. Roof segments classification

Finally, the roof segments are categorized based on the specific yield of the PV systems
installed. Three categories are defined, and each is assigned a distinct color: red for
yields between 650 and 800 kWh/kW,, yellow for yields between 800 and 950 kWh/kW,
and green for yields exceeding 950 kWh/kW,. The results of each step in the workflow
are illustrated in Figure 2.24, showcasing Building 35 at the TU Delft campus. The AC
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yield map appears generally darker than the DC yield map, reflecting system losses. Ad-
ditionally, the roof classification map provides insights into which roof surfaces should
be prioritized for PV integration based on their potential yield.

Figure 2.24: The simulation results on Building 35 on the TUD campus include a) the annual solar irradiation
map, b) the annual DC yield map, ¢) the annual AC yield map, and d) the roof classes categorized based on the
specific yield of the rooftop PV system.

2.3. Results and discussion

2.3.1. Computational speed
The simulation time for each step involving Building 35 is detailed in Table 2.2, high-
lighting that the mapping of DC/AC yield is the most time-consuming process, followed
by annual solar irradiation mapping. Generating DC/AC yield maps consumes time pri-
marily because prior to this step, each point on the POA requires solar irradiation cal-
culation to identify modules significantly affected by shading. This shading may result
from conflicts with rooftop obstacles or the surrounding environment. Additionally, the
DC/AC yield mapping is conducted on a denser grid of 18 points per module, with each
point representing an area of approximately 0.1 m?. This naturally leads to longer com-
putational effort in contrast to the 0.25 m? point density used for the solar irradiation
map. One approach to reducing the computational time for DC/AC yield map genera-
tion would be simultaneously calculating the module DC/AC yield during the exclusion
of shaded modules. Currently, these two operations are executed independently, mean-
ing that the HorizonScanner is executed doubly to generate the skyline. Another poten-
tial approach to significantly reduce computational time could utilize machine learning
or look-up tables. By leveraging the results from the annual solar irradiation map, pri-
mary values could be used to predict secondary values for DC/AC yield, streamlining the
entire process.

The computational speed per step is averaged over the area of all simulated TU Delft
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Table 2.2: Breakdown of the simulation time of Building 35 on TU Delft Campus

Process Time [s]
Barycentric coordinate system 0.3

Generation of solar irradiation map 172

Panel fitting on roofs 76

Generation of DC & ACyield maps 276

Roof segment classification 0.1

Total simulation time 524 [s] = 8.7 [min]

buildings, and the results are listed in Table 2.3. The overall computational speed is
found at 0.085 s/m? with a standard deviation (SD) of 0.044 s/m2. Panel fitting shows
relatively the highest SD because the iteration of grid shift depends on the size of the
roof. Roofs with an area larger than 300 m? iterate 3 times while those with an area
smaller than 100 m? iterate 8 times. The rest of the roofs undergo 5 iterations. Therefore,
for buildings with many small roofs, the speed is lowered due to more iterations.

Table 2.3: Computational speed per step for solar PV potential map generation in MATLAB

Process Averaged Speed [s/m?] Standard Deviation [s/m:
Barycentric coordinate system 5.67E-05 3.98E-05
Generation of solar irradiation map 0.016 0.006

Panel fitting on roofs 0.015 0.011
Generation of DC & AC yield maps 0.054 0.027

Overall computational speed 0.085 0.044

Figure 2.25 compares the annual solar irradiation maps generated before and after
building model refinement. A key limitation of using the unrefined model for solar po-
tential calculations is the discrepancy in tilt and orientation between adjacent triangles,
which can yield significantly varied results. This discrepancy often manifests as unex-
pected dark spots scattered across the roof surface, as depicted in the figure. Addition-
ally, in the unrefined scenario, solar irradiation calculation is performed for rooftop ob-
stacles. This is evident from the higher irradiation value at the region where obstacles
sit, which can overestimate the geographical potential. In terms of computational ef-
ficiency, the unrefined model requires 37 minutes to generate surface sampling points
(the center point of each triangular mesh) and to perform solar irradiation mapping. In
contrast, the refined model operates 13 times faster, as detailed in Table 2.4. For the
unrefined model, the roof surface area is calculated by aggregating the areas of all tri-
angular meshes, yielding a total that is approximately 8% larger than that obtained with
the refined model. This discrepancy is primarily attributed to the misalignment of the
triangular meshes. A more accurate approach would involve using the projection area of
the triangular meshes for calculations. Despite these discrepancies, the total annual ir-
radiation reported for both models is closely aligned, with the unrefined model showing
aroughly 3% higher result. This increase is partly due to the undesired inclusion of irra-
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Figure 2.25: Annual solar irradiation maps on building 55 before and after 3D building model refinement.

diation from rooftop obstacles. While misalignment between triangular meshes might
also contribute to this deviation, its effects could potentially offset when considered at
the scale of the entire roof plane.

Table 2.4: Comparison of computational speed and simulation results of building 55 before and after 3D
building model refinement

Metric Unrefined Model Refined Model
Surface points generation [s] 79.9 0.31
Generation of solar irradiation map [s] 2149.9 172.1
Roof surface area [m?] 4417 4075
Total roof annual irradiation [GWh/year] 3.03 2.95

2.3.2. Solar PV potential maps on TU Delft campus

Table 2.5 lists the simulation results of Building 35, detailing three specific building sur-
faces as shown in Figure 2.26. Given the unrestricted conditions of this building, three
mounting configurations are evaluated for the flat roof surface. The dual-tilt configu-
ration delivers the highest number of PV modules on roof 1, primarily due to a reduc-
tion in row-to-row clearance, which substantially increases packing density. The land-
scape configuration exhibits the highest specific yield, whereas the portrait configura-
tion yields the lowest. This discrepancy is largely attributed to mutual shading between
rows, which significantly reduces the power output in portrait configurations. Despite
not offering the highest specific yield, the dual-tilt configuration produces the greatest
system DC and AC yield, owing to its larger overall system size. In fact, dual-tilt is found
to be the optimal mounting configuration for the majority of flat roofs in this study in
terms of energy output, as it effectively offers higher packing density against a modest
decrease in power production per module. For roof 2, both landscape and portrait con-
figurations deliver comparable specific yields, peaking at approximately 1014 kWh/kW,,.

E
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Figure 2.26: Three specific building surfaces of Building 35 on the TUD campus, including the flat roof
(colored in yellow), the slanted roof (colored in green), and the facade (colored in red).

Table 2.5: The numerical simulation results of Building 35 on the TUD campus, where three building surfaces

are analyzed in detail.

Mounting Number of Specific DC Yield ACYield
Configuration Modules Yield [MWh] [MWh]
[kWh/kWp]
Roof 1 (flat)
Landscape 376 921.9 126.5 116.3
Portrait 442 772.3 124.6 114.3
Dual-tilt 549 835.5 167.4 153.7
Roof 2 (slanted)
Landscape 94 1003.9 34.4 31.7
Portrait 80 1013.9 29.6 27.2
Facade 1

Area [m?] Closed Ratio Open Ratio DC Yield ACYield

[MWh] [MWh]
1104.4 45% 55% 32.1 29.0
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This better system performance compared to roof 1 is mainly due to an optimal module
tilt of 41°directly inherited from the roof. Conversely, the facade demonstrates signifi-
cantly lower energy yield, with a unit AC yield of 26 kWh/m?/year. This low performance
can be attributed to two factors: i) vertical facades are generally subject to lower SVE
which limits the amount of incident irradiance, and ii) the presence of tall trees in front
of the building, which cast extensive shadows on the facade, as illustrated in Figure 2.15.

The same simulation was conducted across all buildings on the TU Delft campus, re-
vealing that a total of 8.1 GWh/year of PV potential could be harvested. Roofs contribute
approximately 4.7 GWh/year, while facades account for the remaining 3.4 GWh/year.
Given that no panel fitting was performed for the facades, the economic threshold of
650 kWh/kW, was adjusted to 113 kWh/ m?, based on the peak power and dimensions
of the selected module. This analysis identified only two facades across the campus that
meet this threshold, with their combined annual AC yield totaling 118.2 MWh/year, rep-
resenting only 3.5% of the potential yield without filtering. Applying the same economic
threshold to the facades results in a lower total annual AC yield of 4.8 GWh/year, demon-
strating roof surfaces as low-hanging fruits for PV integration on campus. To effectively
present these findings, a high-resolution 3D solar PV potential map has been published
as a web scene, with a screenshot of the annual solar irradiation map available in Figure
2.27. This web map is accessible via a personal Google account and includes visualiza-
tions of all simulation results, including 3D building models, annual solar irradiation,
panel fitting on roofs, DC yield map, AC yield map, and roof classifications. The detailed
modeling methods applied to roofs provide a high level of confidence in the rooftop so-
lar PV potential, whereas the potential for facades is considered less reliable due to the
scarcity of detailed digital facade information. Consequently, the technical potential for
facades is likely overestimated, as calculations unexpectedly include surfaces unsuitable
for module installation, such as narrow walls between windows.

The total electricity demand on the entire campus is 82.6 GWh/year, meaning that
roughly 10% of the current electricity demand can be supplied by roof and facade PVs
based on this study [76]. It is important to note that this estimate presumes all gener-
ated PV electricity is directly consumed on-site, without accounting for possible losses
during storage or retrieval from the grid, which effectively acts as a large battery. Further-
more, this analysis assumes grid parity, where the Levelized Cost of Electricity (LCoE)
from PV systems is equal to or less than the cost of purchasing grid electricity. However,
achieving the ambitious goal of covering 50% of the campus’s electricity consumption
with renewable sources by 2030 remains a significant challenge. To enhance PV pene-
tration, ongoing studies are essential. These should explore expanding solar PV mapping
to include open areas and waterways and employ higher efficiency PV modules in sim-
ulations to boost potential yield. Additionally, the development of new buildings in the
south of the TU Delft campus presents further opportunities for PV integration. If these
new constructions are designed to be more energy-efficient and PV installation-friendly,
they can potentially increase the proportion of campus electricity needs met by solar
power beyond the current 10%.
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Figure 2.27: Annual solar irradiation map for the TU Delft campus (https://arcg.is/1iP9nb1). All simulation
results are accessible by logging in with a personal Google account.
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Figure 2.28: Validation of the simulation results by analyzing the PV system installed on the low-rise building
of the EEMCS faculty. The algorithm maximizes roof utilization as long as the economic thresholds are met,
leading to a double amount of PV modules compared to the actual case. The simulation result aligns well
within the variation range provided by CRE, with actual system output data in 2017 and 2020 presented.




40 2. Solar PV potential in urban environment

2.4, Validation study

The PV system installed on the low-rise building of the EEMCS faculty is analyzed to val-
idate the simulation results. Currently, the roof hosts 521 PV modules, as depicted in
the GoogleMap image in Figure 2.28. Based on the data provided by Campus Real Es-
tate (CRE), this system has a total capacity of 133.56 kW, which corresponds to a peak
power of 255 W, per module. Figure 2.28 also displays the final panel fitting results,
where our algorithm accommodates 1064 PV modules. This nearly doubles the actual
number of modules, as our algorithm maximizes roof utilization as long as the economic
thresholds are met. In terms of energy yield, our simulation predicts an annual AC out-
put of 236.82 MWh/year. After applying a module number correction factor of 0.4896,
this figure is adjusted to 115.96 MWh/year. When compared to actual system outputs of
112.58 MWh/year in 2017 and 128.39 MWh/year in 2020 provided by the system opera-
tors, our simulation aligns well within this variation range, demonstrating high fidelity
in our modeling approach.

2.5. Conclusions

In this chapter, an innovative workflow designed to assess solar PV potential within ur-
ban areas was presented, with the TU Delft campus serving as a case study. This ap-
proach begins with the semi-automatic reconstruction of 3D building models, utilizing
LiDAR data and building footprints. It initially reconstructs the original building models
in ArcGIS Pro, and then these models are refined using Blender to enhance their accu-
racy and suitability for further analysis. Once refined, the highly precise 3D models are
imported into MATLAB, and a barycentric coordinate system is applied to create a uni-
formly distributed grid with a resolution of 0.5 meters on the building surfaces. These
sampling points are used to calculate the annual solar irradiation, using a simplified
skyline-based method developed in-house.

This workflow extends beyond assessing the physical potential of PV installations to
include additional analyses of both technical and economic viability. Initially, each roof
segment is populated with PV modules of specified dimensions and clearance require-
ments. A grid shift method is then applied to determine the maximum feasible panel
fitting scenario. The same simplified skyline-based method is employed to compute the
annual POA solar irradiation and DC yield. To maintain a balance between accuracy
and computational efficiency, a grid of eighteen points per module is utilized. Modules
obstructed by rooftop features are excluded if any of these eighteen points receives less
than 600 kWh/m? /year of solar irradiation. Additionally, modules yielding less than 650
kWh/kW,, are discarded to ensure economic feasibility. The study specifically addresses
the challenges associated with flat roofs by examining three mounting configurations:
landscape, portrait, and dual-tilt. These configurations consider not only their physical
feasibility but also potential yield reductions due to row-to-row mutual shading and the
bypass diode effect. Roof segments are then categorized into three classes based on the
specific yield of the installed PV systems. To further calculate the AC yield of rooftop PV
systems, the SNL model is used, and their inverter efficiency is estimated.

The approach to calculating DC and AC yields for facades differs due to the lack of
digital facade data. Instead, the open/closed ratio, estimated from Google Street View
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images, is used to determine facade DC yields. It is assumed that closed surfaces (walls)
deliver 100% of the calculated DC yield, while open surfaces (windows) contribute 10%
of the DCyield. The final solar PV potential maps have been published in an ArcGIS web
scene and are accessible using a personal Google account. This allows for dynamic in-
teraction with the data and visualization of the spatial distribution of PV potential yields
across different building surfaces.

The simulation result shows that a total of 8.1 GWh/year PV potential can be har-
vested from campus building roofs and facades. As the study demonstrates, this con-
tributed modeling framework paves the way for a quick and accurate assessment of PV
potential (from physical potential to economic potential) across large-scale and complex
urban environments.







Social impact of urban PV
deployment

This chapter is based on the following publication:

Y. Zhou, D. Wilmink, M. Zeman, O. Isabella, and H. Ziar, A geographic information
system-based large scale visibility assessment tool for multi-criteria photovoltaic planning
on urban building roofs, Renewable and Sustainable Energy Reviews 188, 113885 (2023).
(DOI: https://doi.org/10.1016/j.rser.2023.113885)

3.1. Introduction

The integration of PV into urban environment is set to be the main contributor to the
global transition to green energy. Building rooftops are particularly good hosts for PV
system installations, considering their vicinity to energy consumption and the open space
scarcity in urban areas. In fact, studies have shown that rooftop PV systems have sub-
stantial potential for green electricity generation. It is stated in areport published in 2014
that the annual rooftop solar electricity production in the Netherlands can reach up to
approximately 50 TWh, which comes down to almost 46% of the total national electricity
consumption in 2023 [77, 78].

Despite the promising energy potential, designing, allocating, and maintaining ur-
ban PV systems are often challenging due to sub-optimal irradiation caused by unfa-
vorable roof tilt and orientation. Additionally, the complex urban morphology creates
intricate shading patterns, which significantly reduce solar access and impede the de-
ployment of PV systems. To overcome these challenges, a comprehensive workflow was
presented in Chapter 2 to assess the PV potential in the urban environment from phys-
ical to economic levels. However, the decision-making process in urban PV planning is
not solely limited to technical or economic concerns. Social considerations will also play
a crucial role in determining the viability of rooftop PV system installation [79]. Monu-
mental buildings, for instance, are often restricted from changing their appearance due
to their architectural and historical values. Installing and integrating PV systems on such
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buildings requires additional visual impact analysis, as the contrasting color of PV mod-
ules compared to traditional building materials can affect the building’s identity in its
context [80]. This means that in some cases, identifying suitable roof surfaces for PV in-
stallation is not only dependent on the potential energy yield but also highly influenced
by the visibility of these roof surfaces to the public domain and their social value. In the
Dutch city of Delft alone, there are over 1500 monumental buildings. This makes large-
scale visibility assessment of roof surface useful to find as much suitable roof surface
area as possible for PV installation. In general, there are three primary methods to per-
form the visibility assessment: i) consulting the urban planning experts, ii) surveying the
general public, and iii) using spatial modeling and analysis [81]. These three methods are
applied flexibly in the context of solar energy planning, with one or more methods being
used depending on the specific requirements of the project and data source availability.

For the utility-scale solar power plant which is typically large and features centralized
installations, it may pose a negative visual impact on the nearby residents by introducing
contrasting artifacts into the natural landscape [82]. Ana et al. have conducted a com-
bined analysis on the aesthetic impact of solar power plants, where they proposed an
expert model that derives four key indicators from photographs: visibility, color, fractal-
ity, and the local atmospheric condition. By calculating the weighted sum of these fac-
tors, the visual impact of the facility is determined and further validated with the public
preference approach [83]. The same model is adapted and utilized to study the aesthetic
impact of four PV power plants, but the accuracy of obtaining the color indicator from
photographs is constrained by the weather condition under which the photo is captured
[84]. Another method addressing both spatial and perceptual aspects was developed by
Marcos et al. [85]. This approach delivers two visibility maps where the Boolean map
indicates the binary visibility of the PV plant from a given location, and the visual per-
ception map conveys the view angle of the PV plant from the affected location. Addition-
ally, by taking into account the number of daylight hours, the potential observation hour
can also be calculated which represents the aggregated value of the maximum number
of hours in an average day that an object may be visible to each potential observer [86].
A comprehensive methodology that incorporates all three visibility assessment meth-
ods is introduced by J.C. Diego et al., in which seven perceptual parameters are used to
conduct the visual impact analysis in both quantitative and qualitative manners [87].

Rooftop solar PV systems, which are typically smaller in size and feature decentral-
ized installations, pose a greater visual impact on the built landscape. The fact that these
systems are usually spread across various locations on different buildings makes the vis-
ibility analysis more fragmented. A widely used approach to evaluate the visibility and
integrity of PV placement is the LESO-QSV method [88]. This method establishes two
main categories: urban surface criticity including system visibility and context sensitiv-
ity, and the system integration quality, which is dependent on the factors such as sys-
tem geometry, materiality, and pattern obtained from photographs. It generates an ac-
ceptability grid that offers users an indication of the aesthetic impact of the PV system,
thereby assisting in the decision-making processes. The system visibility is determined
with a spatial model that is extensively explored in the research conducted by Florio et
al. [81]. Based on this model, a comprehensive method is proposed to estimate the en-
ergy generation potential of visually-accepted PVs, building energy consumption and
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economically viable microgrid operation [89]. Lingfors et al. approached the visibility
analysis from the perspective of vantage points on the ground rather than the building
envelope itself [90]. It is found that using vantage area instead of discrete vantage points
leads to higher visibility for roofs. Drawing on alternative multi-criteria decision-making
approaches, Thebault et al. utilized the ELECTRE TRI method to categorize the suitabil-
ity of roofs for PV integration [91]. In a related study, Sun et al. assessed the feasibility
of building-integrated PV (BIPV) by examining both solar energy harvesting potential
and visual impact [92]. Additionally, they investigated the visual impact of hypothetical
colored BIPV retrofits within the urban context using saliency mapping algorithm [93].

These methods necessitate inputs such as photographs or vector-based building mod-
els, which are either weather condition dependent or difficult to acquire; thus, their ap-
plications are limited for scaling up and vast area assessment. The aim of this research is
to develop a GIS-based large-scale visibility assessment tool that relies on minimal input
datasets. In this work, a tool is developed that evaluates both the visibility of the surface
and its visibility degree. This tool operates in a raster-based representation of the envi-
ronment generated from freely available LiDAR data, along with cadastral data and road
networks representing the public domain. The output contains the roof surface visual
amplitude map which not only tells the binary visibility of the roof cell, but also shows
how visible they are by categorizing the roof cells into low, medium and high visibility
groups. The computational demand is reduced by using parallel computing and an ob-
server filter based on the roof surface tilt and orientation. The visibility assessment target
can be alternated between roof cells and observer points, depending on which has fewer
points. A sensitivity analysis is also incorporated for every roof surface, and the assess-
ment terminates when the optimal assessment range and observer spacing are found.
Additionally, the in-house developed solar PV mapping tool is employed to perform the
solar PV potential analysis [15]. As a result, in addition to visibility maps for roof sur-
faces, this tool can also deliver results including the possible layout of the rooftop PV
system, visibility categories for each module, and their annual AC yield. To demonstrate,
this tool is applied to all the monumental buildings on the TU Delft campus.

3.2. Methodology

A complete flowchart is shown in Figure 3.1, in which the steps mentioned previously are
grouped into two clusters: input data preparation and visibility and yield assessment.

3.2.1. Input data preparation

The difficulties encountered when performing urban studies mainly lie in the perplex-
ing urban morphology. Therefore, the crucial initial step in an urban-centric analysis
involves acquiring a precise and comprehensive representation of the urban environ-
ment. This is achieved by employing the DSM generated from LiDAR data. Another
important input is the public domain which establishes the observer points when per-
forming the visibility assessment. While an infinite number of observer points could
exist within the public domain, this is not feasible for practical applications. As such, a
finite representation of the possible public domain must be determined. In this project,
points that represent roads or streets are chosen, as these are the primary pathways peo-
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ple use for transit between locations; in other words, these are the regions where most of
the traveling happens and possess a high probability of PV modules being visible. This
road network is sourced from GeoFabrik, which provides data in the form of a set of
lines that define roadways [94]. Equally-spaced points are generated along the lines and
subsequently mapped onto the DSM. An additional 1.7 meters in vertical elevation is
added to all the points to simulate the average human eye height. Figure 3.2 examples
two DSMs of part of the TUD campus with the public domain featured by red points.
The primary distinction between these two DSMs is the presence or absence of vegeta-
tion: Figure 3.2a displays the unfiltered environment and is utilized for conducting PV
potential analysis, while Figure 3.2b presents the vegetation-filtered environment and is
employed for visibility assessment. Removing trees from the DSM is preferred in the vis-
ibility assessment because in winter the defoliated trees can be deemed as highly trans-
parent. In fact, the visibility assessment is preferred to be done on a worst-case scenario.
In other words, by employing the most open interpretation of the terrain, one can more
accurately determine whether the PV system is visible or not. This approach ensures a
more stringent analysis, reducing the possibility of overestimating the energy potential
and underestimating the visibility of the PV system. An alternative is to perform visibility
assessments directly on LiDAR point cloud when vegetation is expected to be included.
This approach is not adopted in the current project due to hardware and software limi-
tations. Zhang et al. demonstrated such a workflow by using the detailed representation
of vegetation from LiDAR, achieving better analysis quality at the cost of significantly
increased computational demand [95].

The last input required for the tool is the building footprints which can be obtained
from the cadastral data of Basisregistratie Adressen en Gebouwen (BAG) [96]. It con-
sists of geo-referenced polygons, each corresponding to a registered household in the
Netherlands. This dataset serves as a bounding box to pull out the building points for
visibility and PV potential analysis. This procedure is country-independent but is obvi-
ously thought for and applicable to the Netherlands, as it is enabled by the digital data
readily and publicly available for the country. In the case of other locations, more effort
should be put by public and private stakeholders to also readily and publicly provide dig-
ital data to support a quicker implementation of photovoltaic technology in the urban
environment.

3.2.2. Roof plane detection and extraction

The input data need to be processed to identify the roof surfaces as well as determine
their tilt and azimuth angles. The algorithm to realize this step has been extensively
discussed in the work carried out by J. Azanza [97]. Here, some modifications are intro-
duced to improve its accuracy and computational speed. Figure 3.3 presents the mod-
ified steps to detect and extract the roof points. The starting point involves pulling out
the building point cloud from the DSM using the building footprint as a clipping mask.
Then, the roof points are segmented into distinct clusters based on their spatial distri-
bution [98], where two neighbouring points are grouped into the same cluster if their
Euclidean distance is lower than a threshold or the angle between the LiDAR sensor and
these two points is greater than a set value. This is exampled in Figure 3.3a in which the
red and blue points represent two different clusters. After that, the normal vector of each
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Figure 3.2: DSMs of a section of the TUD campus, featuring the mapped public domain as red points: a) trees
included; b) trees removed.
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(b)

Figure 3.3: Steps for roof detection and extraction: a) The roof points are extracted with the building footprint
and segmented into red and blue clusters; b) For each cluster, the normal vector of each roof point is
calculated and grouped into bins; c) Finally, the roof plane is fitted using the normal vectors obtained in the
previous step as reference vectors. The normal vector that results in the best outcome is assigned to all the
points belonging to the plane and further used for tilt and azimuth determination.

roof point is calculated and allocated to different bins considering the smallest polar an-
gle difference. These bins essentially contain various combinations of tilt and azimuth
angles, where tilt angles vary from 5 to 85 degrees in 10-degree increments, and azimuth
angles are separated by 15-degree intervals, starting from 7.5 degrees and ending at 352.5
degrees. Based on the frequency count for each bin, they are sorted in descending order
to identify the most frequently occurring orientation of the roof surface. The normal vec-
tor corresponding to the bin with the highest frequency count is selected as the primary
reference vector for plane fitting [99]. If the remaining number of points is greater than
1% of all the roof points within the cluster, the normal vector of the bin with the second
highest frequency count is passed in as the reference vector. This process is iterated until
there are insufficient roof points (less than 1%) remaining to fit a plane. Finally, the nor-
mal vector of the fitted plane (colored in green) is determined as shown in Figure 3.3c,
with which the tilt and azimuth angles are calculated and assigned to all the points found
on the plane. By identifying the most frequently occurring roof orientations and using
them as reference vectors for plane fitting, the modified algorithm manages to prioritize
the reference vector selection, which enhances the computational speed and accuracy
of the plane fitting process.

3.2.3. Roof surface visibility assessment and optimization

Prior to proceeding with the visibility assessment, a couple of assumptions need to be es-
tablished given the limitation of data input. LiDAR data do not provide information on
material properties or surface textures. Even though coupling the LiDAR data with sur-
face context information is possible by means of satellite and street-view images [100],
algorithmic processing of this information to obtain quantitative visibility results that
are aligned with mathematical psychology is deemed infeasible within the scope of this
study due to its complexity. Another limitation lies in the fact that roads are not perfectly
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represented by lines, as the latter do not account for the width of the roads, which can
affect the final visibility results. Unfortunately, a suitable data source that provides such
information on a large scale could not be found. Meanwhile, the social value of the ob-
server points located at different zones of the urban area can also influence the visibility
result, as human traffic is expected to be heavier around places with more social value,
such as tourist attractions, compared to residential neighborhoods. Therefore, based
on these limitations in data availability and implementation practicality, the following
assumptions are made for the visibility assessment:

¢ The material coherency, geometric coherency and modular pattern coherency for
a rooftop PV system are not included in this algorithm.

e The observer points are generated based on the line-representation of road net-
works with various spacings.

* Each observer is assumed to have equal social value in the public domain, mean-
ing that there is no weight assigned to the observer points.

e The PV installations must adopt the tilt of the roof surface, regardless of flat or
slanted roofs [101].

Binary visibility

<= Surface
Point

<= Surface
* Point

v e

Obscured

Visible

Observer Observer

Figure 3.4: Line-of-sight assessment for binary visibility assessment: a) the line of sight is not blocked by the
terrain or any artifacts and the observer is visible to the surface point; b) the line of sight is obscured by the
terrain and the observer point is invisible to the surface point [102].

By definition, if a photon reflected or originated from any object manages to enter a
human’s eye and evoke a visual perception in the brain, this object is deemed as visible.
Therefore, to perceive an object, it is imperative to have an unobstructed line of sight
between the eyes and the object. Based on this feature, it is possible to identify invisible
roof surfaces by performing a line-of-sight (LOS) assessment between the roof surface
cells and observers [102]. Figure 3.4 demonstrates the binary visibility results obtained
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from the proposed algorithm for the evaluation of visibility between observers and roof
surface cells. The sub-figures depict two different observer points situated at different
locations on the terrain, while the terrain and surface point remain consistent. The LOS
assessment establishes a line between the surface point and the observer, subsequently
calculating the angle formed between the observer and each of the points that are inter-
polated along the line. If there exists any angle larger than the one formed between the
surface point and the observer, the binary visibility between these two points is marked
as invisible. For the case in Figure 3.4a, the observer is visible to the surface point, while
in Figure 3.4b, the observer is invisible to the surface point. In the mathematical defi-
nition, the binary visibility V}, between a pair of surface cell and observer point can be
simply written as:

(3.1
1, Unobstructed LOS

By performing the LOS assessment between the roof cells and their respective ob-
server points, the frequency with which the roof cell is visible from the public domain
can be computed. Additionally, this analysis allows for the determination of the length
of the public domain, which is essentially the product of the number of visible observers
and the spacing between them. These insights are useful for identifying the low-hanging
fruits for PV system installation, as they can reveal invisible areas that are free from reg-
ulatory restrictions. Furthermore, they provide an indication of the magnitude of the
public domain that is visually impacted by PV modules.

{0, Obstructed LOS
b =

Solid angle and visual amplitude

The detection of photons coming from an object is necessary but not sufficient to guar-
antee a successful perception. Failure to complete the visual task by evoking a visual
perception in the human brain, even with the presence of detected photons, renders the
object invisible. A way to incorporate this effect is through calculating the amount of
field of view this object subtends to the observer, in other words, the solid angle as illus-
trated in Figure 3.5 [85]. It is defined as the surface’s projection area A, onto a sphere
centered at the observer, divided by the square of the sphere’s radius:

Ap
Q= 7, Ap €[0,27] 3.2)

The projection area Ay ranges from 0 to 27, where the latter corresponds to an ob-
server standing directly on the planar surface, resulting in a hemispherical projection. In
this work, an analytical solution is applied, which calculates the solid angle that a trian-
gular surface subtends to an observer point [104]. To compute the solid angle of a square
roof cell, this algorithm divides the cell into two triangles and calculates their individual
solid angle separately before adding them together. This process is visually described in
Figure 3.6 and accomplished with the equations 3.3 and 3.4.

tan(Ql) |abc|
2 abc+ (a-b)c+(a-c)b+ (b-c)a
(3.3)
Qs ladc|
tan(—) =
2 adc+(a-dc+(a-c)d+(d-c)a
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Figure 3.5: Depiction of solid angle subtended by a planar surface as viewed by a person centered at the
gazing field with a radius of r, where fi is the normal vector of the planar surface, and A, is the projected area
of the planar surface on the gazing sphere [103].

Roof Cell

Observer

Figure 3.6: The surface cell is divided into two triangles whose solid angles Q1 and Q; are calculated
separately and summed up to determine the solid angle of the surface cell.
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where Q; and Q; define the solid angles of the triangles ABC and ADC; a, b, ¢ and d are
the vectors connecting the corner points A, B, C, and D to the observer point; a, b, ¢, and
d are the distances between the observer point, and the respective corner points A, B,
C, and D; |abc] is the determinant of matrix. The total solid angle of the surface cell is
calculated as:

Q=101+ 1| (3.4)

where Q is expressed in units of steradians (sr). It should be noted that the inverse tan-
gent function atan? is used in equation 3.3 to keep the calculated solid angle within the
range of [0,7] [105].

To determine the vectors for the algorithm, the coordinates of the corner points of
each visible roof cell are first generated. Figure 3.7 shows a raster-based environment in
which two points are depicted. The red point is the observer point, and the blue point
represents the center of the visible roof cell. Given the raster resolution of R, the vectors
can be found as per:

[x] 'Xcell_Xobs_B‘

a=|y|=1Yeer1—Yobs+ 3 (3.5)
[ Z ] | Za— Zobs
[ x] Xcell_Xohs_g

b=|y| = Yeerr— Yobs— g (3.6)
L <] Zp = Zobs
x] Xeell = Xobs + g

c=|y| = Yeet1 — Yobs — % 3.7
Z] Zc = Zobs
x] Xeell = Xobs + g

d=|y| = Yeer1— Yops + % (3.8)
<] Zq — Zobs

The x and y components of the vectors can be readily obtained, as both the raster
resolution and the x, y coordinates of the roof cells and the observer points are known.
The latter essentially represent the projection of the corner points at the x-y plane. To
find the z, 5 .4 component of the corner points, a vertical line is assumed to be extend-
ing from the projection and intersecting the roof surface. This simplifies the problem to
determining the precise intersection between a line and a plane. A general illustration of
this solution, including the interplay between the geometrical elements, is depicted in
Figure 3.8, and further detailed in Equations 3.9 and 3.10:

Zabe,d =b3+uz-t 3.9)

where
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Figure 3.7: The calculation of the Euclidean distance between the observer point and the four corners of the
surface cell in a raster-based representation of the environment, where the red point is the observer point,
and the blue point is the center of the surface cell.

n (n,n,,n,)

N (b,;b,.b,)

Figure 3.8: Illustration of finding the intersection between a line and a plane. Point Q lies on the plane defined
with the normal vector 7. N is an arbitrary point outside the plane, defining line L with direction vector 7. M
is the intersection point between line L and the plane P.
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‘e (a1 —b1)-m + (az — b2) -np + (a3 — b3) - n3

(3.10)
ny-vy1+ny-v2+ns-vs

In the context of finding the z components of the corner points, point Q in Figure 3.8
represents a point on the roof surface, with its corresponding normal vector denoted by
7i. Point N corresponds to the projection of the corner point on the x-y plane, while the
direction vector U remains fixed as [0,0,1]. Therefore, equation 3.9 can be rewritten as:

Za,b,c,d = La,b,c,d (3.11)

The Euclidean length of vectors can be calculated by computing their magnitude.

To give a better insight into the amount of field of view a roof cell takes up for the
average observer inside the visible public domain, the average solid angle is proposed.
It is given in the equation 3.12, assuming equal weight for all the observer points. The
solid angles (Q2,) for a roof cell are calculated for each visible observer, added up, and
the summation is subsequently divided by the number of visible observers #,.

n
— )
Q,= Loy (3.12)
ny
To incorporate the visual threshold used in psychophysics, visual amplitude (VA) is
introduced [81, 89]. It is defined as a base-ten logarithm as shown in equation 3.13:

VA=log,, Q2 (3.13)
Qo

where Q is the average solid angle of the roof cell seen by n, observers, and Qy is the
minimum angle of resolution presented in steradians. The latter is highly dependent on
visual contrast, which refers to the difference in appearance between two objects due to
their color, material, and texture variations [106]. It determines the saliency of the target
roof cell; in other words, it affects how easily the roof cell can be distinguished from the
surroundings if this roof cell was to be covered by PV material. A significant variation
in the material properties between PV and roof surface means a greater likelihood for
the PV to be perceived given the same visual angle that subtends to the observers. This
distinction creates a huge visual contrast, leading to a low minimum angle of resolution.
Conversely, when the material properties of PV and the roof surface resemble, the visual
contrast decreases and the minimum angle of resolution can be set larger. This adjust-
ment brings down the VA given the same geometrical parameters. Consequently, the
roof cell that was previously classified to the high-visibility group, may now be assessed
as having medium or low visibility. However, accurately modeling the visual contrast of
roof cells poses a significant challenge due to the lack of detailed material data, which
can result in large uncertainties in the modeling process. To address this limitation, a
fixed minimum angle of resolution of 1 square minute of arc, equivalent to 8.46 x 108
[st], is used in this project. This threshold corresponds to the scenario of a standard
observer in conditions of infinite luminance contrast, which is aligned with the worst-
case-scenario visibility assessment approach, ensuring that the visibility is not underes-
timated. This threshold can be adjusted if the material in the context is provided [106].




56 3. Social impact of urban PV deployment

For a planar surface, the VA ranges from minus infinite to 3.94 where the lower and upper
limits can be found in the cases when the surface is infinitesimal, and the surface creates
a hemispherical projection of 27 [sr], respectively. Figure 3.9 lists some visual thresholds
determined experimentally by assessing the visual response of different groups of volun-
teers [107]. Three visibility groups are classified where a surface with a visual amplitude
lower than zero is classified as having low visibility and can be barely detected by most
healthy individuals; a surface with a visual amplitude between 0 and 1.4 is considered as
medium visibility and can be perceived by the majority of people; surfaces with a visual
amplitude falling within the higher end of the scale are classified as highly visible and
are typically perceivable by everyone except those with visual impairments. These cate-
gories are adopted in this project to classify the visibility of the roof surface cell, assisting
in better understanding and quantifying the visual impact.

Toreshota

High f Maximum for Planar Surface 3.94
Profound Impairment 1.40 .
Medium
Standard Observer 0.00
Low 1 Normal Adults -0.09

Figure 3.9: Categorization of the VAs based on the thresholds determined experimentally by assessing the
visual response of different groups of volunteers. Three groups are classified, indicating a low, medium, and
high visual impact [107].

Optimization

Performing many LOS assessments is time-consuming, and it is found to be the pri-
mary bottleneck of this algorithm regarding computational speed. Several approaches
are adopted to make this algorithm more computationally efficient, including task al-
location optimization, unnecessary LOS elimination, and adaptive observer selection.
Additionally, the assessment range was increased and the observer spacing was reduced
incrementally to further enhance the efficiency of the algorithm while maintaining its
accuracy.

The most straightforward way to reduce computational burden is by using parallel
computing [108]. Parallel computing allows for the allocation of tasks among multiple
cores and processes them simultaneously. Therefore, it optimizes efficiency by harness-
ing the collective power of multiple processing units, but its performance is ultimately
limited by the physical constraints of the computer hardware. In this project, the simu-
lations were performed on a laptop with an Intel(R) i7-8750H CPU (6-core) running at a
base frequency of 2.2 GHz and 16 GB of DDR4 RAM.

The second approach used for speed improvement is by eliminating the observers
that are lying behind the roof surface, considering the fact that the roof surface is only
visible to the hemisphere that it is facing. This process is realized with Equations 3.14,
3.15, 3.16 and illustrated in Figure 3.10.
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% Points in front of the plane
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Figure 3.10: Visual depiction of hemisphere filter of a roof plane with a 135° azimuth and 45° tilt. The green
points are in front of the roof plane which potentially can be visible; red points are behind the roof plane, and
they are eliminated from LOS assessment.

dz .
— =tan@)sin(a) (3.14)
dx
dz
— =tan(@)cos(a) (3.15)
dy
dz dz
Zobs > Zcell — E (Xobs — Xcell) — d_y (Yobs — Ycell) (3.16)

where 0 is roof tilt and a is the roof azimuth. If this condition is satisfied, the observer
point is identified to be in front of the roof surface and a LOS assessment is performed.
For a flat surface that is lying above the observer height, this observer filter eliminates all
the observer points, drastically reducing the computational time without impacting the
final results. Additional refinement to the filter is required if the PV module is mounted
with a specific tilt on the flat roof. In such cases, PV modules close to the roof edge may
still be visible from the public domain.

The third technique employed to reduce computation time is adaptive observer se-
lection as illustrated in Figure 3.11. LOS assessment evaluates the binary visibility be-
tween the point of interest and the public domain by constructing multiple lines con-
necting them. This process can be executed either based on the roof cell or the observer
point. By adaptively selecting the assessment target between the roof cell and observer
points, depending on which one has fewer points, the number of iterations is decreased.
Consequently, this approach minimizes computational time by reducing the number of
LOS assessments required.

To achieve an optimal balance between the accuracy of the visibility results and the
computational time, it is important to select an appropriate assessment range. Both bi-
nary visibility and visual amplitude results are influenced by changes in the assessment
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Figure 3.11: Visual depiction of the adaptive observer selection method. The LOS can either be performed
from a) the observer point or b) the roof cell, depending on which group has fewer points.

range. Generally, increasing the assessment range results in a larger public domain, po-
tentially leading to the identification of new visible roof surface cells. However, a con-
vergence point will be reached, beyond which further increases in the assessment range
yield no significant changes in visibility outcomes. Figure 3.12 visualizes the method for
determining the optimal assessment range. The algorithm operates on a roof-specific
basis, meaning that the optimal assessment range is found for the entire roof surface
rather than one single roof cell. This is achieved by calculating the total binary visibility
ns (the total number of visible roof cells) and the average VA of the roof surface within
the assessment radius according to Equations 3.13 and 3.17.

Zchll
ng

Q=

(3.17)

where Q.,;; is the average solid angle of each visible roof cell defined by Equation 3.12.
While executing, the algorithm incrementally increases the assessment range (by 20 m)
and calculates the change induced by the inclusion of new observer points. If the dif-
ference between the results for both n; and VA, after n'™ and (n—4)"" increments is
less than 5%, the algorithm terminates, and the optimal assessment range for the spe-
cific roof surface is determined. A minimum assessment radius of 100 m is set as default.
Roof surfaces that are generally visible to distant observers will automatically be assessed
for extended ranges. Conversely, roof surfaces that are visible only to nearby observers
will stop further examination. With this approach, the assessment process for each roof
surface is tailored, optimizing between both accuracy and computational efficiency.
Besides, another optimization process is conducted on the observer spacing, as it
can also influence the visibility results. Given the assessment range determined from the
previous step, the observer spacing is halved with each iteration, as illustrated in Figure
3.13. The n; and V A,y g of the roof surface are computed for the newly included observer
points, and the results are cumulatively added to the previous iteration. If the difference
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Figure 3.12: Visual depiction of the determination of the assessment range for each roof surface, with an
incremental step of 20 meters. The yellow point represents a roof surface cell. The green points are the
observer points within the assessment range, while the red points are not falling within the assessment range.

between adjacent iterations is lower than 5%, the observer spacing is determined. In this
project, the maximum observer spacing is set to 600 cm.

PV module positioning, yield estimation, and visibility assessment

In the multi-criteria decision-making process for roof PV planning, visibility constitutes
only one aspect. As the primary purpose of installing PV modules is solar energy har-
vesting, evaluating the PV potential of roof-mounted PV systems serves as a vital piece
of the puzzle to achieve a comprehensive understanding before concluding the roof PV
planning. In this work, the PV potential analysis is conducted using the in-house de-
veloped workflow [15, 39, 59]. This workflow fits the PV modules to the detected roof
surface and calculates its annual AC yield considering the complex skyline where the PV
module is located within [109]. An economic threshold of 650 kWh/kWp is selected to
exclude the PV modules whose installation is not economically viable, ensuring that only
feasible options are considered in this analysis [15]. Meanwhile, for each fitted PV mod-
ule, the visibility is evaluated by generating a 2 by 2 grid on the PV module surface; thus,
each point represents a quarter of the module surface area. These module surface points
are used to first perform the PV potential calculation, followed by LOS analysis and VA
calculation considering the previously established roof-specific assessment range and
observer spacing. The final VA for each module is determined by averaging the sum of
the four fractions, and further categorized based on Figure 3.9. In general, a denser grid
results in a more accurate visibility map for the PV module, but this increased accuracy
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Figure 3.13: Visual depiction of the determination of the optimal observer spacing for each roof surface. The
yellow point represents a roof surface cell. The left figure shows the green observer points with spacing S, and
the right figure halves the observer spacing by adding red observer points.

comes at the expense of computational time. Eventually, the simulated AC yield for PV
modules in each VA category is reported, providing useful insights for rooftop PV plan-
ning from both economic and social perspectives.

3.3. Results and Discussion

In this section, the outputs from the visibility assessment tool for multi-criteria urban
roof planning are presented. This includes the results for roof detection and extraction,
roof binary visibility map, roof VA map, roof PV module layout, roof PV AC yield map,
and roof PV visibility map. The computational speed for each step of the workflow is
also presented. To better demonstrate the workflow in a consistent manner, the building
of EEMCS faculty on the TU Delft campus is selected as a study case. An aerial image of
this building can be seen in Figure 3.14.

3.3.1. Roof detection and extraction

The outcomes of the roof detection and extraction algorithm applied to the building of
EEMCS faculty are demonstrated in Figure 3.15. The initial point cloud of the building,
obtained from cropping the DSM using the building footprint, is illustrated in Figure
3.15a. Subsequently, the extracted roof planes are depicted in Figure 3.15b, with each
roof plane assigned a unique color for differentiation. The minimum area for a roof
plane to be registered is set to be 10 m?, which corresponds to a requirement of more
than forty points for the identified roof plane. The majority of building points that are
excluded due to this threshold are found to be rooftop artifacts or curved edges charac-
terized by distinct normal vectors. Therefore, this exclusion has very little impact on the
final results.

3.3.2. Roof binary visibility and VA maps

The binary visibility result is depicted in Figure 3.16, which is essentially a binary map in
which the yellow points correspond to visible roof cells and purple points denote invis-
ible roof cells. As expected, flat roof surfaces remain obscured from the public domain.
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Figure 3.14: Orthogonal aerial image of the building of EEMCS faculty, which is highlighted with its footprint
in yellow [110].

(b)

Figure 3.15: Roof detection and extraction from the point cloud of the building of EEMCS faculty, where a) the
unclustered original point cloud is shown; b) the detected and extracted roof planes are displayed, and each
roof is represented by a different color.
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The analysis reveals two distinct visible sections: the first one is located at the saw-tooth-
shaped roofs, with a corresponding Google Street View image displayed aside. The west
part of this roof section sees the streets, leading to the majority of the western roof cells
being visible. The other section includes the southern roof of the ESP lab, which also
directly faces the streets, as evidenced by the corresponding Google Street View image.
Although trees are present at the lower region of the roof, the visibility analysis was con-
ducted using a DSM in which vegetation has been removed as introduced in section
3.2.1, leading to an unobstructed LOS between the roof cells and the observer points.

Saw-tooth-
shaped roofs

Map Data @ 2023

Figure 3.16: The binary visibility map for the building of EEMCS faculty, where the visible roof cells are in
yellow and the invisible roof cells are in blue.

Figure 3.17 shows the normalized visual amplitude (nVA) result for the building of
EEMCS faculty. It is calculated by dividing the VA by the maximum solid angle of a pla-
nar surface (3.94 sr). As the VA is solely calculated for the visible roof cells, the non-zero
VA results are primarily distributed across the saw-tooth-shaped roofs and the southern
roof of the ESP lab. The color scale indicates higher nVA values using lighter colors, il-
lustrating that the west edge of the saw-tooth-shaped roofs exhibits a compatible visual
impact on the public domain, predominately falling within the low to medium visibility
range. Variations in this section are not significant due to the similarity in both their dis-
tance and the viewing angle relative to the public domain, meaning that the subtended
solid angles are closely aligned. By contrast, the southern roof of the ESP lab demon-
strates high visibility due to its shorter distance between the roof and the public domain.
Additionally, a descending trend in visibility is observed from the bottom to the top edge
of the roof. This can be mainly attributed to the distance and the viewing angle, which
dictate the solid angle of the roof surface cell subtending to the observers. Consider-
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Figure 3.17: Normalized VA map for the building of EEMCS faculty. The lighter the color, the higher the
visibility of the roof cell.

ing the average eye height (1.7 m) of the observers, the bottom of the roof has a shorter
distance as well as a smaller viewing angle relative to the observer points, resulting in a
higher nVA.

3.3.3. Roof module placement and AC yield map

The roof PV module placement result is shown in Figure 3.18a, and the corresponding
AC yield map for all the fitted PV modules is displayed in Figure 3.18b. PV modules in-
stalled on slanted roofs adopt the tilt and orientation properties of the roof, while those
placed on flat roofs are configured to align with the longest edge and set to have a zero-
degree tilt in compliance with local regulations as introduced in Section 3.2.3. Besides,
this process uses the non-filtered DSM to account for potential shading effects caused
by the surrounding urban environment, such as the trees in front of the roof of the ESP
lab. For economic feasibility, modules with a simulated specific yield of less than 650
kWh/kW,, are excluded.

3.3.4. Roof PV visibility map

To categorize the visibility of the fitted PV modules, the VA of each module is calculated
and the result is presented in Figure 3.19. Instead of using numerical categorization, the
visibility of the PV modules is divided into low, medium and high visibility groups, using
the standard classification introduced in Figure 3.9. It is evident from the figure that all
the PV modules on flat roofs have low visibility, signifying that most of the individuals

H
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Figure 3.18: a) PV module fitting results where the modules that failed in passing the economic threshold are
excluded; b) The AC yield map of all fitted PV modules.
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Figure 3.19: Visibility categories of all fitted PV modules, where three categories are identified, namely low,
medium and high visibility.
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moving in the public domain cannot perceive them. PV modules installed on the south-
ern roof of the ESP lab exhibit high visibility, indicating that they are typically perceivable
by everyone except those with visual impairments. As for the PV modules mounted on
the saw-tooth-shaped roofs, their visibility ranges from high to low visibility, depending
on their placement location. Generally, PV modules situated close to the west edge have
higher visibility, which reduces gradually as they approach the east edge, eventually be-
coming completely invisible. Compared to the visibility results of roof surface cells in
the same location, PV modules feature a larger area so that the solid angle subtending to
the observers is more substantial, leading to an increased VA, namely a higher visibility.
To gain more insights into multi-criteria decision-making for urban roof PV plan-
ning, the annual AC yield of the PV modules from each visibility category is calculated,
with the results shown in Table 3.1. The same workflow has been applied to the rest of
the monumental buildings on the TU Delft campus (see Figure 3.20), and the results are
listed in Table 3.2. It turned out that approximately 2.7 GWh annual AC yield can be
expected from the PV modules that are imperceivable from the public domain, which
accounts for 77% of the total potential on such monumental buildings. All the results
are visualized and published as a web scene, with its screenshot shown in Figure 3.21.

Table 3.1: Annual AC yield results of the PV modules from different visibility categories for the building of
EEMCS faculty.

Visibility [-]  Annual AC Yield [MWh/year]

Low 676.6
Medium 52.3
High 86.9

According to the local regulation in the city of Delft, a PV system can be installed on
monumental buildings without permits as long as the installed PV systems are barely
visible or invisible from the public domain [101]. This simulation framework serves as a
guideline for the decision-makers to identify these low-hanging fruits and helps stream-
line the initiation and execution processes of PV projects. Meanwhile, the regulation
also emphasizes that installing PV systems on flat roof surfaces is preferred over placing
them on tilted ones. Identifying the flat roof surfaces is one of the intermediate results
from this simulation framework, thereby assisting in further expanding the selection of
preferred installation sites. Even for the roof surfaces with some degree of visibility, this
workflow can still provide valuable information on their location and PV potential, set-
ting the stage for any potential subsequent on-site visibility assessments.

3.3.5. Computation speed

The computation speed of each step of the workflow applied to all the monumental
buildings on the TU Delft campus is shown in Table 3.3. In most cases, the majority
of time is spent in determining the optimal assessment range and observer spacing, pri-
marily due to the time-consuming nature of LOS assessment. For buildings B4, B7, B9,
and B12, the visibility assessment steps take virtually no time, as these buildings only
have flat roofs and do not require LOS analysis. On average, the workflow takes 0.12
s/m?, with the maximum and minimum values being 0.27 and 0.04 s/m?, respectively.



https://tudelft.maps.arcgis.com/home/webscene/viewer.html?webscene=20d3763353b4470eb027ac1a30dd279c

66

3. Social impact of urban PV deployment

Figure 3.20: The footprints of monumental buildings on TUD campus [111].

Table 3.2: Annual AC yield results of the PV modules from different visibility categories for all the monumental
buildings on the TU Delft campus. The building number is in agreement with the numbering in Figure 3.20.

Building Low Visibility ~Medium Visibility = High Visibility

[-] [MWh/year] [MWh/year] [MWh/year]
Bl 55.0 52.7 38.2
B2 57.5 23.3 57.3
B3 152.5 89.5 156.9
B4 15.7 0.0 0.0
B5 99.7 49.4 20.7
B6 788.7 78.2 11.1
B7 48.6 0.0 0.0
B8 676.6 52.3 86.9
B9 343.1 0.0 0.0
B10 74.4 72.7 0.0
Bl11 105.0 54 0.0
B12 262.2 0.0 0.0

Total 2679.0 423.5 371.1
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A

Figure 3.21: Screen shot of the web scene which includes the visibility assessment results for all the
monumental buildings on TUD campus (Link: https://tudelft.maps.arcgis.com/home/webscene/
viewer.html?webscene=20d3763353b4470eb027ac1a30dd279c).

This metric is obtained by dividing the time required for the entire workflow by the over-
all roof surface area processed. The difference in the computation time mainly lies in
the level of complexity of the building layout, as those with a greater variety of roof types
tend to include more observer points in the urban context, necessitating more LOS as-
sessments.

3.3.6. Accuracy evaluation

The entire workflow has employed techniques that are broadly recognized for their accu-
racy, and the best practices have been followed when applying these methods. However,
itis important to highlight that validating the specific implementation of these methods,
especially on visibility outcomes, presents inherent challenges due to the subjective na-
ture of visibility. The perception result can vary widely depending on the conditions of
the observers; for instance, an individual who has been informed about the potential
existence of PV modules on the monuments might perceive more PV modules than an
uninformed observer. Therefore, the rigorous validation would have to implement the
expert-based model or conducting questionnaires, where photos of the PV system from
various observer points are taken and graded to establish a visibility scale. Such an ap-
proach, unfortunately, is not considered within the scope of this project. Instead, the
simulation results from this work are serving as a guideline for decision-makers in iden-
tifying the low-hanging fruits. For roof surfaces with possible visibility concerns, this
workflow still provides valuable location and PV potential information, which can be in-


https://tudelft.maps.arcgis.com/home/webscene/viewer.html?webscene=20d3763353b4470eb027ac1a30dd279c
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strumental if a more detailed on-site visibility assessment is required.

3.4. Conclusions

In this chapter, a GIS-based large-scale visibility assessment tool is presented to assist in
assessing the roof visibility for PV planning, where the monumental buildings on the TU
Delft campus are taken as the case study. This tool operates in a raster-based representa-
tion of the environment with a cell size of 0.5 by 0.5 m?, generated from freely available
LiDAR data. Other inputs include cadastral data and road networks representing the
public domain. The outputs contain multiple maps, including the roof binary visibility
map (indicating if the roof cells are visible or invisible to the public domain), roof VA
map (quantifying the visual amplitude of the roof cells relative to the public domain), PV
module AC yield map (showing the potential layout of the rooftop PV system and their
annual energy production), and PV module visibility map (categorizing the visibility of
PV modules to the public domain into low, medium and high visibility groups).

The computational demand is mitigated by employing several optimization tech-
niques, including parallel computing, which allows for the concurrent processing of
multiple tasks across all processing units. Besides, a hemisphere filter is used to elimi-
nate the observers that are lying behind the roof surface, drastically reducing time spent
on unnecessary LOS assessment. The targets for LOS analysis are selected adaptively be-
tween roof cells and observer points, depending on which one has fewer points. More-
over, additional sensitivity analysis is included for every individual roof surface, where
the analysis terminates once the optimal assessment range and observer spacing are
found. As for PV module yield evaluation, an economic threshold of 650 kWh/kW,, is
adopted, which excludes the PV modules whose yield is lower than this limit. The simu-
lation results are published in the ArcGIS web scene and can be accessed with a personal
Google account.

Given the raster resolution, the entire workflow takes, on average, 0.12 s/ m?2, with a
standard deviation of 0.06 s/m?. Based on the AC yield evaluation results on twelve mon-
umental buildings on the TU Delft campus, approximately 2.68 GWh/year of electricity
can be harvested from imperceptible PV modules, while an additional 0.42 GWh/year
of capacity is attributed to PV modules with medium visibility, and 0.37 GWh/year of
capacity is associated with PV modules with high visibility. The contributed modeling
workflow aids in the multi-criteria decision-making process for urban roof PV planning.







Climate impact of urban PV
deployment

This chapter is based on the following publication:

Y. Zhou, S. Marathera, M. Zeman, O. Isabella, and H. Ziar, Assessing the dual radiative
consequences of urban PV integration: albedo change and radiative forcing dynamics, Ap-
plied Energy 401, 126544 (2025). (DOI: https://doi.org/10.1016/j.apenergy.2025.126544)

4.1. Introduction

The Earth continuously receives solar energy and radiates energy back to space. The
balance between these energy flows is called radiative forcing (RF). Positive RF indicates
that the Earth absorbs more energy than it radiates back to space, leading to the warming
effect, while negative RF suggests the opposite. Globally, there are three primary factors
influencing the RF and each of them is effective over different timescales: i) variation in
solar irradiation, such as the 11-year sunspot cycle; ii) volcanic activities that inject par-
ticles and gases into the atmosphere, temporarily reducing incoming solar radiation and
typically influencing RF over a few years; and iii) human activities, including fossil fuel
combustion and land surface modification, which are currently recognized as the dom-
inant drivers of global warming [112]. In the context of PV deployment, the integration
of PV panels substitutes or covers the original urban surfaces with highly absorptive PV
panels, leading to a reduction in urban albedo [113]. The reduced albedo enhances the
positive RF and increases the energy absorbed by the Earth [26, 27]. Conversely, the de-
ployment of PV panels displaces the use of fossil fuels, lowering the CO, concentration
in the atmosphere and contributing to negative RE

On a local scale, this changed urban albedo significantly contributes to the forma-
tion of urban heat islands (UHI), increasing the urban air temperature. This elevation in
temperature not only boosts building cooling energy demand but also degrades the ther-
mal comfort of urban dwellers, adversely affecting their health and potentially reducing
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life expectancy [114]. In an early study modeling the impact of extensive PV deploy-
ment on urban air temperature within the Los Angeles Basin, Taha reported a cooling
effect of 0.2 °C after retrofitting the roofs with PV panels of 30% of conversion efficiency
[25]. In this analysis, the concept of effective albedo is used to quantify the albedo of
PV panels, which essentially is the sum of reflectance and energy conversion efficiency
of PV panels. This simplification is initially plausible as it accounts for the conversion
of part of incident solar energy into electricity, which does not directly contribute to lo-
cal urban heating. However, this assumption may lead to inaccurate results since the
conversion efficiency of PV panels at operating conditions is often lower than the one
outlined under the standard test conditions (STC) [115, 116]. Masson et al. simulated
a scenario of PV deployment in the Paris metropolitan area, in which they discovered
that PV panels reduce the UHI effect by 0.2 °C during the day and 0.3 °C at night [117].
Similarly, Salamanca et al. found a decreased near-surface air temperature following the
implementations of PVs in the cities of Phoenix and Tucson [118]. However, both studies
adopted the assumption that the temperature of the rear surface of PV panels is equal to
the ambient air temperature. This assumption could be unreliable considering the small
heat capacity of PV panels, meaning that the temperatures of the front and rear surfaces
of PV panels should be closely aligned [119]. Cortes et al. performed a numerical sim-
ulation and reported a cooling effect of BIPV on urban air temperature, but the validity
of these findings is debatable because the study used the questionable assumption that
the albedo of PV cells is identical to that of the building envelope [120].

Contrasting conclusions have been reached by other studies suggesting that PV de-
ployment may contribute to local warming. For instance, placing a large-scale PV array
in the Mojave Desert of California can increase the local temperature by 0.4 °C when us-
ing the concept of PV effective albedo [121]. Complementary on-site measurements be-
tween the PV plant and adjacent wildlands observed that the temperatures above the PV
plant are consistently warmer than wildlands by 3 - 4 °C [122]. Extending to the scenario
of a densely populated city, Garshasbi et al. simulated the impact of PV deployment on
air temperatures in Sydney during the summer months. The simulation indicated that
expanding the coverage of urban roofs with PV panels from 25% to 100% could raise am-
bient air temperatures by 0.6 - 2.3 °C, and this temperature increase was translated to a
cooling load penalty of around 1.7 to 6.8 kWh/m? [123]. Similarly, a consistent effect was
also reported at the local district scale of Sydney, where deploying solar panels raises the
summer daytime air temperature by 1.5 °C while reducing the nighttime temperature by
2.7 °C [124]. This inconsistency in the local environmental effect of PV deployment can
be mainly attributed to the reliance on simplified assumptions in the models to address
the complex urban energy balance. These simplifications often include the use of a con-
stant PV conversion efficiency, an underestimation of the convective heat exchange with
the environment at the rear side of PV panels, and inaccurate albedo assignments for
the surrounding landscape. By refining these assumptions and incorporating the over-
looked mechanisms of heat exchange between PV panels and the environment, it is ex-
pected that the implementation of PV panels in urban settings can lead to local warming
during the day and potentially a cooling effect at night [125].

On a global scale, albedo plays a crucial role in our planet’s climate dynamics. It is re-
ported that the installation of solar farms can reduce the annual mean shortwave albedo
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by 0.007 to 0.025, depending on the background surface replaced by PV panels [126].
Although the temperature increase due to the unit square meters of albedo change is
relatively minor, the extensive installation of highly absorptive PV panels would still lead
to measurable global climate warming [127, 128]. The fact that PV panels convert part of
the incident solar energy into electricity redistributes the solar radiation received by the
Earth, which alters the atmospheric circulation and influences regional and global cli-
mates. The majority of this generated electricity is consumed in urban areas and eventu-
ally is converted to heat, increasing the regional and global temperatures [129]. Nemet's
research further quantified the positive RF resulting from albedo change due to PV de-
ployment and compared it with the negative RF from the displacement of fossil fuels. It
was determined that the RF avoided by replacing fossil fuels with PV is approximately
30 times greater than the effect induced by albedo modification [130]. These pioneering
works have provided valuable insights into the role of PV in climate change mitigation,
particularly by evaluating the positive RF caused by albedo reduction. However, many
of these studies either neglect the negative RF resulting from fossil fuel displacement or
estimate it using simplified assumptions or generalized PV yield calculation equations,
especially at the urban scale, which may lead to inaccurate results. Additionally, the
use of satellite data with coarse resolution, such as those from the Moderate Resolution
Imaging Spectroradiometer (MODIS), poses significant challenges to assess the albedo
modification before and after urban PV installation due to its spatial resolution, which
is typically 500 meters. While this resolution is generally suitable for large-scale solar
farms — where the surface albedo can be reasonably approximated by replacing the
pixel’s original value with that of PV panels — it is insufficient for urban environments.
Urban PV systems are small, distributed across complex built environments, and often
take up only a small fraction of each pixel. Therefore, pixel-level albedo replacement
can be challenging to capture the spatial variance of PV, leading to inaccurate estimates
of albedo change.

Therefore, The objective of this work is to fill the research gap by introducing a high-
resolution approach to quantify both positive and negative RF effects of distributed ur-
ban rooftop PV systems. Compared to earlier studies using satellite data or simplified
equations, this work introduces two novel simulation frameworks that leverage Light De-
tecting And Ranging (LiDAR) data. The first framework is an albedo simulation tool that
simulates surface albedo changes before and after PV deployment. The second frame-
work involves a large-scale rooftop PV simulation model designed to calculate PV elec-
tricity generation. The Netherlands, specifically the city of Delft, is selected for this study
due to the authors’ comprehensive access to the high-resolution datasets required for
the analysis. Both frameworks are built to accurately calculate the radiative impacts of
roof PV integration. The outcomes from these two frameworks are further translated
into positive and negative RFs to calculate the Equilibrium Time (ET) — the duration re-
quired for the negative RF from PV electricity generation to completely offset the positive
RF from albedo reduction.

4.2, Methodology

This section elaborates on the methods implemented in this study, which consist of three
main steps: 1) albedo simulation, 2) PV electricity computation, and 3) RF calculation.
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An overview of the steps employed in this analysis is illustrated in the flowchart as shown
in Figure 4.1. Additionally, the simulated albedo results are cross-validated with MODIS
albedo products, and the collection of MODIS data is also elaborated. Table 4.1 provides
a summary of the software used in this study, including their respective tasks and the
average runtime. The configuration of the computer used in this project has two AMD
EPYC 7543 (32-core) processors running at a base frequency of 2.8 GHz and 128 GB of
DDR4 RAM.

Table 4.1: Software used in this study, including their respective tasks and average runtime. The reflectance of
SUNPOWER PSR-X21-350 IBC c-Si solar cell is used as the reflectance for PV material.

Software Version Task Avg. runtime [min]
ArcGISPro 3.1.0 DSM generation 1.0 per tile
MATLAB R2023a  GSA albedo simulation 77.6 per grid point
Rooftop PV simulation 198.7
RF calculation 0.2

MODIS albedo processing  23.2

4.2.1. Geometric Spectral Albedo (GSA) model
The framework for albedo simulation was established based on the Geometric Spectral
Albedo (GSA) model, which is a mathematical model incorporating the parameters influ-
encing albedo such as geometry, material, and light source [131]. This model essentially
decouples the upward radiation reflected from the surface into the contributions from
shaded and unshaded differential sections, as illustrated in Figure 4.2. In this represen-
tation, a hypothetical albedometer S is denoted. The shaded sections receive exclusively
diffuse horizontal irradiance (DHI), while the unshaded sections are exposed to both
DHI and direct normal irradiance (DNI). The distribution of the shading pattern is fur-
ther influenced by the surface roughness, which causes self-shadowing in the unshaded
area, thereby converting some sections from being unshaded to shaded. Additionally,
surface roughness can also obstruct the path of reflected radiation, preventing it from
traveling from one section to the albedometer and thus not contributing to the albedo.
Consequently, reflected light from the surface contributes to the albedo only if it is visible
to the albedometer, and the extent of this contribution is determined by the illumination
condition, surface material reflectivity, and the view factor of the differential section rel-
ative to the albedometer.

The general equation for temporal albedo a; calculation implemented in this study
is as follows:

N
ar= Z Ri|CiFs_a; +

—— (C{Fs—;, + Fs—a,,) 4.1)
= H+1 1 1 2

In this equation, ¢ defines the temporal resolution and is considered hourly in this work.
The albedo value is influenced by the shading pattern and five key variables: the reflec-
tivity R; of differential sections; the view factor F;, which describes the proportion of
radiation leaving the differential section i and reaching the albedometer S; the chance
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Figure 4.2: Visual illustration of GSA model with a rough surface being partially shaded. The unshaded and
shaded sections are denoted as Al and A2, respectively. Section Al is exposed to both DNI and DHI, while
section A2 only receives DHI. The view factor of each differential section relative to the hypothetical
albedometer is indicated by F. Surface roughness causes self-shadowing within section Al and obstructs the
travel of reflected radiation from the surface to the albedometer.

factor C;, which indicates the probability that a differential section is illuminated and
visible to the albedometer due to self-shadowing; the chance factor C l’., which represents
the probability that a differential section is shaded yet visible to the albedometer due to
self-shadowing; and the variable H that is influenced by the sky condition and the Sun’s
position. These variables are determined by three primary factors: the material types,
the terrain morphology, and the meteorological conditions.

Reflectivity of materials

R; represents the reflectivity of differential section i, which is governed by its material
property and incident solar spectrum. It is calculated using the directional hemispher-
ical reflectance R(A) of the material of section i obtained from the Advanced Space-
borne Thermal Emission Reflection Radiometer (ASTER) library, and the hourly clear sky
spectral irradiance G(A) generated from the Simple Model of the Atmospheric Radiative
Transfer of Sunshine (SMARTS) software [133, 134]:

_ JRWGWdA
T [GWydA

SMARTS computes the solar spectrum considering the change in the Earth’s atmosphere.
The wavelength range for the integration is from 400 to 4000 nm, covering the typical
short-wave radiation range. The yearly spectral irradiance, denoted as G(1), was gen-
erated on an hourly basis for the city of Delft. This dataset characterizes the varying
solar spectrum profile due to changes in the atmosphere through which the light travels.
Consequently, the reflectivity of materials R; changes with the incident solar spectrum.
While the clear sky spectra provide a theoretical maximum under ideal conditions, the

4.2)
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Figure 4.3: The processed Ecosystem Unit Map of the Netherlands (left) compiled for the year 2013, focusing
on the city of Delft with the border highlighted in red (right) [132]. Each terrain type is represented by a
uniquely colored polygon, encompassing a variety of materials, including water, greenhouse, grassland,
residential area, and others. It is important to note that the colors of the polygons are solely for identification
purposes and do not correspond to the actual properties of the materials. The albedo simulation is performed
over the area highlighted on the right-hand side.

employment of the Typical Meteorological Year (TMY) data offers a more realistic solar
radiation scenario [135]. Both datasets were temporally aligned, and the hourly spectral
profile was adjusted according to the ratio of their respective Global Horizontal Irradi-
ance (GHI) values:

GHIrpy
Gaaj(M) GHIsvaRTS G (4.3)
where GH Ity is the hourly GHI at Delft from TMY, and GHIsprarTs is the hourly GHI
derived by integrating the SMARTS solar spectrum over the specified wavelength range.
Gaaj(A) is the adjusted spectral data used for reflectivity computation.

The material of sections within the studied terrain area was determined on the Ecosys-
tem Unit Map of the Netherlands compiled for the reference year of 2013 [132]. This map
captures the different land uses across the country and offers detailed information on
the nationwide ecosystem for both natural and man-made areas with precise divisions.
Figure 4.3 displays this map with a focus on Delft, in which each material type is rep-
resented by a uniquely colored polygon for identification. Initially, the map divided the
ecosystem into thirty-one key units. Further analysis narrowed down these divisions into
ten material classes for the application of this study, which are listed in Table 4.2. Each
material class is represented by a distinct reflectance profile R(1), which corresponds to
either one single material or a fusion of multiple materials. For instance, the road is as-
signed with the reflectance of pervious concrete, of which over 80% of the roads in the
Netherlands consist [136]. The reflectance profile of coniferous forest predominately re-
flects pine trees, whereas deciduous forest equally combines the reflectance values of
beech and oak trees [137]. The mixed forest is essentially an equal combination of the
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coniferous forest and deciduous forest. The reflectance for greenhouses features both
the aluminum frame and diffuse glass, where the latter was specifically measured with
the PerkinElmer LAMBDA 1050 spectrophotometer for this study [138]. The PV tech-
nology selected for this study is interdigitated back contact (IBC) solar cell (SUNPOWER
SPR-X21-350 IBC c-Si solar cell), and its spectral reflectance is measured with the same
spectrophotometer. This technology is selected because IBC cells have no front-side
metal contacts, which eliminates power losses due to metallization shading and aligns
best with our scenario where PV is assumed to be fully integrated in building roofs. It
is worth noting that this PV technology is adopted for both albedo and rooftop PV sim-
ulations. Additionally, the seasonal variation in vegetation was considered, which was
reflected by using the ASTER reflectance data of the same material sample measured
across different seasons. For example, the reflectance of deciduous forests is the equal
combination of beech and oak leaves measured in the corresponding seasons. In win-
ter, the reflectance of oak bark was employed to represent the forest’s post-defrost re-
flectance.

Table 4.2: Materials adopted in the GSA model for albedo simulation. The reflectance of SUNPOWER
PSR-X21-350 IBC c-Si solar cell is used as the reflectance for PV material.

Material Material Seasonal
Class Reflectance Variation
Water Water N
Sand Sand N
Grass/Meadow Bromus Grass N
Road Pervious Concrete N
Coniferous Forest Pine Tree Y
Deciduous Forest Beech Tree Y

Oak Tree

Oak Bark
Mixed Forest Pine Tree Y

Beech Tree

Oak Tree

Oak Bark
Residential Building Tiles N
Greenhouse Diffuse Glass N

Aluminum Frame
Industrial Building  Asphalt Shingle N

Shading pattern and geometric variables

The shading pattern and the geometric variables, including the view factor F; and chance
factors C; and C;, are derived from LiDAR. LiDAR is a remote sensing technique that is
widely used to capture high-resolution topographical information of the Earth’s surface.
The data is collected by flying a plane equipped with a LiDAR sensor over the target area
while sending laser pulses toward the ground. The time required for the reflected signals
to return to the sensor provides information about the variation in terrain elevation. In
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the Netherlands, the LiDAR data is available in several versions and organized into tiles,
with each tile covering an area of 6,250 by 5,000 square meters. The most recent batch
of LiDAR data (AHNS5) is currently being collected and released. To ensure consistency
with the year the Ecosystem map was created, the AHN3 LiDAR dataset is employed,
which includes the data collected for Delft in 2014 [61]. Working with raw LiDAR data
can be time-consuming due to its large number of data points. To simplify its applica-
tion, the data is processed using the built-in geoprocessing tool in ArcGIS to generate
a DSM. This model is composed of raster data with uniformly sized pixels, where each
pixel represents the highest elevation of the data points found within it. In this work, the
resolution of the pixel is 1 m, indicating that each pixel corresponds to an area of 1 m?.
Figure 4.4a displays the DSM of a single LiDAR tile, where the height range is indicated
by the color bar transitioning from dark blue (lower elevations) to dark red (higher eleva-
tions). In Figure 4.4b, the Ecosystem Unit Map is merged with the DSM, providing each
pixel with detailed information that includes both geographic coordinates and material
class.

[m] Industrial
100 Greenhouse
1000
Residential
80
2000 Mixed
60 Deciduous
-§- 3000 Coniferous
>
40 Grass
4000
Alsphat
20
5000 Meadow
0 Sand
6000
- — . Water
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
X [m] X [m]

Figure 4.4: a) DSM of one LiDAR tile with an area of 6,250 by 5,000 square meters. The height values are
indicated by the color bar; b) The same DSM is incorporated with the Ecosystem Unit Map, where each pixel
contains both the height and material information.

The DSM is initially employed to generate the hourly shading pattern for albedo cal-
culation. Typically, this shading pattern is derived by performing a LOS assessment for
each DSM point at various sun positions, but this method can be computationally heavy
and time-consuming due to the large amount of data points to process. To enhance
the computational efficiency, an alternative computational geometry operation is used,
which involves first transforming the axes of the point cloud to the UQP coordinate sys-
tem so that the original Z-axis aligns with the Sun’s position [54]:
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u = xcos(y) — ysin(y)
v = xsin(y) + ycos(y)

. (4.4)
p =vcos(@) + zsin(0)

g = —vsin(f) + zcos(0)

In these equations, the x, y, and z are the coordinates of the DSM points, while ¢ and
6 are the hourly azimuth and altitude of the sun, respectively. In the UQP coordinate
system, the P-axis is aligned parallel to the collimated sun rays, and the UQ plane is seg-
mented into a regular grid with grid sizes of §,, and 6 ; along U and Q axes, respectively:

iy= round(ﬁ—L:)

q (4.5)
ig =round(--)
04
Given the resolution of the DSM, a grid size of one meter is adopted. Originally, each
DSM pixel contains one single height value that represents the highest LIDAR data within
the cell. However, the axes transformation rearranges the distribution of DSM points so
that multiple points occupy a single grid cell in the UQP coordinate system. Within each
cell, the points that are located in the uppermost segment are identified as illuminated.
When the Sun’s altitude is low, Equation 4.4 demonstrates that the transformation be-
comes significant, leading to a substantial increase in the distance between the points
within the UQP coordinate system. Therefore, after further considering the relatively
low point density of the DSM used in this work, the depth of the uppermost segment, d;,
is determined by:

_ grid size
~ sin(9)

This threshold ensures the accurate clustering of points into the uppermost segment
when the Sun’s altitude is low. A detailed visual illustration of this transformation process
is provided in the work of A.V. Vo et al. [54]. Figure 4.5 displays the hourly shading pattern
of one building in Delft using the geometry operation method, with the direction of due
North marked on the DSM. The shading results are presented in a binary format, where
the illuminated pixels Al are shown in white, while the shaded pixels A2 are shown in
black. As the day progresses, the number of shaded pixels decreases in response to the
rising altitude of the sun. Meanwhile, the orientation of the shading pattern shifts from
facing west to east, aligning with the Sun’s trajectory from east to west, which clearly
demonstrates the evolvement of the shading pattern due to the Sun’s movement.

The view factor F; is calculated through the adapted direct integration method, as-
suming that the ground is parallel to the hypothetical albedometer S, the area of albedome-
ter S is infinitesimally small, and the area of ground differential section is unit square
meter [139]:

(4.6)

N cos6?

Fizz

2
i=1 nd,‘

4.7)
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Figure 4.5: Hourly shading pattern of one building on the campus of TUD on the 31st of May, where the
direction of due North is marked on the DSM. The shading pattern evolution demonstrates how the shading
pattern changes as the day progresses by using the geometry operation method.

where d; is the linear distance between the albedometer S and the center of ground sec-
tion i, while 6; is the angle between this line and the surface normal of ground section
i. Here, the hypothetical albedometer S is positioned at the center of the DSM tile, ele-
vated 500 meters above the tile’s average height. This positioning ensures that the view
factors from the entire tile converge at the albedometer [140]. The chance factors C; and
C; model the self-shadowing of the surface caused by its roughness. These two proba-
bilities are dependent on the roughness r, which is calculated as the root mean square

(RMS) slope of the profile [141]:
[(AG2+Ag?)
% (4.8)

where

1 N -

Aqy = mi:1|6x,-—5x| (4.9a)
1 X -

Agy = m]‘;|6yj—5y| (4.9b)

The variables 6 ; and §; are the slopes along x and y directions, respectively, while oy
and 6y represent the mean values of these slopes. The chance factors are specifically
applied to the illuminated region Al, identifying which sections are self-shadowed or
illuminated while remaining visible to the albedometer S. As elaborated in Equation 4.1,
the view factor of these self-shadowed sections Cl’. Fs_. 4;, isincorporated into the shaded
region to complete the albedo computation.
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Shade brightness H and irradiance-weighted albedo
The variable H is determined by the meteorological data:

H= cosOyy (4.10)

where 0}, is the angle between the incident irradiance and the normal direction of the
differential section. The term 1/(H+1) in equation 4.1 is defined as the shade brightness,
which indicates that the albedo increases under overcast sky conditions and at lower so-
lar zenith angles. These predictions are in agreement with the previously published ex-
perimental results [142]. Furthermore, the hourly albedo results are weighted based on
the irradiance GHI, and the annual average albedo at the location of interest is obtained:

Y80 a,GHIrpy (1) @1
Rweighted = .
8760
=1 GHIrpmy (1)
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Figure 4.6: The albedo simulation is performed on a 10 by 13 grid, with each grid point spaced 500 meters
apart in both the x and y directions. To ensure that the view factor converges to one, the DSM from the
adjacent tile is used, as illustrated on the right.

Incorporating GHI into albedo calculation provides a more accurate representation of
albedo’s impact on the energy balance. This is because the albedo on a sunny day with
great GHI contributes significantly more to the Earth’s energy balance than the albedo on
an overcast day when the GHI is substantially lower. The albedo simulation is conducted
on the four tiles covering the DSM of city of Delft, each segmented into a 10 by 13 grid
with grid points spaced 500 meters apart along both the x and y directions, as shown
on the left in Figure 4.6. This resolution is chosen to be the same as the one provided
in the MODIS products for cross-validation. To ensure that the view factor converges to
one given the height of the hypothetical albedometer S, the DSM from adjacent tiles is
incorporated into the albedo computation. This is illustrated on the right in Figure 4.6,
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where the top left grid point of the tile under simulation integrates missing DSM data
from the neighboring tile highlighted in green strips.

4.2.2. Rooftop PV yield calculation

The framework for rooftop PV calculation was developed based on the simplified skyline-
based method [59]. This method estimates the annual energy yield of the rooftop PV
installation by correlating the energy production to the SVF and the SCF through a poly-
nomial equation:

3
Ey =Y di(1-SCF") + (ds + dsagna)SVE 4.12)
k=1
The SVF represents the fraction of the sky that is visible from a certain point, and the
SCF at a location is defined as the ratio between the total annual duration that the sun
is obscured by the PV panel and the skyline to the total sunshine duration at the same
location with a clear horizon. The coefficients d; to ds are obtained from linear and cu-
bic fittings for different combinations of PV tilt and orientation, and a4 is the ground
albedo.

To implement this method, building footprints are first used to identify buildings and
extract DSM points for roof surfaces [96]. The extracted roof points are then clustered,
and a plane-fitting algorithm is employed on the clustered roof points to determine their
orientation and tilt angles [143]. This roof property information is crucial for selecting
the appropriate coefficients for energy yield calculation. After that, the skyline profile for
each building point is generated by scanning the surrounding environment with a radius
of 100 meters, and the generated skyline profile serves as the input to compute the SVF
and SCF [71]. This process is repeated for all the detected roof points, with Equation
4.12 applied to calculate the annual PV electricity production. Here, a PV panel based on
IBC c-Si solar cells (SUNPOWER SPR-X21-350) is selected as the PV technology for roof-
integrated PV electricity simulation, and two PV integration scenarios are investigated:
1) a scenario where all roof surfaces are assumed to be integrated with PV; 2) a scenario
in which only those roof surfaces meeting a specific yield threshold of 650 kWh/kW, are
integrated with PV [39].

4.2.3. Radiative forcing calculation
The RF calculation is divided into two parts: the positive RF due to albedo decrease
and the negative RF resulting from the CO, concentration reduction in the atmosphere
due to the replacement of fossil fuels with PV. The calculations are performed using
the albedo simulation results from this work and the inputs published in the paper by
Wohlfahrt et al. [144].

The positive RF due to the decrease in albedo is calculated as:

Y2 KnAam Apy

RF, =
P 12 Ag

(4.13)

Here, K,,, [W/m?] represents the radiative kernel for monthly climatological albedo changes
over a decade (2007 to 2016), which estimates the change of top-of-the-atmosphere
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(TOA) RF resulted from unit change in albedo [145, 146]. In this work, the coordinates
of the DSM pixels covering the Delft area are used to retrieve the corresponding radia-
tive kernel values. Aa,, is the albedo change resulting from integrating PV on building
roofs, Apy [km?] is the area of the map pixel influenced by rooftop integrated PV, and
Ap [km?] is the surface area of the Earth. K,,, is retrieved for each grid point based on its
converted latitude and longitude coordinates, and the positive RF is calculated with its
corresponding albedo change. The total positive RF is determined by summing up the
RFs of all the grid points.

The negative RF from replacing the fossil fuel with PV is calculated on a monthly
basis by converting the generated PV electricity to the equivalent CO; reduction :

t'=t

RF, (1) = kC02 j;/ 0 IcurbonECOZ (f,)IRFCOZ(t_ t,)dt, (4.14)
where kco, [1.76 x 101> W/m?/kg] is the radiative forcing induced by increasing unit
kilogram of CO, at a given CO, background concentration [147], I;4;pon [kgCO2/kWh] is
the electricity carbon intensity where the average (2010 - 2017) value for the Netherlands
is used in this work [148], Eco, [kWh/year] is the annual roof PV electricity generation,
IRFco, is the impulse-response function modeling the exponentially decaying CO; con-
centration over time after a pulse emission of CO, into the atmosphere [149], and ¢ and
¢’ represent the actual and integration time steps, respectively. Based on Equations 4.13
and 4.14, the equilibrium time ET is calculated at which the negative RF,(ET) exceeds
the positive RF),.

4.2.4. MODIS albedo products

The MODIS MCD43A3.h18v03.061 Terra + Aqua BRDF albedo products are downloaded

with a spatial resolution of 500 meters [150]. Such data comprise daily albedo records

and are requested for a time period of 10 years (2012 - 2021). Pixels that contain Delft

are identified based on their geographical coordinates, ranging from pixel (636,1913) to

pixel (655,1928) along longitude and latitude, respectively. After that, the daily white-sky

albedo a s (Albedo_WSA_shortwave) and black-sky albedo a s (Albedo_BSA_shortwave)
are retrieved for the shortwave band for each identified pixel, and further averaged across

the chosen decade. The actual daily blue-sky albedo (a;) is calculated as:

ps = Qwsfaif + aps(L— faif) (4.15)

Here, fy;r is the annual average of the hourly fraction of global horizontal irradiance
relative to the extraterrestrial irradiance.

4.3. Restuls and discussion

4.3.1. Albedo results from the GSA model

To analyze the hourly variation in albedo values, the albedo ;¢ 5 (at grid pointlocated in
the 6% row and the 5™ column with respect to the top-left corner) is examined. Figure 4.7
shows its hourly albedo results and the corresponding GSA variables on both sunny (July
28" and overcast (July 29") days. The plots are arranged from top to bottom, where the
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x-axis indicates the time of the day and the y-axis presents the hourly albedo «, reflec-
tivity R, shade brightness 1/(H + 1), view factor of the illuminated and visible sections
Fs_. 41, and the view factor of the shaded and visible sections Fs_. 42, respectively.

On sunny days with clear skies, albedo is higher at sunrise and sunset hours, while
it remains lower for the rest of the day. This diurnal variation in albedo is largely due
to the change in the Sun’s altitude [151]. At sunrise and sunset, when the sun is low on
the horizon, the sunlight is more likely to be reflected directly back into the atmosphere
without interacting with lower objects. As the sun rises, more sunlight is intercepted
by the objects, effectively trapping more radiation within the urban context and con-
sequently lowering the albedo. This behavior is also reflected in the shade brightness,
which is higher at sunrise and sunset due to lower DNI. As the day approaches noon,
shades are usually darker because of the larger DNI resulting from the higher Sun’s al-
titude. Meanwhile, the change in the Sun’s position also affects the distribution of view
factors contributed by the shaded and illuminated sections. Higher Sun’s altitude leads
to more illuminated sections, as illustrated in Figure 4.5, which increases the view factor
of illuminated and visible sections Fs_. 4; and reduces the view factor of shaded and vis-
ible sections Fs_. 42. On overcast days, albedo remains high and fairly constant for the
entire day. Shade brightness is nearly one, indicating minimal or negligible DNI through-
out the day. As a result, the view factor for illuminated and visible sections Fs_. 41 reduces
to zero, whereas the view factor for shaded and visible sections Fs_. 40 becomes predom-
inant. These daily albedo variation patterns are in line with the albedo measurements in
clear and overcast days reported in the literature [131]. Additionally, it can be observed
that the reflectivity R is constantly higher than the albedo a for both sunny and overcast
days. This means that the reflectivity R sets the upper limit of the albedo, and both the
shade brightness 1/(H + 1) and the view factors Fs_. 41,42 determine the variation of the
albedo.

In Figure 4.7, the daily and monthly variations in albedo are also presented, with val-
ues weighted according to Equation 4.11 based on hourly GHI. The daily albedo shows
significant fluctuations throughout the year, primarily due to the frequent varying me-
teorological conditions, as they determine the shade brightness that affects the albedo
variation. The monthly albedo exhibits a more regular trend where the weighted albedo
stays between 0.12 to 0.15. Typically, the albedo is higher in winter months while lower in
summer months, depending on the locations [152]. The integration of GHI into albedo
calculation compensates for the monthly variation of GHI, resulting in a more constant
albedo value throughout the year. The annual GHI-weighted albedo for this specific grid
point @ eignred,s,5 is calculated to be 0.1352.

The same process was extended to the rest of the grid points, and the annual GHI-
weighted albedos derived from the GSA model are shown in Figure 4.8a. It can be ob-
served that the albedo values for this area vary from 0.09 to 0.23, with lower values found
in urban areas and higher values in surrounding rural areas. This variation can be mainly
attributed to the differences in material reflectivity and terrain roughness under identi-
cal meteorological conditions. As depicted in Figure 4.8c, urban areas typically have
lower reflectivity due to the use of absorptive construction materials, which directly con-
tribute to a lower albedo. Meanwhile, as illustrated in Figure 4.8d, the urban environ-
ments exhibit higher terrain roughness due to densely built constructions and artificial
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Figure 4.7: The hourly albedo a5 on both sunny and overcast days, and its corresponding GSA variables
including reflectivity R, shade brightness 1/(H + 1), view factor of the illuminated and visible sections Fs_. 41,
and the view factor of the shaded and visible sections Fs_. 42. The reflectivity R sets the upper limit of the
albedo, and both the shade brightness 1/(H + 1) and the view factors Fs_. 41, 42 determine the variation of the
albedo. The daily albedo varies significantly due to the daily fluctuation of meteorological conditions, while
the monthly albedo is more consistent throughout the year.
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Figure 4.8: The albedo map of the rectangular area covering Delft, including a) The GHI-weighted annual
average albedo from the GSA model; b) The blue-sky albedo from MODIS averaged over year 2012 to 2021; c)
The annual average reflectivity from the GSA model; d) The roughness from the GSA model; e) The albedo
difference between the GSA model and MODIS products; f) The distribution of the albedo differences.



88 4. Climate impact of urban PV deployment

structures, whereas rural areas show significantly lower roughness. This increased ter-
rain roughness in urban areas effectively traps more radiation, reducing the amount that
is reflected back into space and consequently lowering the albedo. To evaluate the sen-
sitivity of the GSA albedo to key surface parameters, a local sensitivity analysis is per-
formed by systematically perturbing all surface material reflectivity, PV reflectivity, and
terrain roughness by £20%. The results, presented in Figure 4.9, reveal that increases in
all material reflectivity lead to a notable increase in albedo, with a linear response slope
of 0.135. Perturbation in PV reflectivity poses only a minor effect (slope = 0.004), mainly
because of the small fraction of the roof area replaced by PV material. Conversely, in-
creasing terrain roughness leads to a decrease in albedo, with a negative slope of -0.047.
These findings highlight the importance of both material properties and surface com-
plexity in determining albedo, as well as the role of dense urban morphology in trapping
solar radiation and reducing reflected energy. Considering the strong linear correlation
between surface material reflectivity and albedo results, the uncertainty introduced by
non-representative material selection or assignment is likely the major source of error in
the GSA albedo model.
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Figure 4.9: Sensitivity analysis of the GSA albedo model on @ ¢jgnted,6,5 With respect to material reflectivity,
PV reflectivity, and surface roughness perturbations.

Figure 4.8b shows the MODIS albedo results over the same area, which are obtained
by averaging daily albedo values over a decade (2012 — 2021). While the MODIS albedo
map presents a similar distribution pattern to the one derived from the GSA model, with
lower albedo values in urban areas and higher in surrounding rural areas, there are some
differences: first, the urban area characterized by lower albedo appears smaller in the
GSA albedo map; second, the albedo values in the surrounding rural areas are higher
in the GSA albedo map. Considering the sources of uncertainty from the GSA albedo
model, these discrepancies can be mainly attributed to the incompleteness of the ma-
terial reflectivities employed in the simulations. As depicted in Figure 4.8e, the differ-
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ences in albedo are concentrated largely in rural regions and parts of the urban area,
which closely matches the reflectivity map. This suggests that variations between GSA
and MODIS albedo maps are mainly driven by the choice of material reflectivities. Here,
ten representative material classes are implemented for the albedo simulation. How-
ever, in reality, the materials are highly diverse and can vary depending on the location,
regulations, and specific requirements. Completing the material database and refining
material assignments in the DSM could enhance the accuracy of simulated albedo re-
sults. Additionally, the method used to generate the hourly shading profile can also af-
fect albedo outcomes. While the employed geometry operation is time efficient, it offers
lower accuracy compared to the LOS method considering the resolution of the DSM.
This may result in inaccuracies in the shading profile, where some pixels that should be
shaded are incorrectly classified as illuminated, and vice versa. Meanwhile, the simu-
lated albedo values represent the case with the albedometer positioned at 500 meters
above the ground. Converting these values to TOA albedo requires an additional correc-
tion for atmospheric attenuation, which typically reduces the albedo values.

Considering the sources of uncertainty in the MODIS albedo product, the albedo dif-
ference can be introduced from several factors: the quality of measurement data, the as-
sumptions and limitations of the bidirectional reflectance distribution function (BRDF)
model used to derive albedo, and the biased measurement data due to complex geom-
etry and anisotropic surfaces in the urban environment. First, MODIS sensors collect
directional reflectance of surfaces from different viewing angles. The successful obser-
vation, however, is subject to cloud-free conditions. If multiple observations over the
16-day window are cloud-contaminated, the BRDF model cannot be reliably fitted, re-
sulting in invalid or low-quality albedo values. Filtering out these invalid albedo values
can lead to a less representative yearly average albedo. Second, the BRDF model im-
plemented to compute MODIS albedo is a semi-empirical model originally developed
for homogeneous and temporally stable surfaces. Therefore, it is more suitable for veg-
etated surfaces whose conditions do not change significantly during satellite observa-
tion, and it is less suited for complex urban environments or for dynamic surfaces fea-
turing vegetation growth cycles [153, 154]. Third, urban areas are characterized by high
spatial heterogeneity and fast-varying geometry. Within a single MODIS pixel, rooftops,
roads, vegetation, or any type of urban artifacts may all contribute to the observed sig-
nal. This means that different materials can dominate the reflectance signal at different
times when the pixel is observed from changing viewing angles within the 16-day win-
dow. This angular inconsistency in reflectance sampling can introduce deviations in the
derived albedo [155].

Figure 4.8f presents a histogram plot that clustered the albedo differences into eight
bins. According to this analysis, 71.56% of the pixels in the GSA albedo map have higher
albedo values compared to the MODIS albedo map. More specifically, 51.56% of the
pixels differ by +£0.01, 75.62% of the pixels differ by +0.02, and 89.69% of the pixels differ
by +0.03. The overall average albedo of the entire area is found to be 0.1584 for the GSA
model and 0.1493 for MODIS products, leading to an absolute difference of 6.12%.
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Figure 4.10: Annual PV energy yield maps for 1) all roof surfaces are integrated with PV; 2) only the roof
surfaces meeting the specific yield threshold of 650 kWh/kW, are integrated with PV.

4.3.2. Annual roof PV energy from simplified skyline-based method
Figure 4.10a shows the annual PV energy yield map for the first scenario, in which all
roof surfaces are assumed to be integrated with PV. The x- and y-axes represent the ab-
solute distances of the area along longitude and latitude in meters, respectively, with
due North indicated in the bottom left corner of the figure. The energy yield per square
meter is depicted by a color scale, transitioning from black (low yield) to white (high
yield). It can be observed that in the densely constructed urban area, the PV potential is
relatively lower due to the elevated skyline. The north-facing roof surfaces also provide
lower PV potential due to the suboptimal orientation. Figure 4.10b presents the results
for the second scenario, where only the roof surfaces meeting the specific yield thresh-
old of 650 kWh/kW, are integrated with PV. This leads to fewer roof pixels on the solar
map, primarily those within urban areas or with unfavorable orientations, as they often
fail the required specific yield threshold. As a result, the total PV integrated roof area is
decreased from 2.8289 km? to 2.2425 km?. The total annual roof-integrated PV yield for
Delft is further calculated to be 485.72 GWh/year and 434.82 GWh/year for the first and
second scenarios, respectively.

4.3.3. Positive and negative radiative forcings

The positive RF is calculated from the decrease in albedo after the integration of PV on
building roof surfaces. Figure 4.11a shows the albedo map of the same rectangular area
covering the entire city of Delft after all the roof surfaces are replaced with PV. Compared
to Figure 4.8a, this map presents a noticeable reduction in albedo within the urban area.
Figure 4.11b displays the location and extent of the albedo decrease, with a color bar
transitioning from black (indicating a large decrease) to white (indicating a small de-
crease). The maximum absolute albedo reduction due to roof PV integration is found
to be -0.0306. From Equation 4.13, the positive RF after integrating PV into all detected
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Figure 4.11: a) The albedo map of the rectangular area including Delft after replacing all the roof surfaces with
PV; b) The absolute albedo difference on the map before and after PV integration on all the roof surfaces in
Delft.

roof surfaces in Delft is calculated to be 3.53 x 1078 W/m?. Assuming a grid carbon emis-
sion intensity of 437 g CO2-eq/kWh, the negative RF is calculated from Equation 4.14,
and the equilibrium time is determined to be 39.2 days [148]. The same process is re-
peated for scenario two, and the positive RF and the equilibrium time are found to be
3.40 x 1078 W/m? and 42.0 days, respectively. For both scenarios, the negative RF from
PV-generated electricity offsets the positive RF from albedo reduction in around forty
days. This rapid offset can be mainly attributed to the fact that the urban environment
already has a low albedo, which minimizes the impact of the further albedo reductions
on positive RF caused by PV integration. Conversely, integrating PV in areas with high
initial albedo would result in a more substantial decrease in albedo, thereby extending
the time required to offset the associated positive RE Meanwhile, PV has a relatively high
energy density (171.1 kWh/m? for scenario one and 193.9 kWh/m? for scenario two),
leading to a larger negative RF per unit area of PV integration. Even when PVs are inte-
grated on roofs with unfavorable orientations, their high energy density is sufficient to
offset the positive RF induced by albedo changes at a relatively fast pace, which leads to
a slightly extended equilibrium time in scenario two.

The current simulation framework considers exclusively the positive RF associated
with albedo reduction due to urban roof PV integration, which is the primary scope of
this study. However, it is important to recognize that the full life cycle of PV modules,
including solar cell production, module manufacturing, transportation, operation, dis-
posal, and recycling also contribute to CO» emissions. For c-Si PV modules, the typical
carbon emission intensity ranges from 13 to 30 g CO,-eq/kWh, which is significantly
smaller than that of fossil fuel-based electricity (437 g CO,-eq/kWh for the Netherlands
in 2017) [148, 156]. Under the current carbon-intensive energy infrastructure, the equi-
librium time remains short as demonstrated, indicating that albedo-related positive RF
has a minor role. However, as the energy infrastructure decarbonizes through the pen-
etration of renewable energies, the grid’s carbon emission intensity progressively de-
creases. In a future scenario where electricity supply is predominantly based on renew-
able energy and the grid’s carbon emission intensity decreases to the level associated
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with current c-Si PV modules, the equilibrium time for a fully integrated roof PV scenario
in Delft extends to 1548.5 days and 623.1 days under the 13 gand 30 g CO»-eq/kWh cases,
respectively. As the global energy structure becomes more sustainable and PV’s carbon
emission intensity continues to decline with technology advancements, the relative im-
pact of albedo-induced positive RF on global warming will become more pronounced.
This highlights the importance of incorporating the albedo effects of PV deployment into
future LCA to provide a more realistic evaluation of the global warming mitigation po-
tential of PV technology.

Once the PV system is in operation, it continues to contribute to negative RF through-
out its lifetime as long as the energy system is not fully decarbonized. Table 4.3 presents
the cumulative negative RF from roof PV integration in Delft over 5, 10, 15, 20, 25, and 30
years. The results assume a constant annual PV electricity yield and a fixed grid carbon
emission intensity. As expected, the cumulative negative RF increases over time, while
the increment between every 5-year interval gradually decreases. By the end of the PV
system’s typical lifetime (between 25 to 30 years), the cumulative negative RF reaches
6.74 and 7.85 x 10~® W/m? for scenario one and 6.03 and 7.03 x 10~® W/m? for scenario
two. These numbers are approximately 170 to 230 times larger than the initial positive
RF caused by albedo reduction. However, it is worth noting that PV electricity produc-
tion declines over time in practice due to module degradation, and the carbon emission
intensity of the grid is expected to decrease as energy systems decarbonize. Therefore,
these values may be overestimated.

Table 4.3: The cumulative negative RF from roof PV integration in Delft over 5, 10, 15, 20, 25, and 30 years.

Cumulative  Scenario 1 Scenario 2
years (x 10°W/m?) (x 107 W/m?)
5 1.70 1.52

10 3.10 2.77

15 4.40 3.94

20 5.61 5.02

25 6.74 6.03

30 7.85 7.03

Globally, albedo typically increases with latitude, being higher at higher latitudes and
vice versa [157]. PV generation profile, in contrast, is the opposite, where PV yield peaks
at lower latitudes and decreases towards higher latitudes. Therefore, integrating PV at
higher latitudes would result in a longer timespan to offset the positive RF due to rel-
atively larger albedo reduction and smaller PV generation. Regionally across Europe,
surface albedo varies due to differences in land cover and seasonal conditions. In north-
ern Europe, albedo tends to be higher, especially in winter with widespread snow cover.
Moving southward into central Europe, the surface albedo generally decreases as the
landscape transitions to a mix of forests, grassland, and urban areas. The Netherlands
falls within this lower-to-middle surface albedo range due to its mixed urbanized and
agricultural landscapes. In southern Europe, surface albedo increases again due to a
more open landscape and less dense vegetation [158]. This spatial distribution indicates
that under original surface albedo conditions, central Europe contributes more to pos-
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itive RE Meanwhile, PV deployment in northern and southern Europe leads to larger
increases in positive RF because of higher initial albedo values. However, further con-
sidering the cloud cover may influence this effect [159]. In regions with frequent cloudy
or overcast weather, such as the Netherlands and northern Europe, the positive RF due
to albedo change is partially mitigated, as less incoming solar radiation reaches the sur-
face. In contrast, southern Europe typically experiences more clear and sunny weather,
leading to stronger positive RF from albedo reduction, but this effect can be offset more
quickly by the higher PV yield.

With ongoing advancements in the PV industry, PV cells are designed to be more
absorptive, featuring lower reflectivity, yet delivering higher efficiency attributed to the
mature manufacturing processes and innovative cell architectures. This reduction in re-
flectivity leads to a decrease in albedo, thereby increasing the positive RF when PVs are
integrated into areas with initially higher albedo. On the other hand, the enhanced effi-
ciency of PV cells converts more solar energy into electricity, which reduces the times-
pan that is required to offset the positive RE Therefore, there is a trade-off between re-
ducing reflectivity and increasing efficiency in the RF effects of PV cells. Considering
that the reflectivity of PV cells is already very low, the benefits from increased efficiency
would outweigh those from reduced reflectivity, meaning that installing high-efficiency
PV cells in urban areas is more advantageous to the energy balance of the Earth during
the transition to a fully renewable-energy-powered future. However, from a long-term
perspective, once fossil fuels are completely phased out, the reduced albedo from PV in-
stallation will still increase the positive RE regardless of the efficiency of PV cells. This
occurs because the electricity generated by PV cells is ultimately converted to heat that
is released into the environment. A potential solution is the development of colored PV
cells designed to mimic the color and appearance of the background materials or of the
infrared filters that reflect the unwanted irradiance back into the space [28]. The former
approach preserves original albedo values while generating green electricity. In a strate-
gic scenario, reflectivity could be optimized based on the city-scale PV yield simulations
to maximize albedo and still meet the local energy demands. In this way, the overall
albedo of urban environments would be increased, minimizing the positive RF and still
securing a sustainable supply of green electricity.

4.4. Conclusions

In this chapter, a comprehensive methodology was developed to quantify both the pos-
itive and negative radiative forcing (RF) effects of distributed urban rooftop PV deploy-
ment using a high-resolution approach. Earlier studies often rely on coarse-resolution
satellite data, which cannot capture the spatial variance of distributed urban PV systems,
or on simplified PV assumptions that may lead to inaccurate estimations of PV yield and
albedo change. To address these limitations and to fill this research gap, this study in-
troduced two novel simulation frameworks that leverage LiDAR data and geo-reference
material maps. The first framework, based on geometric spectral albedo (GSA) model,
simulates surface albedo change before and after PV deployment. The second frame-
work, utilizing skyline-based PV model, performs large-scale rooftop PV simulation for
annual yield calculation. Both frameworks were established to accurately calculate the
radiative impacts of urban roof PV integration. The outputs were then translated into
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positive and negative RFs to calculate the equilibrium time — the period required for
the negative RF from PV electricity generation to fully offset the positive RF from albedo
reduction.

The workflow was applied across a rectangular area covering the entire city of Delft.
The hourly albedo result showed distinct patterns: on sunny days with clear skies, albedo
peaks at sunrise and sunset hours but remains lower for the rest of the day. On over-
cast days, albedo stays relatively high and constant for the entire day. The annual GHI-
weighted albedo was calculated and mapped to the selected area, presenting lower albedo
values in urban areas and higher values in surrounding rural areas. This distribution can
be attributed to the use of low-reflectivity materials commonly found in urban settings,
which directly reduce surface albedo, as well as the greater roughness within urban en-
vironments, which traps more radiation and limits the amount of energy reflected back
to space. The simulation results were validated with MODIS albedo products, show-
ing a general agreement in albedo distribution patterns despite differences in absolute
albedo values. Overall, around 90% of the map pixels from the GSA model lied in a de-
viation range of +0.03 from the MODIS products. The average albedo simulated for the
entire area was 0.1584 for the GSA model and 0.1493 for the MODIS product, leading to
an absolute difference of 6.12%. This discrepancy could be attributed to several sources
of uncertainty. From the GSA albedo model perspective, the main contributors were
the limited assumptions in the classification of surface materials and the simplified ge-
ometric operations used to derive the shading profile. On the other hand, uncertainties
in the MODIS albedo product came primarily from measurement data quality, the BRDF
model that is less suited for spatially heterogeneous and temporally dynamic urban sur-
faces, and the complex urban geometry that responds varying surface reflections during
the multi-day satellite observation period.

The annual PV energy yield was investigated under two scenarios: 1) all roof sur-
faces are integrated with PV; 2) only the roof surfaces meeting the specific yield thresh-
old of 650 kWh/kW, are integrated with PV. In the first scenario, the total annual PV
yield amounts amounted to 485.72 GWh/year, covering a roof area of 2.8289 km?. In
the second scenario, where only high-yielding roofs were integrated with PV, the yield
was slightly lower at 434.82 GWh/year, with a covered roof area reduced to 2.2425 km?.
For both scenarios, the positive RFs due to rooftop PV integration are determined at
3.53 x 108 W/m? and 3.40 x 10~ W/m?, respectively. Together with the negative RF de-
rived from the PV yield, the equilibrium time (ET) was found to be 39.2 and 42.0 days,
assuming a grid carbon emission intensity of 437 g CO,-eq/kWh. This ET is considered
as remarkably short for mainly two reasons: first, this duration represents only less than
0.5% of typical PV module lifetime (25 to 30 years). This means that for over 99.5% of its
operational lifespan, PV technology is contributing to the negative RF as long as it con-
tinues to displace fossil-fuel-generated electricity; second, compared to other renewable
energies such as hydropower, this duration is significantly shorter. For example, a recent
study found out that 43% of investigated hydropower plants achieve equilibrium within
4 years (around 5% of their estimated lifetime of 80 years), while 19% exceed 40 years,
and 12% never reach equilibrium within their operational lifetime [144].

The cumulative negative RF from roof PV integration in Delft by the end of PV sys-
tem’s typical lifetime (between 25 to 30 years) was found to be 6.74 and 7.85 x 107°
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W/m? for scenario one and 6.03 and 7.03 x 1078 W/m? for scenario two, assuming a
fixed carbon emission intensity and annual PV yield. These numbers are approximately
170 to 230 times larger than the initial positive RF caused by albedo reduction. This find-
ing indicates that the reduction in greenhouse gas emissions facilitated by PV integra-
tion significantly outweighs the positive RF caused by the reduced albedo under current
carbon-intensive energy infrastructure. However, as energy infrastructure continues to
decarbonize with the increasing penetration of renewable sources, the carbon emission
intensity of the grid declines accordingly. In a future scenario where electricity genera-
tion is predominantly based on renewables — and the grid’s carbon intensity approaches
that of current c-Si PV modules — the equilibrium time for a fully integrated rooftop PV
system in Delft extends significantly, reaching 1548.5 days and 623.1 days under the 13 g
and 30 g CO,-eq/kWh scenarios, respectively. As the energy system becomes more sus-
tainable and PV manufacturing emissions continue to decrease through technological
advancements, the relative contribution of albedo-induced positive radiative forcing to
net climate impact will become increasingly significant. This highlights the necessity to
account for albedo effects in future life cycle assessments (LCA) of PV technologies to
more accurately evaluate their global warming mitigation potential.

This study can be extended to other regions of the world as long as the digital ele-
vation data and material class data are available. Therefore, this work aids in the high-
resolution assessments of global albedo and its variation, and offers insights into the
Earth’s energy balance by examining both the positive and negative RFs caused by PV in-
tegration. These findings contribute to achieve a more realistic figure of climate change
mitigation potential through PV technologies.
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5.1. Introduction
Internet of Things (IoT) connected devices have been seamlessly embedded into our
daily lives, facilitated by the rapid development of diverse wireless communication tech-
nologies. The connectivity of these devices is dominated by means of wireless fidelity
(WiFi), Bluetooth, and cellular networks which predominately communicate informa-
tion through low radio frequency (RFreq) spectrum. A recent forecast suggests that the
number of IoT-connected devices will double the current count, approaching thirty bil-
lion in 2030 [160]. Coupled with the rising user density due to population expansion and
urbanization, a shortage in the available RFreq spectrum for communication is antici-
pated. Besides the escalating RFreq communication traffic, the demand for high-speed
data transmission is another driving force that motivates researchers to explore higher
frequencies for wireless communication. The wider bandwidth inherent in the higher
frequency range significantly boosts the transmission data rate. This enhancement is
essential for applications like space-to-ground links where a massive amount of data
needs to be transmitted within a brief contact window [161]. From the perspective of
urban environments, the advancements in autonomous vehicles and smart homes also
necessitate high-speed communication to manage the immense data flows among IoT-
connected devices in the future smart cities [162].

Although higher frequencies provide a promising avenue for wireless communica-
tion, their implementation comes with technical challenges. Electromagnetic waves, by
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nature, experience energy density reduction as they propagate due to medium-induced
attenuation. This effect is more prominent at higher frequencies, resulting in an in-
creased path loss. Using higher frequencies is also more susceptible to obstacles in-
cluding buildings and foliage in the urban environment, leading to shadow zones where
signals are significantly weakened or completely absent [163]. To overcome these chal-
lenges, one approach suggests implementing LOS paths where the information is beam-
formed and directed along an unobstructed route between the receiver and transmit-
ter to mitigate attenuation and blockage [164]. Another more widely acknowledged ap-
proach involves segmenting the communication into smaller cells so that stronger and
more reliable signals are ensured within those confined regions [165]. However, devel-
oping such micro-communication units relies on the availability of widespread infras-
tructures. This requirement has prompted researchers to investigate the potential of vis-
ible light communication (VLC) systems that could be integrated with existing lighting
infrastructure dominated by LEDs, that is, leveraging their extensive deployment. The
additional communication channels introduced by the visible light spectrum not only
complement the current wireless communication systems, effectively mitigating RFreq
congestion, but also expand the bandwidth, thereby offering high-speed data transmis-
sion [166].

Typically, a VLC system consists of a light source (LED or LASER) as the transmitter
and photodiodes (PDs) as the receiver [167]. During data transmission, the transmitter
intensity is modulated at a high frequency, which in turn modulates the output current
of PDs as the light strikes them. This varying current is subsequently translated into
voltage signals with a trans-impedance amplifier and decoded to extract the informa-
tion. The modulation frequency employed is usually much higher than the flicker fusion
threshold, meaning that the primary lighting function of the LED infrastructure remains
unaffected after integrating with the VLC systems, as the rapid flickering is imperceptible
to human eyes [168]. In addition to its wider bandwidth and rapid deployment capabil-
ities, VLC offers a few more advantages over traditional RFreq communication: firstly,
visible light is unlicensed, making it freely available for broad development [169]; sec-
ondly, visible light cannot penetrate walls. While this limits signal coverage, integrating
VLC into the LED infrastructure creates confined communication zones, enhancing se-
curity by reducing the risks of eavesdropping [170]; lastly, LEDs are energy-efficient, and
their long lifespan contributes to a reduced maintenance cost [171]. As a specific appli-
cation of VLC technology, Light Fidelity (LiFi) facilitates high-speed data transmission
by complementing WiFi. The recent introduction of the IEEE 802.11bb standard helps
accelerate its adoption, which sets the stage for enhanced interoperability in the wireless
communication society [172].

Nevertheless, the extensive implementation of such technology still needs to resolve
certain issues, and one of the bottlenecks is found at the receiver end. Despite its fast
response time, high sensitivity, and wide bandwidth for optical signals, the frequency
response of PDs deteriorates drastically when they are exposed to ambient light higher
than 200 W/m? [173, 174]. This limits its communication performance in well-illuminated
indoor environments and restrains its application under outdoor conditions. At the
same time, PDs must be reverse-biased to function as light detectors, which necessitates
a continuous external power supply.
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As an effective solution, PV cells are gaining recognition for self-powered VLC re-
ceivers under high ambient light conditions. They are primarily engineered for outdoor
operation, and the harvested energy can be utilized to power the entire communica-
tion system [175]. One of the first attempts of using commercial silicon PV cells for both
communication and energy production was carried out by Kim et al. Their experiment
successfully demonstrated VLC operation under strong sunlight irradiance of 800 W/m?
[176]. Malik et al. developed a mini self-powered VLC system, which offers a bandwidth
of 50 kHz and a maximum error-free data rate of 8 kb/s [177]. In a related study, Wang et
al. investigated the feasibility of using a mini PV panel (24 x 18 cm?) as the detector in
an optical wireless communication (OWC) system. They tested both on-off keying (OOK)
and orthogonal frequency division multiplexing (OFDM) modulated signals, achieving
data transmission rates of 1 Mb/s and 11.84 Mb/s, respectively, while generating 2 mW
of electricity [168, 178]. By employing a self-reverse-biased circuit to the PV panel, Shin
et al. achieved an improved data rate of 17.05 Mb/s [179]. The potential of the underwa-
ter OWC system was demonstrated by Kong et al. where they successfully transmitted
information from a laser diode through a 7-meter water tank to a solar panel at a rate
of 22.56 Mb/s [180]. In 2019, Das et al. built the world’s first OWC system using off-the-
shelf lasers and silicon mini PV panel (3 x 2.5 cm?), which harvested 5 W power while
communicating at a data rate of 8 Mb/s [181]. The impact of sunlight on PVs as OWC
receivers was further explored with a sunlight emulator, and a trade-off between energy
harvesting and communication performance was reported. This means that while the
PV output increases with solar irradiation, the data rate exhibits a contrary trend, de-
creasing as the solar irradiation intensifies [182].

Other research investigated using different PV technologies in VLC systems, where
thin film amorphous silicon was demonstrated to support weak light detection (down
to 10 mW/m?), achieving a data rate of 1.2 Mb/s [183]. Organic PV (OPV) is a relatively
new field in VLC, but it is gaining interest due to its ease of fabrication and tunable prop-
erties [184]. The very first investigation in using OPV as a photo-detector was carried
out by Arredondo et al., where they demonstrated a bandwidth of 790 kHz based on
P3HT:PCBM [185]. Another work done by Vega-Colado et al. realized a full-organic VLC
system using off-the-shelf components and achieved a bandwidth of 200 kHz at 2 V of re-
verse bias [186]. Salamandra et al. developed the inverted P3HT:PCBM organic structure
and achieved a bandwidth of 1.02 MHz at -1 V bias [187]. Although various approaches
are being explored to improve the bandwidth, reverse biasing the OPV means the device
is not generating power. One of the first studies of combining communication and en-
ergy harvesting using OPV was conducted by Zhang et al., and they revealed that using
an OPV cell (0.2 x 0.4 cm?) as the receiver enabled a data rate of 34.2 Mb/s and concur-
rently produced a power of 0.43 mW [188]. This outcome has been overtaken by a recent
work where a remarkable data rate of 363 Mb/s was reached, with a 10.9 mW power out-
put in a multi-input multi-output (MIMO) setup consisting of four OPV solar cells (0.25
x 0.4 cm?) [189]. Mica et al. used a triple-cation perovskite PV cell as the photodetector
and achieved a 56 Mb/s data rate under white LED [190]. One of the best communica-
tion performances was reported by employing gallium arsenide (GaAs) PV cells, where a
maximum of 1 Gb/s data rate was attained when the PV cell was operating under short-
circuit condition [191, 192].
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While most of the research focuses on enhancing the data transmission speed, the
fundamental relationship between the light source and different PV cell architectures
is not systematically explored in the context of VLC. Therefore, the aim of this study is
to fill this research gap by systematically exploring the communication performance of
commercial PV cells with diverse architectures when they are utilized as VLC receivers.
Additionally, three representative LED colors within the visible light spectrum are inves-
tigated in terms of their impact on the communication performance of commercial PV
cells. The objective is to determine if a particular LED color demonstrates superior per-
formance, which could inform future color filter design for PV cells to improve commu-
nication. In this work, the frequency response under various light intensities is charac-
terized for each LED color and further conducted at different PV cell operating voltages
to understand the dynamics between energy harvesting and data communication. c-Si
PV cells are the primary focus due to their dominating position in the PV industry. These
include architectures such as 5-inch aluminum back surface field (Al-BSF(5")), 6-inch
Al-BSF (Al-BSF(6")), busbar-free Al-BSF (Al-BSF(BF)), passivated emitter and rear con-
tact (PERC), interdigitated back contact (IBC), silicon heterojunction (SHJ), and tunnel
oxide passivated contact (TOPCon), covering from the oldest to the newest c-Si PV tech-
nologies. It is worth mentioning that all the commercial PV cells are maintained in their
original dimension for this study. Certainly, cell size plays a role in determining the ca-
pacitance and resistance of PV cells, where a larger cell size generally leads to higher ca-
pacitance and lower resistance [193]. But these parameters are also highly dependent on
other factors, including the bulk doping concentration, emitter resistance, and the de-
sign of fingers and busbars [194]. This detailed architectural information of commercial
solar cells is not readily available and cannot be easily extracted from measurements.
Additionally, standardizing the cell size would require cutting all the commercial solar
cells down to the same size, potentially introducing unexpected edge effects and leading
to performance deviations [195]. To maintain the integrity of our study, we retained the
original dimensions of all PV cells. This approach allows us to evaluate the energy har-
vesting and communication performance of off-the-shelf PV cells within the context of
VLC without introducing unwanted performance degradation due to cell cutting. Keep-
ing the cells in their original size also ensures that our results are directly applicable to
consumer-grade products, providing valuable insights for both researchers and industry
professionals.

5.2. Experimental setup

The PV cells are first laminated (hereafter referred to as PV laminates), and the lamina-
tion structure comprises a stratified assembly including, from top to bottom, a PV glass
layer, an ethylene vinyl acetate (EVA) encapsulant layer, the PV cell, another EVA layer,
and a white back sheet or a PV glass layer. These PV laminates are examined under three
representative LED colors across the visible light spectrum, spanning from red to green
and blue, with a maximum rated power of 100 W. The spectral distributions of the LEDs
are measured with a spectrometer (SR-1901PT) and are presented in Figure 5.1, with
their peak wavelength indicated in the legend [196]. The photos of the laminated com-
mercial PV cells are shown in Figure 5.2, and their architectural information is detailed
in Table 5.1. The characteristics of PV laminates under standard test conditions (air mass
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1.5 spectrum, 1000 W/m? of irradiance, and cell temperature of 25 °C) are listed in Table
5.2. For each LED color, the PV laminates are tested at three irradiance levels: 100, 300,
and 500 W/m?. As the output current of solar cells is proportional to the incident light
intensity, increasing the LED intensity will generate more current that flows through the
system and brings up the temperature. The attached heat sink has a limited capacity to
dissipate only a certain amount of heat. This limits the maximum LED intensity used in
the measurement to prevent the components from overheating damage. Therefore, the
maximum irradiance intensity is determined based on the heat dissipation capacity of
the system’s heat sink.
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Figure 5.1: The measured spectra of blue, green, and red LEDs used in this study. The peak wavelengths are
indicated in the legend, and show slight shifts from the values the manufacturer specifies (Blue: 463 nm;
Green: 523 nm; Red: 655 nm).

Table 5.1: Architectural information of the c-Si PV laminates, with abbreviations: BB for busbar, SW for smart
wire, and BC for back contact. The bulk doping concentration of tested commercial c-Si solar cells was
determined by using C-V measurement [197].

PV Laminate CellSize Area Dong. Front-side  Back-side
[l Ll (cm?] Concentration Metal Metal
[atoms/cm3] [-] [-]
Al-BSF(5")  Full-size 153.0 42 %10 2BB 2BB
Al-BSF(6")  Full-size 244.3 1.1 x 1016 3BB 3BB
Al-BSE(BF)  Full-size 244.3 1.0 x 1016 19SW 4BB
IBC Full-size 153.0 4.5x 10" - BC
PERC Half-cut 126.0 2.6 x 106 9BB 9BB
SHJ Full-size 244.3 5.6 x 1015 22SW 22SW

TOPCon Half-cut 126.0 4.5x 101 9BB 9BB
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Figure 5.2: Photos of the commercial PV laminates used in this study.

Table 5.2: Key parameters of the c-Si PV laminates under standard test conditions (STC) obtained using a
LOANA solar cell analysis system [198].

PV Laminate V, I Vimpp  Impp  Pmpp n
[-] (V] [A] (V] [A] (W] [%]
AI-BSF(5") 0.64 5.96 0.51 5.51 2.79 1822
Al-BSF(6") 0.64 9.44 0.52 8.91 4.65 19.02
Al-BSF(BF) 0.64 9.44 0.51 8.86 4.48 18.33

IBC 0.68 6.46 0.56 5.98 339 2214
PERC 0.69 494 0.59 4.71 276  21.93
SH]J 074 8.92 0.64 8.50 540 22.12

TOPCon 0.69 491 0.59 4.65 274 21.73
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Figure 5.3: Experimental setup for I-V curve characterization and bandwidth measurement.

Figure 5.3 presents the experimental setup for the measurements. The measurement
process can be divided into two primary stages. For each LED color and intensity set-
ting, the I-V behavior of PV laminates is first characterized to identify their open-circuit
voltage and maximum power point. Following this initial characterization, the PV lam-
inates are biased at various operating voltages to perform the small-signal bandwidth
measurement. The selection of operating voltage ranges and increments is guided by
the outcomes of the I-V characterization. The measurement details of these two stages
are elaborated in the subsequent two subsections.

5.2.1.1-V curve measurement of PV laminates

The I-V curves of PV laminates are measured in a 4-wire configuration with Keithley
KickStart software and source meter (Keithley 2651A). A simplified diagram of this setup
is depicted in Figure 5.4a. The light source consists of a matrix of LEDs. During the mea-
surement, it is fitted with a collimator lens and placed 10 cm above the PV laminates to
ensure a comprehensive and homogeneous illumination. By adjusting the output power
of the LED, the targeted irradiance level is achieved, as indicated by the short-circuit
current of PV laminates. This is due to the linear correlation between the incident light
intensity and the short-circuit current produced by the PV laminates. The temperature
of PV laminates is monitored with a Pico logger connected to a thermocouple attached
to the rear side of the PV laminates. Once the temperature stabilizes, the I-V sweep is
performed. The resultant I-V curve is plotted in Figure 5.4b in blue, which represents
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Figure 5.4: a) Diagram of the I-V characterization setup where the PV laminate is measured with a 4-wire
configuration under different LED colors and intensities. The temperature of the PV laminate is monitored
with a thermocouple attached to the back of the laminate, and all I-V sweeps are conducted after the
temperature is stabilized; b) I-V and P-V characteristics of the IBC PV laminate under blue LED at 300 W/ m?2
and 30 °C. Both the maximum power point and the open-circuit voltage are highlighted in the plot.
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the case for IBC PV laminate under blue LED at 300 W/m? and 30 °C. As the voltage in-
creases, it can be observed that the current decreases. The voltage at which the output
current of PV laminate is zero is known as the open-circuit voltage (V). Additionally,
the power output of PV laminate as a function of the operating voltage is also depicted
by the red curve in Figure 5.4b, where the power output first increases with the volt-
age to a peak, then it declines to zero. This peak represents the maximum power point
(MPP), and it is the optimal operating point when PV laminate is used as an energy har-
vester. Measuring the I-V curve is an important step because it not only characterizes the
electrical properties of PV laminate but the obtained V,,. and MPP are also essential to
determine the operating voltage range for the subsequent small-signal frequency sweep.
It is worth mentioning that the temperature effect is not considered in the analysis due
to the absence of temperature control components in the setup. An increased temper-
ature alters the -V curve, leading to higher short-circuit current and lower open-circuit
voltage, eventually reducing the solar cell’s power output [75].

5.2.2. Bandwidth measurement of PV laminates

Figure 5.5 shows the diagram of the bandwidth characterization setup for the VLC sys-
tem using c-Si PV laminates as the receiver. The transmitter circuit consists of a func-
tion generator (Agilent 33250A), a custom-made LED driver, and LEDs with a collimator
lens. The receiver circuit comprises PV laminates, a self-made bias driver, a multimeter
(Keithley 2000), and two lock-in amplifiers (EG&G 7260 and EG&G 7225). Both circuits
are connected to a single laptop, which controls and processes the signals using in-house
developed measurement software. It should be noted that all these setup components
have relatively high bandwidth, thus, their contribution to the bandwidth measurement
of PV laminates is negligible.
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Figure 5.5: Bandwidth characterization setup for the VLC system when c-Si PV laminates are used as the
receiver. The bias circuit is developed to set the operating voltage of PV laminates and it imposes a resistive
load Ry in the AC circuit system.

The transmitter circuit

The transmitter circuit essentially controls the operation of the LED light source. The
laptop sends the control signals, encompassing both DC and AC components, to the
function generator. The function generator then relays the requisite composite wave-
form to the LED driver, which modulates the LED to operate in the desired manner. In
this setup, the LED operates in a constant current (CC) mode, which is a preferred ap-
proach for driving high-power LEDs to prevent thermal runaway risks. By maintaining a
constant current, the CC mode also helps ensure a stable light output and reduce chro-
maticity shift [199]. As mentioned in Section 5.2.1, the DC component is set according
to the short-circuit current of PV laminates that changes linearly with the incident ir-
radiance level. Superimposed on this DC baseline is a small sinusoidal AC signal with
a peak-to-peak amplitude (Vy,) of 5 mV, resulting in a light intensity change of around
1 W/m?. The frequency variation ranges from 25 to 250 kHz, where the maximum fre-
quency of this range is determined by the input frequency limit of the lock-in amplifier.
It is worth mentioning that in the current setup, LEDs serve a dual role as both a light
source and a transmitter. In practical scenarios, the solar cells are exposed to ambi-
ent light for electricity generation. Particularly in outdoor applications, the PV modules
are subject to the solar spectrum, which can introduce unexpected noises during data
transmission. In future iterations of the setup, a solar simulator can be incorporated to
provide the PV laminates with consistent exposure to a solar spectrum, while LEDs are
exclusively used for data transmission.

The receiver circuit

The receiver circuit essentially extracts the frequency response signal from the PV lam-
inate outputs. This dynamic behavior of PV laminates is modeled with a small-signal
AC equivalent circuit, as shown in Figure 5.6, with a current source representing the dy-
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Figure 5.6: The small-signal AC equivalent circuit of a PV laminate connected to a load resistance under
illumination [200].

namic photo-generated current i, at a certain time instance. The diode component in
the DC equivalent circuit of solar cells is translated into a combination of capacitor and
dynamic resistor, allowing for a detailed analysis of the dynamic behavior of solar cells
under small-signal AC conditions. Besides the series resistance R and shunt resistance
Ry, of the PV laminates, an additional voltage-dependent internal dynamic resistance
rq is included. The capacitance effect of the PV laminate is modeled with a capacitor
C, and the inductor L represents the inductance due to the PV cell’s metalization and its
interconnection with the load resistance R;y.

During the frequency sweep, the bias driver first sets the operating voltage of the
PV laminates to simulate various levels of power output. The range for adjusting the
operating points is determined from the previous step of I-V measurement, and both
the operating voltage and illumination level are fixed at each frequency sweep, meaning
that the bandwidth is characterized after the PV laminate has reached charge distribu-
tion equilibrium [201, 202]. At each operating voltage, the frequency sweep is performed
where the modulated LED illuminates the PV laminate. In response to the varying light
intensity, the PV laminate shifts its [-V characteristics accordingly. These shifts are rela-
tively subtle, as the amplitude of the AC signal is very small compared to the DC baseline.
Such tiny variations in the PV output are buried in the system noises, therefore, lock-in
amplifiers are employed to extract this small-signal AC information. In this setup, both
the AC PV voltage and current outputs are measured. The AC PV voltage is directly read
with a voltage probe connected to one of the lock-in amplifiers, while the AC PV current
is first converted using a current probe (YOKOGAWA DLM5038) before being fed into
the other lock-in amplifier. For both lock-in amplifiers, the peak-to-peak signal at low
frequency (25 Hz) is adopted as the reference signal (X;.r), and the signal gain at various
modulation frequencies f is calculated by the following equation:

Xout (f)
ref

where X,,;(f) is the peak-to-peak voltage or current signal at each frequency under a
specific operating point. Since PV laminates act as low-pass filters for the received small
light signals, the frequency at -3 db gain (also known as the cut-off frequency f;) with
respect to the global peak is the bandwidth [197]. This measurement enables the deter-
mination of bandwidth for all the PV laminates, which are biased at different operating

Gain(f) =20logyo (5.1)
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points and subject to various LED colors and intensities.

5.3. Methodology

To evaluate the bandwidth accurately, it is important to process and compensate the
measurement data. This adjustment addresses two primary sources of deviation in the
results: the ballast resistance found in the bias driver and the inductance in the system
that causes resonance.

5.3.1. Offset the ballast resistance in bias driver

The bias driver acts as a resistive load to configure the operating point of the PV lam-
inate as introduced in Section 5.2.2. However, this bias driver does not perform as an
ideal variable resistor due to the presence of a fixed one-ohm ballast resistance Ry in se-
ries. While this ballast resistance is essential to stabilize the PV output signal, enabling a
successful measurement, it also deviates the measured bandwidth from the true values.
For a clearer understanding, the bandwidth f; of an RC low-pass filter tailored for this
specific scenario is shown in the equations below:

1
= 2
fe 2nRC (5-2)

where
R=(rg |l Rsp) Il (Rs+ R+ Ry) (5.3)

When the PV laminate operates at high voltages, the load resistance R; dominates the
bias driver resistance, meaning that the impact of R¢ on the measured bandwidth is neg-
ligible. In contrast, at low operating voltages, Ry is comparable with Ry. Thus, its impact
on the measured bandwidth becomes significant, which leads to a reduced bandwidth
according to Equation 5.2. To offset the effect of the additional ballast resistance, the
measured bandwidth needs to be compensated by considering the resistance R’ that ex-
cludes the contribution of Ry. The corrected bandwidth, denoted as f, is calculated by

the following equation:
1

-

fe= 2nR'C
Assuming the capacitance C remains unchanged, this expression can be refined by sub-
stituting Equation 5.2 and becomes:

(5.4)

R
fe= il (5.5)
where
R'=(rq | Ren) Il (Rs + Ry) (5.6)

R is the series resistance of PV laminates extracted by fitting the measured I-V curve with
the double-diode model of PV cells [203]. Ry is the imposed load resistance depending
on the operating point. (r4 || Ry;,) can be obtained from the external dynamic resistance
Rp [204]:

R = Vop/Iop (5.7)
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Rp=AV/AI=(rg | Rs) + Rs (5.8)

where V,, and I, are the voltage and current of the PV laminate at the operating point.
AV /AT s the inverse of the slope of the measured I-V curve at the given operating point.

5.3.2. Include the inductance-induced resonance

The bandwidth obtained by removing the ballast resistance does not account for the
effect of inductance. This inductance mainly comes from the metallization and inter-
connections of PV laminates, with the former playing a dominant role. Its presence can
make the system oscillate, and the frequency at which this oscillation happens is the
resonant frequency, which can be calculated by the following equation:

fr=——+ (5.9

Given that the bandwidth is the first frequency at which the gain drops below -3 dB,
it is important to identify whether this reduction is attributed to the resonant frequency
or the cut-off frequency that occurs first. Failing to identify the actual scenario could
lead to an overestimation of the system bandwidth, especially at low PV operating volt-
ages where the influence of inductance is significant. Under such conditions, the system
bandwidth could be dictated by the resonant frequency, which typically falls below the
corresponding RC circuit cut-off frequency. To adjust for this and determine the band-
width accurately, the correction after considering the inductance-induced resonance is
mainly performed by comparing the bandwidths derived from Equation 5.4 for the cut-
off frequency and Equation 5.9 for the resonant frequency, where the lower of these two
values is selected as the true bandwidth of the PV laminate. This condition can be exclu-
sively expressed in terms of the damping ratio:

1
(<3 (5.10)

Upon determining the inductance, the damping ratio is examined for each frequency
sweep measurement result, and the bandwidth is corrected for the instances that satisfy
the condition. Here, the inductance is considered as independent of the operating volt-
ages, as the change caused by which is negligible [197]. For more information regarding
the determination of the damping ratio condition and the inductance, please refer to 5.6,
an appendix section of this chapter.

5.4. Results and discussion

In this section, the bandwidths of PV laminates under different measurement condi-
tions are presented, focusing on the interplay between two key parameters of the PV
laminates: the operating voltage, indicative of the energy harvesting ability, and the
bandwidth, which reflects the communication performance. The bandwidth can be
measured for both PV current and PV voltage. Here, the voltage bandwidth is primar-
ily explored due to two considerations: first, the voltage bandwidth mirrors the behavior
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of the current bandwidth, and they show close bandwidth results across the measure-
ments; second, using voltage modulation is aligned with practical application, whereas
using current modulation necessitates an additional conversion step from current to
voltage [205].

5.4.1. Bandwidth vs PV operating voltages
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Figure 5.7: Voltage bandwidths of PV laminates with respect to the operating voltages under blue LED at 100
W/m?.

Figure 5.7 shows the voltage bandwidths of PV laminates with respect to various op-
erating voltages (from short-circuit to open-circuit) under blue LED at 100 W/m?. As the
operating voltage increases, a consistent decrease in the bandwidth is observed across all
PVlaminates, and two distinct variation regions are identified. In the low operating volt-
age range (< 350 mV), the bandwidth declines gently with increasing operating voltages,
while it ramps down exponentially in the high operating voltage range. Such behavior
is observed under all measurement conditions, and it can be primarily attributed to the
change in the internal capacitance of PV laminates. Figure 5.8 illustrates the change of
PV capacitance in response to the operating voltage increase. It is evident that in the low
operating voltage range, the PV capacitance exhibits minimal change, indicating a dom-
inant influence of depletion capacitance. As the operating voltage continues to increase,
the diffusion capacitance becomes the primary driver and determines the exponential
increase of the overall capacitance of PV laminates [197, 201]. This result indicates that
the higher PV output power is achieved at the expense of communication bandwidth.
Therefore, a trade-off exists between energy harvesting and communication when PV
cells are used as VLC receivers.

Figure 5.9 shows a comparative summary of the voltage bandwidths of the individual
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Figure 5.8: Capacitance of PV laminates with respect to the operating voltages under blue LED at 100 W/m?.
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Figure 5.9: Voltage bandwidths of PV laminates obtained at low operating voltages and maximum power
points under blue LED at 100 W/m?, represented by blue squares and colored circles, respectively. The circle
color indicates the magnitude of the power density the PV laminate delivers at the maximum power point.
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PV laminates. This comparison includes the bandwidths obtained at the low operating
voltage range (marked by blue squares) and at the maximum power point (indicated by
colored circles). Additionally, the power density that PV laminates deliver at maximum
power point is represented through a color scale with a corresponding color bar. It can
be observed that all PV laminates exhibit a notably higher bandwidth at low operating
voltages, with their values falling within a comparable range (30 kHz to 200 kHz). Partic-
ularly, AlI-BSF(5"), IBC, and TOPCon PV laminates present slightly higher overall band-
width, meaning that they are more advantageous in communication when working at
low operating voltages. In contrast, when the PV laminates are optimized for energy har-
vesting, the bandwidths at the maximum power point scatter across a broad spectrum.
Specifically, Al-BSF(6") and Al-BSF(BF) laminates demonstrate the highest bandwidths
(9.8 kHz and 11.7 kHz, respectively) but are subject to lower power output. Conversely,
with a higher power density, the SHJ PV laminate shows the least favorable communica-
tion performance, with the bandwidth limited to only 0.2 kHz. The PERC laminate out-
performs others in power generation while maintaining a reasonable communication
bandwidth. Meanwhile, it can also be concluded that the bandwidth variation range of
both Al-BSF(6") and Al-BSF(BF) laminates is narrower than that of others in response to
the operating voltage increase. This suggests that they can achieve higher output power
with less compromise in communication performance. The underlying cause of this be-
havior can be attributed to the differences in cell architecture and material properties,
such as wafer dopant concentration, which dictate the dynamic response of PV lami-
nates [197].

5.4.2. Bandwidth vs irradiance levels

Figure 5.10 shows the voltage bandwidth of PERC laminate as a function of the operating
voltages under blue LED at 100, 300, and 500 W/m?. A distinct operating voltage window
with a notable bandwidth difference can be identified where the PERC laminate exhibits
higher bandwidths under higher irradiance levels. Beyond this specified window, the
bandwidths present a marginal difference. This pattern appears to be minimally influ-
enced by the capacitance, as depicted in Figure 5.11a, where the laminate capacitance
shows only a slightly higher response under higher irradiance levels. The primary deter-
mining factor can be attributed to the larger resistance R’ of the laminate under low light
conditions [206]. As demonstrated in Figure 5.11b, the resistance under low irradiance
levels remains constantly higher across the entire operating voltage range, and its im-
pact on the bandwidth is more pronounced at low operating voltages where depletion
capacitance dominates over diffusion capacitance. Meanwhile, the increased resistance
under low-light conditions leads to an overdamped system, resulting in a bandwidth de-
cline at lower operating voltages. For instance, the bandwidth of PERC laminate begins
to decrease at 150 mV under 100 W/m?, in contrast to 300 mV under 300 W/m?2. There-
fore, it can be concluded that the irradiance level has minimal impact on the commu-
nication performance when the solar laminate is working at the maximum power point
for optimized energy harvesting, but a higher irradiance level is preferred when the so-
lar laminate is operating at voltages below the MPP yet distant from the short-circuit
condition due to better communication performance. Figure 5.12 presents the voltage
bandwidth of the remaining PV laminates changing with the operating voltages under
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Figure 5.10: Voltage bandwidths of PERC laminate with respect to the operating voltages, measured under
blue LED at 100, 300, and 500 W/m?.

different irradiance levels, and a similar trend is observed. It is worth noting that Al-
BSF(6"), Al-BSF(BF), and SHJ PV laminates are only measured up to 300 W/m? due to
the heat dissipation capacity of the bias driver. Similar conclusions can be drawn for
other LED colors under the same measurement conditions, suggesting that the impact
of light intensity on the communication performance of solar laminates under test is
independent of the LED colors.

5.4.3. Bandwidth vs LED colors

In fact, the effect of LED color on the communication performance of PV laminates is
found to be minimal, as depicted in Figure 5.13 where the voltage bandwidth of PERC
laminate presents a consistent response across the entire operating voltage range un-
der blue, green, and red LEDs configured at 100 and 300 W/m?. Although the blue LED
marginally outperforms the red LED in the low operating voltage range under 100 W/m?
illumination, the variance is relatively minor. At the maximum power point, the band-
widths are nearly the same with negligible difference. Moreover, as the irradiance level
increases, the difference in bandwidth becomes even more insignificant. This trend is
consistently observed for all the other PV laminates, as shown in Figure 5.14. Therefore,
from the receiver’s perspective, the color of the light source appears to have a limited im-
pact on the communication performance. This uniformity can be advantageous to the
integration of wavelength division multiplexing (WDM) with LEDs, ensuring that none
of the channels will become a bottleneck. The consistent bandwidth performance across
the RGB colors also simplifies the color filter design when multiple PV cells are used for
signal separation and demodulation [207]. However, when considering the efficiency of
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Figure 5.11: a) The capacitance of PERC laminate changing with the operating voltage under blue LED at 100,
300, and 500 W/m?; b) The resistance R’ of PERC laminate changing with the operating voltage under blue
LED at 100, 300, and 500 W/m?.

LEDs, using blue LEDs is found to be more advantageous due to their higher energy ef-
ficiency [208]. In other words, blue LEDs in a PV-based VLC system would consume less
energy than red LEDs to achieve comparable levels of communication performance and
energy harvesting. Red LED, by contrast, is preferred in the system where relatively long-
distance communication is required due to less atmospheric attenuation while traveling
[209].

5.4.4. Bandwidth vs architecture of commercial c-Si PV cells

The architectural impact of PV cells on bandwidth can be investigated through the bulk
doping concentration and the metallization design. These properties are crucial in de-
termining the capacitance and resistance of tested PV cells, particularly given that their
available information is limited. Figure 5.15 shows the voltage bandwidth of PV lami-
nates at both the short-circuit condition and the maximum power point under blue LED
at 300 W/m?. The PV laminates along the X axis are reorganized to incorporate the mag-
nitude of doping concentration, where from left to right, it increases from the lowest
(Al-BSF(5”)) to the highest (PERC). Under the short-circuit condition (indicated by blue
circles), higher doping concentrations tend to result in lower bandwidths. This effect is
primarily attributed to the increased depletion capacitance associated with heavier dop-
ing profiles. Notably, two outliers are observed, where PV laminates IBC and Al-BSF(BF)
exhibit significantly higher or lower bandwidths compared to adjacent cases. This be-
havior can result from the difference in series resistance as shown in Figure 5.16. With
nearly identical doping concentrations, the series resistance of IBC laminate is half that
of the Al-BSF(5”) laminate owing to its optimized metallization layout, which leads to a
higher bandwidth. Although the series resistance of TOPCon is even lower than that of
IBC laminate, its doping concentration is one order of magnitude higher than that of the
latter, resulting in a higher depletion capacitance and thereby bringing down the band-
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Figure 5.12: Voltage bandwidth of the remaining PV laminates as a function of operating voltage under blue
LED at 100, 300, and 500 W/m?.
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Figure 5.13: Voltage bandwidth of PERC PV laminate under blue, green, and red LEDs at 100 and 300 W/m?.

width. This mechanism also applies to SHJ, Al-BSF(BF), and Al-BSF(6”) PV laminates.
Therefore, for VLC applications under short-circuit conditions, it is preferred to use PV
laminates with lower doping concentration and lower series resistance achieved from an
optimal metallization design.

The bandwidths at the MPP of each PV laminate (indicated by red hexagrams) do
not show a clear trend as the doping concentration increases. This variability happens
because the PV laminates are biased at their own MPP voltage, which differs from cell
to cell. These varying voltages can significantly alter the diffusion capacitance and over-
all resistance, leading to irregular bandwidth results observed in Figure 5.15. To provide
a more insightful comparison among PV laminates, Figure 5.17 plots the bandwidths
of PV laminates with each color bar representing the bandwidths at operating voltages
from 450 to 550 mV displayed from top to bottom. The bandwidths at 475 mV are con-
nected by a black line. Unlike the results at MPP, the bandwidths of PV laminates under
the same bias voltages present a more obvious pattern. Within the high operating volt-
age range, the bandwidth tends to be higher for the PV laminates with higher doping
concentrations. This effect is mainly due to the lower diffusion capacitance of the PV
laminates with higher doping concentrations. Opposite to the short-circuit conditions
where higher doping concentration results in increased depletion capacitance, the dif-
fusion capacitance under high operating voltage range is reversely associated with the
doping concentration; in other words, higher doping concentration leads to lower diffu-
sion capacitance [197]. Notably, TOPCon PV laminate shows higher bandwidth because
its series resistance is much lower than that of SHJ despite having a close doping concen-
tration. Therefore, for VLC applications around MPD it is preferable to use PV laminates
with high doping concentration and low series resistance.

Based on the above observations, optimizing the metallization design for a lower se-
ries resistance is clearly beneficial for both energy harvesting and communication. Since
PV cells typically operate at MPP to maximize their energy production, increasing the
doping concentration is advantageous to achieve a higher bandwidth around MPP, pro-
vided it does not adversely affect the conversion efficiency of PV cells. In theory, PV
modules composed of these PV cells should maintain the same bandwidth because con-




116

5. Multi-functional PV demonstrator

10° 10°
= 10 = 104
k= =
=2 =2
£10° Z10°
g g
m m
10 E[-—Blue 10 f[-=—Blue
—o—Green —=—Green
—e—Red —=—Red
0 200 400 600 0 200 400 600
Operating Voltage [mV] Operating Voltage [mV]
AL-BSF (5" AL-BSF (6")
J : : : : :
10° 10°
= 10 = 10
k= k=
=2 =2
Z10° Z10°
g g
m m
10% {[-4-Blue 3 10% {[~4—Blue
—4—Green —o—Green
—4—Red ——Red
0 200 400 600 0 200 400 600
Operating Voltage [mV] Operating Voltage [mV]
IBC AL-BSF (BF)
10° 10°
= 104 = 104
k= k=
= =2
10 Z10°
< <
= =
10 f[~—Blue 10? f[-*—Blue
—=—Green —+—Green
——Red —*—Red
0 200 400 600 0 200 400 600
Operating Voltage [mV] Operating Voltage [mV]
TOPCon SHJ

Figure 5.14: Voltage bandwidths of the remaining PV laminates as a function of the operating voltage under
blue, green, and red LEDs at 100 W/ m?. The outlier in SHJ PV laminate at 600 mV could result from
measurement error.
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Figure 5.16: Series resistance and doping concentration of PV laminates, where the series resistance is
extracted from the I-V measurement under blue LED at 300 W/m?2. The doping concentration of PV laminates
increases from left to right, where Al-BSF(5”) has the lowest doping concentration and PERC has the highest.
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necting the cells in series proportionally reduces the overall capacitance and increases
the overall resistance, which effectively cancels out their individual impact on the band-
width. However, the additional metallization required for the cell interconnection and
the junction box can introduce extra resistance to the system, which could eventually
lead to a lower bandwidth at the module level.
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Figure 5.17: Bandwidths of PV laminates with each color bar representing the bandwidths at operating
voltages from 450 to 550 mV displayed from top to bottom. The bandwidths at 475 mV are connected by a
black line, and it shows an ascending trend as the doping concentration increases from left to right, where

Al-BSF(5”) has the lowest doping concentration and PERC has the highest.

5.4.5. Trade-off between energy harvesting and communication
To get a better insight into the trade-off between energy harvesting and communication
in a PV-based VLC system, Figure 5.18 illustrates the relationship between the band-
width of PV laminates and their power output under the given illumination conditions.
This reaffirms that the improvement in communication performance often comes at the
expense of reduced power output. Notably, the bandwidth response of Al-BSF(6") and
Al-BSF(BF) PV laminates is more resilient to the increase in output power, implying that
achieving comparable increases in the ratio of output power requires relatively smaller
sacrifice in the bandwidth. In contrast, the SHJ PV laminate exhibits the least favorable
bandwidth response against the output power. As compared in Figure 5.19, the SHJ PV
laminate experiences a significant power decrease to achieve a bandwidth of 70 kHz,
losing 40% of its maximum power output. Meanwhile, AI-BSF(5") and Al-BSF(BF) PV
laminates are able to retain nearly 80% of their maximum power output when operating
under similar bandwidth. This makes them the most suitable c-Si PV cell architecture in
the VLC system in terms of individual trade-off between energy harvesting and commu-
nication, that is, when the system is optimized for its overall communication stability.
Given the tradeoff between energy harvesting and communication, that is, maximiz-
ing energy harvesting comes at the expense of communication performance and vice
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Figure 5.20: The EnCE for tested PV laminates under blue LED at 300 W/m?. The color bar denotes the scale
of power density, and the size of the circle represents the scale of normalized bandwidth.

Table 5.3: Bandwidth and power density of all PV laminates at Pareto optimality, along with their normalized
power density (nPD) and normalized bandwidth (nB).

PV Laminate Bandwidth Power Density nB nPD

[-] [kHz] [mW/cm?] [-] [-]
Al-BSF(5") 132.5 3.5 0.51 0.55
Al-BSE(6") 97.9 3.5 0.38 0.56
Al-BSF(BF) 91.4 3.5 0.35 0.55

IBC 180.6 2.5 0.69 0.40
PERC 103.0 2.9 0.39 0.46
SH]J 112.7 2.7 0.43 043

TOPCon 148.2 4.1 0.56 0.65
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versa, the Pareto optimality emerges as a compelling indicator to assess the overall per-
formance of PV-based VLC systems [210]. This concept provides valuable insights into
the solution that represents the best possible compromise between conflicting objec-
tives, where in the context of a PV-based VLC system, this solution reveals the optimal
tradeoffs. A novel parameter, Energy-Communication Efficiency (EnCE), is introduced
to identify the Pareto optimality. This parameter essentially is the product of normal-
ized power density (nPD) and normalized bandwidth (nB), each calculated against the
maximum power density (6.3 mW/ c¢m?) and bandwidth (261 kHz) recorded among all
PV laminates. Figure 5.20 shows the EnCE of the PV laminates, with their nPD denoted
by the color bar and nB indicated by the size of the circles. Clearly, the tradeoff between
energy harvesting and communication is evident, where lighter colors are accompanied
by smaller circle sizes. Higher EnCEs are typically observed at moderate levels of nPD
and nB. Among all the tested PV technologies, the TOPCon PV laminate outperforms by
delivering the best EnCE, followed by the Al-BSF(5") and IBC laminates with a compa-
rable overall performance. This finding signifies that TOPCon offers the most balanced
solution between the competing objectives within a PV-based VLC system, making it the
most preferred choice among all available alternatives when the system is designed for
Pareto optimality. The absolute power density and bandwidth for each PV laminate at
the Pareto optimality are listed in Table 5.3.

5.5. Conclusions

In this chapter, the dynamic performance of seven commercial c-Si PV laminates used as
receivers in the VLC link is investigated. These laminates include various architectures:
Al-BSF(5"), Al-BSF(6"), Al-BSF(BF), IBC, PERC, SHJ, and TOPCon. The measurements
are conducted under three LED colors (blue, green, and red) configured at three different
irradiance levels (100, 300, and 500 W/m?). For each lighting condition, the PV laminate
is biased at various operating voltages spanning from short-circuit to open-circuit. At
each operating voltage, the frequency sweep is performed by superimposing a small AC
signal (ranging from 25 to 250 kHz) onto the constant DC signal of the LED light source
to characterize the bandwidth of each PV laminate.

The measurement results indicate that the operating voltage of PV laminates signif-
icantly impacts their bandwidth. Increasing the operating voltage leads to decreased
bandwidth, and two distinct variation ranges are identified. In the low operating volt-
age range, where the depletion capacitance is the controlling factor, the bandwidth de-
creases gradually with increasing voltage. Conversely, in the high operating voltage range,
the bandwidth variation is primarily dominated by the diffusion capacitance, which
changes exponentially with rising voltage. Given that the operating voltage also deter-
mines the output power of the PV laminate, it becomes apparent that achieving high
bandwidth and maximizing power production are conflicting objectives. Therefore, a
trade-off exists between energy harvesting and data transmission when PV cells are used
as VLC receivers.

The second key observation reveals that the irradiance level also influences the band-
width of PV laminates, where the dominant mechanism is the larger resistance R’ of the
PV laminate under low-light conditions. This effect is more noticeable in the low op-
erating voltage range, where the impact of depletion capacitance on the bandwidth is
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relatively minor compared to the increased resistance under low-light conditions. How-
ever, at higher operating voltages, the bandwidth is predominantly determined by the
diffusion capacitance, and the effect of increased resistance under low-light conditions
becomes less significant. Therefore, higher irradiance levels are more beneficial for com-
munication when the PV laminate is operating at lower voltages. In contrast, when the
PV laminate is working at its maximum power point, the impact of irradiance level on
the communication performance is minor. The LED color has a marginal influence on
the bandwidth of PV laminates across the entire operating voltage range and irradiance
levels. This consistent bandwidth performance is advantageous to the WDM integration
with LEDs and simplifies the color filter design for signal separation and demodulation
with multiple PV cells. Depending on the application-specific requirements, using blue
LED is more energy-efficient, while red LED enables relatively longer-distance commu-
nication.

Among the various tested PV laminates, Al-BSF(5") and Al-BSF(BF) demonstrate the
least bandwidth fluctuation as the output power increases to the MPP in a VLC system,
while TOPCon PV laminate emerges as the best candidate when the system is designed
for the Pareto optimality between energy harvesting and communication. The impact of
the architecture of the commercial c-Si PV laminates can be mainly attributed to the bulk
doping concentration and the metallization design. Optimizing the metallization design
to reduce the resistance benefits both energy production and communication. Higher
doping concentration increases the depletion capacitance, leading to alower bandwidth
when the PV laminates are biased at low operating voltages. However, at higher operat-
ing voltages, including those around MPP, the diffusion capacitance that decreases with
increased doping concentration dictates, resulting in a higher bandwidth. Therefore, a
higher bulk doping concentration is preferred as long as it does not adversely affect the
conversion efficiency of PV cells, since they are expected to operate at MPP to maxi-
mize energy harvesting. Future studies could focus on the optimization of parameters of
doping concentration and metallization design to enhance both energy harvesting and
communication.

5.6. Appendix: Determination of damping ratio condition and

inductance

The equation for resonant frequency calculation is given in Equation 5.9. At lower op-
erating voltages, the capacitance of the PV laminate is primarily determined by the de-
pletion capacitance, which is relatively small in magnitude compared to the diffusion
capacitance encountered at higher operating voltages. Therefore, the inductance effect
becomes more pronounced at these lower PV operating voltages, leading to an under-
damped system. As the PV operating voltage increases, both the capacitance and load
resistance of the PV laminate system increase, leading to a higher damping ratio given
by the Equation 5.11:
_ R JC

¢ VI (5.11)

Figure 5.21 exemplifies this behavior, showcasing the system with constant induc-
tance (L = 10 nH) but subject to different resistance and capacitance. The blue curve
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Figure 5.21: The logarithmically scaled frequency response of an equivalent RLC low-pass filter circuit,
illustrating scenarios with low and high PV operating voltages. The responses are depicted by the blue curve
(low PV voltage) and the red curve (high PV voltage), respectively. The increased resistance and capacitance at
high PV voltages overdamped the system, and the frequency response of this system can be effectively
modeled by an equivalent RC circuit.

depicts an underdamped system when the PV laminate is working at low voltages (R’ =
5 mOhm, C =1 uF), while the red curve shows the case of an overdamped system at el-
evated PV voltages (R’ = 20 mOhm, C = 100 uF). With resistance and capacitance being
the dominant components, the system transitions from underdamped ({ < 1) to over-
damped ({ > 1) as the PV voltage increases, and the oscillatory response diminishes.
Consequently, the frequency response closely resembles an RC low-pass filter, and the
system bandwidth decreases from 0.5 MHz to 0.1 MHz. This phenomenon suggests that
the RLC frequency response of the PV laminate, particularly under high operating volt-
ages, can be effectively approximated by an equivalent RC circuit, and its bandwidth can
be readily determined using Equation 5.5.

The correction after considering the inductance-induced resonance is mainly per-
formed by comparing the bandwidths derived from equations for the cut-off frequency
and for the resonant frequency, where the lower of these two values is selected as the
true bandwidth of the PV laminate:

1 1
_—< — 5.12
270V LC 2nR'C ( )
This condition can be further refined and becomes:
R < L (5.13)
e .

where the capacitance C is obtained from Equations 5.2 and 5.3, and the resistance R’
is calculated from Equation 5.6. By incorporating Equation 5.11, the condition can be
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exclusively expressed in terms of the damping ratio:
(< L (5.14)
5 .

To determine the inductance L, the PV laminate is first short-circuited with a wire on
which the voltage drop V. is measured. The frequency sweep is then performed, and
the resonant frequency fsyor; is extracted. After that, the PV laminate is disconnected
from the wire and reconnected to the bias driver, which is adjusted to replicate the same
voltage drop Vy;,. across the PV laminate. A second frequency sweep is then performed
to extract the cut-off frequency, which is used to obtain the capacitance Cyj 4, ;. Assum-
ing a constant capacitance and inductance across both measurements, the inductance
can be derived by:
1

=— (5.15)
47[2f32h0rZC3h0”



Conclusion and outlook

6.1. Conclusions

The first part of this dissertation focused on developing a simulation framework that
enabled large-scale solar photovoltaic (PV) potential assessment in the urban environ-
ment. This innovative simulation framework, presented in Chapter 2, used freely avail-
able light detection and ranging (LiDAR) data and building footprints to generate multi-
ple geo-referenced outputs that supported urban PV planning. These outputs included:

» Highly refined and precise 3D building models based on LiDAR data.

e Annual solar irradiation maps for building envelopes, capturing spatial variations
in solar exposure on roofs and facades.

¢ Optimized rooftop PV system layout, considering a maximum feasible module fit-
ting scenario. Particularly for flat roofs, three mounting configurations (landscape,
portrait, and dual-tilt) were examined to optimize energy utilization.

e Annual DC and AC yield of the installed rooftop PV systems, accounting for both
external shading caused by the surrounding environment and mutual shadings
among PV modules.

* Roof classifications based on the specific yield of installed PV systems, prioritizing
PV integration on the most economically viable buildings.

When assessing DC and AC yields for facades, the open/closed ratio was derived from
Google Street View images. In this approach, walls were considered as closed surfaces
and were assumed to generate 100% of the computed energy yield, whereas windows
were considered as open surfaces and contributed 10%. To demonstrate the applicability
of this framework, a case study was conducted on all buildings of the TU Delft campus.
The simulation results revealed a total PV potential of 8.1 GWh/year from rooftop and
facade installations, offering valuable insights to guide campus PV integration to achieve
sustainability goals.

125
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The second part of this dissertation focused on the social and climate impacts of ur-
ban PV deployment. Specifically, Chapter 3 presented a geographic information system
(GIS) based large-scale visibility assessment tool designed to quantify the roof visibil-
ity for PV planning. This tool required an additional road network input to represent
the public domain and performed line-of-sight (LOS) assessments between roof surface
points and hypothetical observers within that domain. Observers were represented by
points along the road at a 1.7-meter height, incorporating the average eye height. The
tool delivered multiple outputs, including:

¢ Roof binary visibility map, indicating if roof points are visible (1) or obscured (0)
from the public domain.

¢ Roof visual amplitude (VA) map, quantifying the visual amplitude of roof cells rel-
ative to the public domain.

¢ PV module AC yield map, showing the potential rooftop PV system layout and cor-
responding annual energy production.

¢ PV module visibility map, categorizing PV module visibility into low, medium, and
high categories.

To enhance computational efficiency, the tool incorporated optimization techniques
such as parallel computing, hemisphere filtering, and adaptive LOS target selection. Ad-
ditionally, each individual roof surface was optimized in terms of assessment range (ra-
dius of the area in which the visibility assessment was performed) and observer spacing
(the distance between the observer points along roads). This simulation tool assisted in
the multi-criteria decision-making process for urban roof PV planning.

Further, the impacts of urban PV deployment on the climate were approached by as-
sessing its influence on the Earth’s energy balance. Chapter 4 presented a novel set of
numerical and analytical frameworks to quantify the radiative forcing (RF) effects asso-
ciated with urban rooftop PV integration. It leveraged LiDAR data and geo-referenced
material maps to accurately determine both the albedo reduction and annual PV elec-
tricity generation. Therefore, this cross-disciplinary work quantified the dual RF effects
of urban PV integration:

¢ Enhanced positive RF from reduced albedo.

¢ Compensatory negative RF from the lowered CO, emission due to the replacement
of fossil fuel with solar energy.

The workflow was executed on the entire city of Delft, and the albedo results were val-
idated with MODIS MCD43A satellite products, where 90% of investigated coordinates
lay in a deviation range of +0.03, indicating high reliability of the proposed method-
ology. The simulation results revealed that the negative RF can offset the positive RF
within approximately forty days when fully integrating the rooftops in Delft with PV, as-
suming a grid carbon emission intensity of 437 g CO2-eq/kWh. This demonstrates a
rapid payback time considering the typical lifespan of PV modules (25 to 30 years). In
a future scenario where electricity generation is predominantly based on renewables —
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and the grid’s carbon intensity approaches that of current c-Si PV modules - the equilib-
rium time for a fully integrated rooftop PV system in Delft extends significantly, reach-
ing 1548.5 days and 623.1 days under the 13 g and 30 g CO,-eq/kWh scenarios, respec-
tively. As the energy system becomes more sustainable and PV manufacturing emissions
continue to decrease through technological advancements, the relative contribution of
albedo-induced positive radiative forcing to net climate impact will become increasingly
significant. This highlights the necessity to account for albedo effects in future life cycle
assessments (LCA) of PV technologies to more accurately evaluate their global warming
mitigation potential.

Finally, the third part of this work focused on exploring the dual functionality of lam-
inated crystalline silicon (c-Si) PV cells for simultaneous energy harvesting and data re-
ceiving in the visible light communication (VLC) system. Seven different c-Si architec-
tures were studied by characterizing their bandwidth as data receivers across a voltage
range from short-circuit to open-circuit under three light-emitting diode (LED) colors
configured at three different irradiance levels. The key observations were:

¢ Increasing the voltage reduced bandwidth, first decreasing gradually and then ex-
periencing an exponential drop. Since operating voltage also determined power
output, a trade-off existed between energy harvesting and data transmission when
PV cells function as VLC receiver.

e Higher plane-of-array (POA) irradiance enhanced communication when the PV
laminate was operating at lower voltages but had negligible influence at the maxi-
mum power point (MPP).

e The LED color had little influence on the bandwidth of PV laminates across the
operating voltage range and irradiance levels.

e The impact of PV cell architecture on bandwidth was mainly due to bulk dop-
ing concentration and metallization design. Higher doping reduced bandwidth
at short circuit but increased it at higher operating voltages.

Among the tested architectures, the highest bandwidth was 215 kHz for Al-BSF(5”) un-
der short-circuit, while the lowest was 0.1 kHz for SHJ at MPP. Al-BSF cells exhibited the
best communication stability from 100 kHz to 10 kHz, while SHJ showed the worst from
100 kHz to 0.1 kHz. TOPCon demonstrated the optimal balance between energy har-
vesting and communication for Pareto optimality. This systematic study enhanced the
understanding of the fundamental interaction between light source and PV cells in the
context of VLC, offering valuable insights in advancing the integration of PV cells in the
urban environment for both energy harvesting and communication.

6.2. Outlook

While this work addresses the challenges of urban PV deployment from various perspec-
tives through simulation models and experimental approaches, considerable opportu-
nities remain for further research and investigation. This section outlines potential ad-
vancements that future researchers can explore to enhance urban PV integration.
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* Employing up-to-date input dataset with higher quality: As mentioned in Sec-
tion 2.2.2, the LiDAR data for the TU Delft campus used in the analysis was col-
lected in 2014. Consequently, any structural or environmental changes post-2014,
such as rapid vegetation growth or significant renovations on campus building
roofs, are not reflected in this dataset. These exclusions can lead to discrepan-
cies in the results, particularly if previously available surfaces have become un-
suitable for PV installation due to new obstructions. The resolution of the AHN3
dataset offers about 6-10 points per square meter, with over 99.7% of the points
having an accuracy within 20 cm. Such a density is insufficient to reliably detect
smaller, lower-profile rooftop features, which are critical for accurate panel fitting.
Fortunately, a new LiDAR dataset for the entire Netherlands (AHN5) is under on-
going collection and will be fully released soon. This updated dataset provides
an improved point density of a minimum of 10 points per square meter, enabling
the generation of a higher-resolution digital surface model (DSM) [211]. Although
the height accuracy remains consistent with the previous version, this enhanced
DSM can still offer a noticeable increase in the accuracy of the results produced
by the workflow presented in Chapter 2, thanks to a more detailed representation
of the urban environment. Moreover, the current algorithm assumes trees to be
opaque due to the nature of the AHN3 dataset, but in reality, sunlight can pene-
trate through foliage, particularly in winter when trees are largely leafless, thereby
potentially increasing light exposure on PV module surfaces and enhancing power
output. This discrepancy between modeled and actual tree opacity needs to be ad-
dressed to improve yield predictions. This can be achieved through detailed veg-
etation modeling or by applying rigid scaling to tree sections in the skyline profile
to refine sky view factor (SVF) calculation.

¢ Curving slope modeling and automated PV yield mapping: Curving slopes of
buildings are represented by polygonal surfaces in the current models. This ap-
proximation replaces continuous curvature with multiple polygons, each defined
by its own normal vector. While increasing the number of polygons can more ac-
curately replicate curving slopes, excessively small polygons may not accommo-
date PV modules, resulting in no feasible panel fitting results. Meanwhile, the
reconstruction of 3D building models still remains semi-automatic, and to our
knowledge, several research groups are actively developing techniques for auto-
matic 3D building model reconstruction from LiDAR data [212-214]. One of the
most promising collaborations will involve the 3D BAG dataset, which provides
automatically-generated building models for the entire Netherlands to the LoD 2.2
based on LiDAR and building footprints. Instead of using the off-the-shelf build-
ing models, the solar PV potential simulation can be integrated directly between
the plane detection and building model reconstruction steps. This integration can
bypass the noises from the reconstructed building models as presented in Chapter
2, and allow various levels of solar PV potential maps to be computed and overlaid
onto the building models.

¢ Improvement in the public domain representation: In the visibility study of roof
PV modules, the public domain is defined by a finite set of observer points gener-
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ated from road networks, implying a one-dimensional representation. However,
in reality, roads have a width dimension, and individuals standing at different po-
sitions on an identical road may lead to a different binary visibility result relative to
the roof surface. Meanwhile, open spaces such as parks and squares cannot be ac-
curately defined within the public domain because people can freely roam around
such places. Therefore, exploring the possibility of using a 2D representation (such
as polygons) to define the public domain and perform visibility assessments based
on the grid generated from this representation is necessary. A sensitivity analysis
should be performed to determine the optimal grid density of the public domain,
achieving a balance between computational time and result accuracy.

¢ Improvement in the human traversal model: Observer points in the public do-
main are assumed to have equal weight, which may not accurately reflect real-
world conditions. Streets with higher traffic, such as those near tourist attractions,
are bound to have greater significance compared to the less-traveled ones. There-
fore, to create a more realistic representation, it is necessary to incorporate an ad-
ditional weight dimension for observer points by integrating human behavioral
models and traffic data, thereby accounting for the varying importance of differ-
ent locations in the public domain.

* Improvement in the roof material information and integrability of PV: Materials
can influence the visual contrast between the PV modules and their background.
The current analysis assumes an infinite visual contrast, which does not accurately
reflect real-world outdoor urban environments. Integrating the material informa-
tion into the large-scale LiDAR data allows for a roof-specific visual contrast identi-
fication, thereby enhancing the robustness of visibility assessment results. Mean-
while, incorporating detailed material properties improves the accuracy of albedo
simulations by providing more realistic reflectivity values as input. The material
classification in the Ecosystem Unit Map consists of thirty-one key units, which
are further simplified into ten material classes for the application of this study.
While this reduction facilitates large-scale albedo analysis, it does not fully reflect
the complexity of real-world surface materials. The simplified reflectivity classifi-
cation can lead to deviations in albedo simulation results. Future studies would
benefit from employing more recent and higher-resolution material maps, along
with a more comprehensive and representative material reflectance database to
improve model accuracy and relevance. Moreover, this work does not consider
the integrability of PV in building envelopes. For instance, the analysis omits con-
siderations such as roof load capacity, potentially leading to an overestimation of
roof PV potential. The performance trade-offs, such as power reduction associated
with colored PV, can also be integrated into the current workflow. As the produc-
tion of commercial colored PV modules matures within the PV community, these
modeling frameworks can be further refined to enhance their practical applicabil-
ity and accuracy.

* Local and regional albedo monitoring: Expanding the albedo modeling frame-
work to capture local and regional albedo variations has broader applications.
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Locally, albedo simulation helps assessing and predicting urban heat island ef-
fects caused by morphological changes, providing urban planners with insights
for designing more sustainable and healthier cities. Additionally, understanding
local albedo improves knowledge of surface energy balance, which directly influ-
ences soil temperature — an essential factor in agriculture and soil carbon stor-
age. As discussed in Chapter 4, albedo is linked to global warming. Simulating
albedo variation on a regional scale can help quantify each country’s contribu-
tion to global warming due to morphology-induced albedo reductions. Addition-
ally, albedo variations affect global and mesoscale climate patterns, making albedo
monitoring valuable for improving meteorological analysis and weather forecast-
ing. To enable these applications, the current albedo model shall be adapted to
account for both sky view factors and ground view factors considering the influ-
ence of surrounding structures. For instance, the local albedo of an open field
enclosed by buildings should include the view factors and material reflectances of
building facades to deliver accurate and representative albedo simulation results.

Incoporate cloud dynamics and tilted PV to albedo simulation: The dynamic be-
havior of moving clouds is not sufficiently accounted for in the albedo simula-
tion framework. Overcast conditions are represented by a fully cloudy scenario,
where all DSM pixels are assumed to be shaded. However, in reality, cloud cov-
erage sometimes is partial and variable, which casts shadows on only sections of
the terrain. This limitation may introduce inaccuracies, particularly during noon
hours when solar irradiance is relatively high. Future efforts can be made to incor-
porate cloud information to refine the hourly shading profiles of each DSM pixel.
This could be achieved by either employing sky images that track the movement of
clouds or by incorporating a cloud coverage probability factor based on the local
meteorological cloud maps. Meanwhile, PV tilt in the current simulation frame-
work is inherited directly from the roof geometry derived from the DSM, meaning
that PV panels adopt the existing roof tilt and orientation. In practice, however, PV
panels are often installed at certain tilt and orientation on flat roofs to optimize
energy throughput. These tilted PV panels have different sky view factors and can
exhibit different radiative behaviors compared to flat-mounted PV panels. Future
work can explore the influence of tilted PV panels on both albedo and net radiative
forcing.

PV-based VLC experimental setup with individual ambient light source: The
LED light source was used for both energy harvesting and communication in this
work. Future investigations into the impact of irradiance levels on communication
performance in an outdoor environment could be conducted using a system with
individual light sources, where one only serves as the background light for energy
production, and the other is dedicated to communication.

¢ VLC study with commercial PV modules: At the module level, the impact of ca-

pacitance and resistance on the bandwidth due to the interconnection of cells
should be balanced out, but the additional metallization and the junction box
can introduce unwanted extra resistance, potentially degrading communication
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performance. Future studies could investigate the influence of module fabrica-
tion on bandwidth to address these potential issues. Moreover, PV modules under
operation are often subject to non-uniform illumination, such as partial shading,
leading to cells working at different operating points. Future studies could inves-
tigate this intra-module non-uniformity on the communication bandwidth of PV
modules and explore novel approaches to deal with this issue, such as innovative
design of electrical circuits within the PV module.
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