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ABSTRACT

The environmental performance of urban neighbourhoods is a crucial indicator to measure the sustainabilit
of the built urban form, especially as citiesifi@ceased urbanisation and densified development. With
new construction contributing significantly to global carbon emissions, there is a need to understand hov
introducingmodifications in the urban forwha neighbourhoockn affect its environmental performance.

This research addresses this need by developing a Planning Support System workflow tenaédkishgcision

in urban planningroblems by analysig and visualisingnvironmental performanes the scale of a
neighbourhoogspecifically the performancetioérmal comfort and solar energy poteintdicators It

explores the relationshopurban form and the selected indicatbr&nnualSolar Potentiader rooftop
andPhysiological Equivalent Temperatnde utiising freely available 3D geoinformation data of the
Netherlands. It develops simplified workflows using establishats@ng opesource 3D software that

can bautilisedby smaller municipalities with resource constraints, thus removing barrietattot&3ed
datadriven decisiomaking for sustainable and informed urban planning.

The fist workflow ulises ClodCompare taise AHNpoint clouds to reate DBs d the selected sit

Using thedeveloped QGIS toolbox for solar potential estimatiiffierent built form configurations are

tested on different dates for estimating the variation in rooftop solar pdtelmi@lwith the literature

review, the resultemonstrate thahadowing due to tall buildimgduces the solar irradiance of rooftops
immediately adjacent to the newly introduced tall buildtigégver, the estimated solar potential of the
neighbourhood increases due to the addition of the new roof platesy Sisimigrihe developed PET
estimatiormodel in QGIS, the wind flointensities are modelled as well as the mean radiant temperature.
The results for the PET analysis demonstrate the contribution of blocking of airflow to increasing the
estimated PET whileban shadowing is seen to decrease PET. In line with literature, the effects of building
orientation, shadowing and obstructing wind flow are visible in the results.

Analysing the results further shows the nature of changes in the predicted environmental performance &
the neighbourhoodi/hile some rooftops are noted to lose the solar potential of their rooftops, the
neighbourhood reports an increasean value of annual yield, reinforcing the benefits of energy sharing
using a hypdocal grid to counter the negative effects brought in by introducing tall bdiltitegPET

reports an increase due to blocking of airflow, the same buildings cause shadowingsthétenTra

comfort in another area. Thugroducing tall buildingsseen to havet only have negative repercussions

and can benefit a neighbourhood when planned thoughtfuity addition witrothersupporting plans.
Thefinalworkflow is to view the results of the analyssCesiurdbasedvebenvironment, allowing for

sharing of the model to potential stakeholders with the expectation that it will spur more interest in citizen

engagement and comprehension ofabelts.

Keywords: Environment&erformance, Urban FormlDAR, Solar Potential,hermalComfort, Open
Sourcesoftwarethe Netherlands
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PLANNING SUPPORT WORKFLOW FOR AIDINEASERMESIGN DECISIONS TO BALANCE ENVIRONMENTAL PERFORMANCE

1. INTRODUCTION

1.1. Background

The built form and pattern of urban areas have significant part to play in the environmental performance
of the neighbourhoo@ussawar et al., 2023)ven thathe constructionndustrycontributeover a third

of the total global carbon emissi¢man Oostrom, 2022and urbanisation and densification of cities
continue unabated, it is necessary to understaeffetttof modifying urban forsin a neighbourhood

on its environmental performance. As the scale of action shifts from policy at global level to action at a loca
level, municipalities are how charged with creating action plans within the realms of the national anc
international polic{Salter et al., 202@cknowledging the critical role of eatige decisiamaking in
influencing urban fornfMéndez Echenagucia et al., 20aB)l consequentiyn its environmental
performance, there is a need for a Planning SugysteimNorkflow that facilitates informed decision

making in planning projects with the objectivenafysingnvironmental performanoéthe built form
decisiongs a contribution to sustainability at a local scale.

To address the ongoing housing crisis and meet the growing demand for housirtestdetherlands

it is essential to build more hougesis, 2023)As cities do not wish to expand beyibraik limits nto
agricultural areagensification within city limits is an alternative option for accommodating new housing
stock(Broitman & Koomen, 2013)Vith this context of the need of new residential spaces to be built,
preferably as urban densification, there arises a need to ensuredheing or regulatii@hackrinsly

& Capeluto, 2020ew and different built morphology does not severely impair the environmental
performance of the existing neighbourhood

The causal effect of urban form on environmental performance in térhesrofl Comforand Solar
Energy Potential, amongst other indicators, have been widely studied in the past féBodeatataset

al., 2020; Li et al., 2020; Poon et al., 2020; Siu et al., 2021; Zhou et 8tydi®d Tpcusing amalysing

block types for solar potential consistently shovpdinameters such BorArea Ratio, building height

and spacing between adjacent buildinglt density)nfluence solar potential in residential z{rieset

al., 2023Similarlythe relationship between urlarit formandthermal comforhas been studied using
different indicators such as Physiological Equivalent Temp#@r&tyeandUniversal Thermal Climate
index(UTCI), andothernumerical model&arimimoshaver et al., 2021; Li et al., 2020; Xu et al., 2019)
Intentionally designing urban block morphology in early design stages is essential to improving its
environmental performand®&heng et al., 202The environmental performance of buildings and
neighbourhoodwgether contribute to urbéveabilityas the immediate outdoors are seen as an extension
of the living spadg.au et al., 2018)

While multiple performance parameters exist, such as thermal performance, energy consumption, greene
daylighting, carbon emissi@ts, in the context of this project, environmental performance is narrowed
down to two performance potentidlthe potential othermal comfor{using Physiological Equivalent
Temperatudeand the potential of energy transition to solar p@wts Energy Potentiafl individual

rooftopg. These are selected as lwftthemare very dependent on location and morpholayyave

differing morphological requirements for improverdeat is illustrated further @hapter2 Thus, this

research juxtapasthe effectof modifying morphology at a local scalethe chosen indicators in an
attempt toanalyseand improve the performance in both indicators in the context or urbabpafseth
decisions Planning practice involves traffs to achieve visions and goals improve and maintain the
urban liveability of the city, and this research attempts to analyse a real planning problem and understar
the tradeoffs that may be involved.

To derive comprehensive insights into the environmental performance of neighismalbquajects, a

3D perspective is important as buildings exist under the influence of their surroundings. It enables
understanding spatial relations from a volumetsipwint, highlighting the influence of morphology in
immediate surroundings. Thus, the project intends to make use of the freely available 3D geoinformatior
of the Netherlands to model existing and future scenarios to exawliadannatoes changetian form

affect the environmental performance of a.neighbourhood




PLANNING SUPPORT SYSTEM DEVELOPMENT FOR ANALYZING ENVIRONMENTAL PERFOBWSE D EF GRN R CISIGNSCHEDE

1.2. Relevance of research

Urban planners and designers are increasingly tasked with designing sustainable urban environments. While
many larger municipalities that lead these tasks have the capacity and funding to carry out individual analyses,
this is not always the case with lkemalaststrapped municipaliti€Salter et al., 2020hus, this research

focuses on developing and testingppersource workflow that can aidanalysingnd visualizing the

effect of modifying urban form imaighbourhoodit also demonstrates multiple further analyses that can

be doneon thegivenresultswhich can help smaller municipalities take an informed dabisidrthe
repercussions on the environmental performance réitffdoourhood

1.3. Objective

The primary objective of this research is to devise a Planning Sygteom/orkflow which caanalyse
and visualize the environmental performance of existing and modified urban budtdatrftsmbased
design decisiemaking at theeighbourhoodcale.

1.3.1. Subobjectives antResearch Questions

1 & To review existing body of literature on the effect of built form on neighborhood environmental
performance, and relevant policies guiding urban development in the context of the study area, with a focus
on transition to solar energy and improving theonaoct.

RQ1.1 6 What is the current statéthe-art in analysingenvironmental performance at
neighbourhoodcale using morphological indicators?

RQ1.26 What are the goals of the local municipality regarding increasing energy transition and
improving thermal comfoidnd how can that be utilized for designing the PSS?

208 To investigate and apply appropriateltzlSd methodologies for evaluating Solar Energy Pofential
rooftopsand Thermal Comfor{viaPhysiological Equivalent Temperatgématepf the existing built
form in a selectatkighbourhoodéh Enschede.

RQ2.16 What is the Solar Energy Potential of the rooftops in the existing state of the selected
neighbourhood

RQ2.26 What is thestateof ThermalComfort in the existing state of the seleotéghbourhood

RQ2.30 What openly available data on solar potenti#tharmdal comfortan becompared with
the results from the workflows used in R@2.1

30 To develop a workflow using 3D geoinformation to model new urban landscapes for scenario analysis,
which can work seamlessly with the analysis in Objective2, and simulate the environmental performance of
the scenario models.

RQ3.10 How can 3D geoinformation be visualized and modified by user in asoopen
software? Using this workflow, different built scenarios will be created such as introducing one
single tall building and a cluster of tall buildings

RQ3.2- What is the observed change in the environmental performancaeiftit®urhood
when the pattern of urban form is modified?

4 8 To visualise the results of the simulations in a 3D environment and compare results with literature
review.

RQ4.16 How can the results of the scenariogidialize@D modelbased environment?

RQ4.26 How do the results compare to the conclusions of the literature review? What further
recommendations can be made for fbased planning in the selectemyhbourhood
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1.4. Research Gap

In conducting the literatureview, theres aresearclgapidentifiedin analysinghe effects of urban form
on two environmental indicators that that Hdifferingmorphological requirements for improvement.
Figurel summarises tlgap thus observed betweernironmentahodellingurbanplanningoracticeand
comparingndicator performance using a simplified workflow.

This project addresses the researchygalfiowing users tmalyséheir built environment as well as future
scenarios using opeaurce methodologies and software. Allowing for ease of use and replicability using
GraphicModelersn QGIS environments as well as epeurce physidsased plugins and programming

where necessary, the set of workflows explains and navigates the user through the data transformations &
conversions necessary to conduct the analysis, while alsheyfvégglom to manipudetuture scenarios

as per the user.

Planning for
Environmental

Performance
Using 3D
information for PSS for strategic
physics-based planning
environmental de

simualtion

Juxtaposing the
performance of
two different
form-dependent
environmental
indicators

Figurel - Research Gap of the project
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1.5. Conceptual Framework
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Figure2 - Conceptual Framework of theoject.

The conceptual framework outlines the vision of the project to serve as a technical aid to the urban planning
process ofneighbourhoodcale development. Taking cues from policies at multiple scales, the PSS
Workflow is aimed to aid in 3D urban planning for performaased planning, which in turn will improve

local sustainability @nalysingand visualizingclimate comfort and feasibility of energy transition for
existing and simulated 3D scenarios.

1.6. Thesis Structure

This thesis is divided into multiple chapters. Chapter 1 introduces the topic of the thesis, along with the
aims and objectives. Chapter 2 is literature review, which revolves arddiogclub 1. Chapter 3

introduces the study area of Twekkelervelbt€h4 details the research methodology. Chayotesists

of the results of the analysis, and Chapter 6 discusses the results. Chapter 7 comprises of conclusions and
recommendations, as well as scope for further study.
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2. UTERATURE REVIEW

Urban morphology has a direct effect on multiple environnmelitatorsand this has been corroborated
byresearchThis section of literature review discusses on defining the concepts of environmental indicators
used within this researsimmarizethe current state of researcteaploringhe effect omorphological

changes on the selected environmental indicators, and throws more light on the broader context of natione
and local policies at play in the study area of Enschede in the Nethedddi®nnit also underlines the
importance of using 3D as an input as well as an output of the research in order to make the results eas;
comprehensible. Theterature Reviegectioralso answers Sbpjective 1.

2.1. Effect of Urban Form on Environmental Indicators

2.1.1. Defining Environmental Indicators

As the research dives into the components and contributors to environmental performance and its
measurement, it is crucial to clarify the termindlagiables are any modifiable factors within a system,
such as building orientation, or roof area. They may be dependent or independent in nature and can b
measurable or qualitative. Parameters are measurable variables, such air temperature, of percentage
shadowing of roof surfaces. Indicatdescribe the state of the environment and are used to assess
peformancgEuropean Environment Agency, n.@lley may be defined as a paranseternbination of
parametersr value derived from such that provides information of signifadamaea systebeyond the

numeric value, such as the REdicator for thermal comforfiHoppe, 1999r Solar Potential estimate

in kilowatthour per unit aregWh/m2) (Polo & Garcia, 2023)

2.1.2. Morphological parameters influencing environmental performance

The effect of morphology on environmental performance has been widely studied, with many studies
focusing on the effect of urban form and geometry on daylighting, ventilation, building energy demand anc
so on(Clifton et al., 2008; Ratti et al., 2005; Rode et al., 2014; Silva et al., 2017; SteadmariTéeal., 2014)
effects of differemieighbourhoodnd building morphological characteristics on the indicators selected for
this research are discussed further in this section.

2.1.2.1. Effectof building and neighbourhood morphologysotar Potential

The national Renewable Energy labor@R¥EL) definesSolarrradiancesthe daverage erftugyeceived
from the guim form of electromagnetic radiatiREL - U.S. Department of Energy, 20123ually
measured iNV/m2 or KW/m2, solar irradiance can be express&@ldadml Horizontal irradiancBjrect
normalirradiancegr Diffuse Horizontal irradiance

Global Horizontal irradiancedst he amount of irradiance falling
(Sandia National Laboratories, 20R#juse Horizontal irradiance is téterrestrial irradiance received by a
horizontal surfafter being scattered by the at(Szsphardlational Laboratories, 20@4ereas Direct
Normal irradiance istiea mount of esel aedr pdratunbh area by a
(Kosmopoulos, 2024)

Thus,the relationship of GHI, DNI and DHI is as follows:
"00'00 0000 AT [O

Where — is the angle between the sun and the zenith dir@¢tethree variables can also be
estimated from each other due to availability of advanced estimation models.

The US Department of Enerdgfinesolarpotentialof a singular rooftopsthe amount of solar capacity
that can be installed on that rooftop based on its size, shading, tilt, and other locatioaalfamtdrs
characteristicghereas the solavoftop potential for a count(gr in this case, ofreeighbourhoaoy is the
number of rooftops that are suitable for solar panel instagllaBdDOE, n.d.)
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Solar potential highly dependsgeographiqmeighbourhoods well as roof characttids. The key data
used for the estimations is the solar irradiationRketant models can akstimateslobal Horizontal
irradiation(GHI) and Direct normal IrradiatiqPNI) using cloud cover information from satebigsed

datasetéSolargis et ah,d.) These datasets are now also available as free datasets within the Global Solar
Atlas fundel by the World Bank/ajorfactors affecting solar potential of rooftops are individual building
characteristicgge, the morphological factors, as well as geogaphichoicelependent factors, which

are summarised Trablel.

Tablel - Morphological and nemorphological factors affecting solar potential and harvest

Morphological Factor

Effect

Urban density an
shadowing

Building and installatior
Orientation

Roof design and geometr

Aspect ratio and strel
orientation

Sky View factor and shadowiagy help in determining direct and indirect irradi:
on a surface(Calcabrini et al.,, 201%ariations in building heights in
neighbourhood can affect shadowing on neighbouring rqottdpsing the amout
of received irradiatigBardhan et al., 2020:Llian, 2022)

Visibility of placement of PV module affects the rooftop potesitialmodules a
the west edge having the highest visifditpu et al., 2023Building orientatior
shouldhave the long side facing so{Bardhan et al., 2020)

Slope needs toe 1045 degees for optimal utilisatiqivorulmaz, 2023This is to
capture maximum DNI.

PV modules should be placed on flat roofs or larger roof plates so that they
visible to the publié especially in the case of monumental bui{@ngs et al.,
2023)

Roof aspecshould not bdacing Northas thatreceiveshe least amount of usak
irradiation(Yorulmaz, 2023)

Minimum roof area 20sqis needed to have a viable installg@nulmaz, 2023)
Available roof area without obstructions is essential for a rooftop to hav
potentialLi-Lian, 2022)

Parameters like averaged range dbuilding heiglst orientatiorof buildings plot
ratio and site coverage, height to width rafitreet width: building heigh
compatnesscan impact annual solar irradiaiBley View factaran be used as ¢
indicatorfor evaluating sol@radiatioron surface@oon et al., 2020)

Geographic/locational
factor

Effect on Solarpotential

Annual solar irradiation

Cloud Cover and Weath
Patterns

Atmospheric pollution

At leasB00 kWh or more is beneficial to realise the investment cost of settiny
solar panelérorulmaz, 2023Yhis is dependent on latitude, day length and al
of the location.

Frequent cloud cover can reduce solar potential due to diffused ENelghs &
Apell, 2021)

High level of pollutants can scatter and absorb suréifgndtively blocking th
amount of sunlight reaching the Pahel{Ramanathan et al., 2001)

Non-Morphological
factor

Effect of solar harvest

Choice of PV cells

Different PV cells and systems haliferent efficiencies and costéws, their
suitability also differs as per locatsbopeand other factorgZhou et al., 2023)
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Maintenance of cells Not keep surfaces clean from dust deposition can riducenversion rate fror
solar energy to electrigilyezamisavojbolaghi et al., 2023)

2.1.3.  Effectof building and neighbourhood morphologyrhermatomfort.

Centre for Disease Control and Preveni@inC) (NIOSH/CDC, 2020)defines heat stress aéhaalth

hazard stemming from exposure to extreme heat or hot workin by fehiiiimg to conditions such as dehydratic
heat strokes, exhaustion, morbidity, and, in severe cases, even death, as the body struggiessfo .regulate it:
Within the European context, there is escalating concern on heat waves, with the Lancet reporting that th
surface air temperature increase in the continent has surpassed the global average yairastl&nhC

et al., 2022)The year 2022 marked the hottest European summer on record, and the trend marks a grim
future.

Thesharper increase in recortlmtiperatures in urban araascompared rural or vegetated deealsto
creatingJrban Heat Islarg] and iteffect on humans can be measured by indicators of thermal comfort
such as Physiological Equivalent temper@®E€), which takes into accouhe effect ofthe air
temperature, relatiemidity,and wind speed, along with surface albedo on the humaiMiatzhrakis

et al.,, 1999PET is lased on th&lunich Energyalance Model for IndividugMEMI) andis a holistic
indicator of thermal comforThe ranges of temperatures and the physiological stress they correspond to
are explained beldwable2).

Table2 - Estimated ranges of PET, its thermal perception, and the Grade of Physiological Stress

PET/°C Thermal perception Grade of physiological stress
<4.0 Very cold Extreme cold stress

4.1-8.0 Cold Strong cold stress

8.1-13.0 Cool Moderate cold stress
13.1-18.0 Slightly cool Slight cold stress

18.1-23.0 Comfortable/Neutral No thermal stress

23.1-29.0 Slightly warm Slight heat stress

29.1-35.0 Warm Moderate heat stress
35.141.0 Hot Strong heat stress

41.1< Very hot Extreme heat stress

Source: Matzarakis and Mayer (1997)
Multiple factors that have been studied to decrease thermal comfort have been sunfableSed in

Table3 - Summary of literature review of the effect of morphology on UHI/Thermal comfort

Morphological Factor Effect on Thermal Comfort

Natural light anc Hindrance to natural ventilation can decrease thermal comfort and incre
ventilation dependence on mechanical codlilag et al., 2018)

Building Orientation Airflow blocking by building orientation caduce thermal comfo(Stewart &

Oke, 2012)Building orientation towards south will have a negative effect on t
comfort(NakataOsaki et al., 2018)

Aspect ratio and strer Lack of air paths along with closely packed buikngsinder ventilatidibeng &
orientation Wong, 2020; Lau et al., 2018; Nasrollahi et al., 2021; Siu et al., 2021

Taller, voluminous Taller buildings increase surface areas for absorption ahd@ton Thus,high
buildings and dense rise, denseeighbourhoodeeport higher temperatures compared to less dense
neighbourhoods
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(Hong et al., 2023lHowever, shadowing between buildings may reducedat
stresgNasrollahi et al., 2021).

Non-Morphological Effect on Thermal Comfort
factors

Built material and albedo Surface materials influences UHI by material properties of absorption and ret
(Cascone & Leuzzo, 2023)

Plantations and watt Presence of greenery reduces (Bascone & Leuzzo, 2023)
bodies in proximity

Literature suggests that using solar panels can have a positive effect in reduction of UHI as radiation is either
absorbed or reflected away from the pdlkisson et al., 201Fhus,one strategy in planning can be to

combat increasing UHI by introducing tall buildings is to offset it by increasinglieef solar panels,

but this is yet to be comprehensively tested. Instead, the reduction in UHI by introdtlirigingn

elements such as plantations and water bodies in the neighbourhoods have been proven as summarised in
Table3.

2.2. National and local policieseffect in the study area

This research attemptsunderstand #hlocal context and how the results from this workflow can be used
to aid these policigs effect.This section summarises safithe local policies and vision plans in the city
of Enschede to contextualise the research problem.

The Spatial Planning Act (WR®inistry of Infrastructure and the Environment the Netherlands, 2013)
guides broad urbanisation trends in the Netherlands. The new Omgevingswet released in 2024 allows the
Gemeentémunicipalityto decideon buildingdetails at plot level, and the Gemeente Enschede decides on
permission to build by consultatidrnus, there is no strict ban against introducing taller buildings in
residential areas and can potentially done in consultation with the municipality.

2.2.1. Housing in the Netherlands

Netherlands has been going through a housing shortage over the past few years, with the gap between
demand and supply standing at almost 400,000 houses in 2023 and slated to rise to over 980,000 homes by
2030(ABF Research, 2028) line with many other European cities, Dutch cities have shown trends of
densification within residential zones of cities rather than creating urban sprawl at the city peripheries
(Broitman & Koomen, 2015The strict zoning regulations effectively maintain open spaces and thus
contain urban development by concentrating tk@ommen et al., 2008)he Housing Vision Plan for

Enschede Woonvisie202&nschede outlines the plan by the Gemeente to build 9400 new homes in
Enschede, trying to unite Almélengelo-Enschede as an urban corridor inrfiggonof Twente.

2.2.2.  Solar Energy in the Netherlands

Transition to usingolar energy is encouraged by the Dutch government with thengsgyfax rebates,

grant schemes, supplying electricity back to grid and other help via @msidigsnent of the
Netherlands, n.d.Jhe potential annual yield of electrigéperated through solar installationthe

country is 200TWh, which is 73% higher than the national consufNetioerlands Enterprise Agency
(RVO) et al., 2020pue to this, the national Dutch government is aiming for at least 7TWh to be generated
from small scale solar installations in the built enviroifNethierlands Enterprise Agency (RVO) et al.,
2020)

Regarding this, the municipality of Enschede envisions their Energy goals for the cEpémdiee\fisie

documentw h i ¢ h Vith the spatial policy for solar energy, the municipality wants to achieve that at least
Terajoules, or 147,000 MWh, will be produced in Enschede by 2030. This is the electricity that can be genera
with 442,300 solar panels. Thisiicelettry f or ap pr o XGemeenteeHnschede 320211 0 h o u ¢
2021a)
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Till 2019 9.9% From 2022030 +8% By 2050 Climate neutral

Figure3 - Municipal Goal for transition of energy demand to reneersdnigy.

Thus, not only is feasible energy transition a goal for the city, but the vision document lists three major
pillars to achieve this as sedrigired. In the creation of green energy, the aim is to identify rooftops and
public open space that may be conducive for exploiting solar potential to reach municipal goals by 203!
(Gemeente Enschede, 2021b, 2021a)

Heat transition from natural ga
to sustainable choices Creation of green energy
Replacement

uv)

Buildings with high energy labeg
- Reduction at source

S

Figure4 - Municipal Vision for Energg Enschede

2.2.3. UHI in thé&etherlands

The Netherlands has a mild Ocef®ib) climatgKoppenGeiger Climate Classificat{@bieeneveld et al.,
2011)and thus, UHI was not considered as a critical issue historically, but now it is also seen as a growin
concern in city centrégan Hove et al., 201There exist multiple studies spanning hundreds of cities
worldwide out of which the study of the city of Den Haag found strong correlation between measured UHI
and the properties of urban space such as the degree of hardness of surfaces, absence of greenery, shado
and built volumévan der Hoeven et al., 2014) increased UHI leads to poor thermal comfort for the
residents.

PET is one of the many indicators fbaised to study the impact of thikan heat stress bonmansin
the Neherlandsa standardiseslay to calculateET in direct sunlighis describelly (Koopmans et al.,
2020)as:

PETeun= -13.26+ 1.25,+ 0.010:83.37In(Lw.) + 0.078w+ 0.0058)%In (L) + 5.56sir( ) &
0.0108)In (k) sin( ) + 0.0546, + 1.945;

,,,,,,,,,,,,,,

wherea= 2-m air temperatur@C),

Qs=solar irradiatiofv" mT 2 )

ul.2 wind speed at 112 heighfm s T 1) ,

Tw = wetbulbtemperature,

. the Stefan Boltzmann constéht 6 7 Wimd TX8 1) ,

%0= solar elevation andidegrees),

Bb= Bowen ratiqratio between sensible and latent heat flux),

Svf=skyview factor

Qd =diffuse irradiatiofwv= m1T 2 )

For impervious surfaces, Bowenf6s ratio is taken as the co

The municipality at Enschede recognizes UHI as a risk to urban liveability in the city and has included it ir
their risk matrix for heat streSemeente Enschede & Royal HaskoningDHV, 2@#Bgr national

datasets have also conducted nationwide studies of heat measurement in the couktmaateffestatias
(Stichting Climate Adaptation Services, 2888)the results show a concentration of UHI in the core of

the city.

2.2.4. Easement rights

Environmental performance can be measured at different scales. While the most common is that of buildin
scale, i.e., to check whether an individual building is performing in an acceptable manner, the effect ©
introducing new built forman the performance of its neighboigraot commonlymeasured. Easement

rights protect individual homeowners from poor design decisions of neighbours. One such easement is 0
solar easement, which allows property users access to their share of sunshine ont@ traibplurtsn,
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2021) These are necessary as increased shade due to taller neighbouring buildings or tall trees can hinder
solar energy generation through rooftop panels. Similarly, change in urban form and building material can
affect the perception of thermal comfort imnis1ediate neighbourho@@lkhazindar et al., 2022)it can

result in changed sky view factisedoand shadowing.

2.3. Energy Modelling for cities a@iy Modelling in 3D

In the recent years, there has been many atteropatedy3D models of citiesd also to monit@everal
environmentahnd norenvironmentgbarameters using these 1BDdels The increased interest in using
physicshased models in urban energy modellirgi$@een a steady increase over the past dikaau,

2022) However, the accuracy of using these models for an entire city remains a challenge as most papers
that testUrban Building Energy ModellildBEM, do so on a micrscale of less than 1000 buildings.

There are simplifications made UBEM models in order to make them more accessible for analyses, such as
development of the UBEM.io interface by MIT |@sg et al., 2022FExamples of aggregated 3D
simulations of individual buildings scaled tescile include the SimStadt model which was developed on
CityGML and uses the extension Energy ADE to simulate the energy(8uariegzini et al., 2015glter

et al(2020)have devised a methodologynodel the effects of environmergalicy interventions using

variations in the built environment, which involves a method of comparing the performance of the future
built form and policy scenarios to the existing condition.

The concept of Digital Twins and the desire to view the nesdéts in 3D has led to many academic and
commercial projects to map cities in 8kamples of which include 3D Amsterdachother projects by
Geodan(Kuster, 2023 he use of 3D visualisations while presenting analyses and results to stakeholders
in widely recognised for increasing the amount of understanding and engagement over the given results.
Compared to traditional 2D visualisations, such as a map, 3D tisgaliséorms of building models

improve spatial awareness and quality of insights in spatial @lalgsks Dykes, 2015)

The use of 3D visualizations can lead to more effective de@iog. A metanalysis of the effectiveness
of 3D visualizations in discreteent simulatia{DES)concludeghat 3D displays outperform 2D displays
in model verification, validation, and analysis of rabukdeading to more efficient decisioaking
(Akpan & Shanker, 2019)

3D geovisualizations enable the display of quantitative data in context, which can be crucial for fields like
urban planning and environmental management. Although some studies report minimal differences in
performance between 2D and 3D visualizatiossjfispcontexts show clear benefits of using 3D for
conveying spatial dd&eipel, 201Plerbert& Chen(2015pargue that the use of 3D is beneficial depending

upon the type of analysis in urban planning and cannot be said to always be the better option of visualization.

2.4. Summary and Conclusion

There are multiple studies on the effects of morphology on UHI and on Solar Potential, where parameters
such as size, orientation, roof angle, spacing, shadowing, and material selection is comn{binlystudied

al., 2023; Xu et al., 2019ome of the common morphological parameters are summaraad4nin

that, the factors marked in r&f@iect the desired environmental performance negatively, while the factors
marked in green affect the performance positively.

The Urban Heat Island effect is exacerbated by building arrangement configurations such as street canyons,
i.e., the ratio of building height: width of streets, which plays a role in affecting wind flow and effectively
affects air temperatu¢i€arimimoshaver et al., 202lh) addition, surface materi@ascone & Leuzzo,
2023)andpresence of greend@ascone & Leuzzo, 202830 influence UHaNd thus reduce thermal

comfort.

Solar potential is highly dependent on geography,iatetisity and number of sun hours have a direct
effect on the electricity generaiolNDP, 2000)While these cannot be changed by design, morphological
parameters such as roof size and building orientation, optimal roof tilt of installation, avoiding shadows
from self or other structures can positively influence solar electricity generation usioioV
installationgLi-Lian, 2022; Poon et al., 2020)

10
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Table4 - Morphological parameters affecting solar potential and UHI, derived from literature review.

UHI Source Solar Potential Source
Average building heigt (Deng & Wong, 202( Available roof areéot (Li-Lian, 2022)
street width ratie urban Nasrollahi et al., 202 too small, without majc

canyon Siu et al., 2021) obstructions)

Shadowing fron (Nasrollahi et al Shadowing fron (Bardhan eal., 2020
neighbouring buildingd 2021; Siu et al., 202: neighbouring buildings Li-Lian, 2022)

height ratio betwee height ratio betwee

adjacent buildings adjacent buildings

Building orientation 8 (NakataOsaki et al. Roof angle/orientatiod (Bardhan et al., 202
long side towards south 2018) long side towards soutt Li-Lian, 2022)
Airflow blocking due tc (Stewart & Oke, 201: Obstruction to roof e.g (Li-Lian, 2022)
building arrangement trees

The literature reviehighlights the importance using 8&ta and visualisatioontextually for ease of
comprehension of results by the stakeholders. In addition, the national laws and policies governing th
chosen study area focus not only on increasing hetmikgbut also focus on increasing liveability by
decreasing the threat of Urban Hel@indwhile increasing Soklectricitygeneration via PV modules on
suitable rooftops and open spagssne of the methods of increasing housing stock while not horizontally
expanding the city is-@itu densification by building tallhis thesis intends to utilise taller Harin

options to see its subsequent effect on the chosen environmental indicators.

11
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3. STUDY AREA

3.1. Rationale

In discussion with the Enschede municipality, three prospedggiveourhocsiwere discussed as potential

study areas which are planned to undergo urban redevelopment in terms of building and utilities in the near
future. Using this planned proposal of urban redevelopment as the main motivation, the administrative
neighbourhoodf Twekkelerveld is selected for simulating probable 3D built configucasinalyse the

predicted environmental performanc&he selected site also falls on the route towardgelde
municipalityin the AlmeléHengeleEnschede axis that the Gemeente plans to urbanise in.

Projected Coordinate System: RD New!
Projection: Double Stereographi
Datum: Amersfoart

Linear Unit: Merert

OSM Buildings

rwekleelerveld

Tvekkerlerveld buurt
Tvekkerlerveld-Wijk
enschede boundary
5 4 Enschede Buurt
Building Footprint 0.4 2 4km
oM OpenStreetMap

> ooEn

Selected study area - Twelkkerlerveld, Enschede

Map1 - location of selectateighbourhooa@s studwareaSource: author, using datanf CBSOSM, Google Maps

3.2. Characteristics

Theneighbourhoods fairly homogeneous in its built pattern, wishsfreybuildingsand having sloped
roofswith only one taller building proximity to the neighborhooBigure6). It is alsacharacterizeby
absence of trees and ptantmany residential stre@iike BAG (Basisregistitie Adressen en Gebouwen)
extraci® which records data of land registrations in the Netherlgimuls's that most of the houses in this
zone are privately ownékhis is acceptable as the Dutch municipalitiesinvpgktnerships witprivate
ownersand also with land purchasingorder to realise their urbanisation p(&igze & Jehling, 2023;
Meijer & Jonkman, 2026)gure5 visualisea modelled study siteeatd usingavailable opesource data
(AHN-4, BAG extracts).

12
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Figure6 - There is only one tall building in the extended neighbourhood beyond the study area. Source: Google
Street View

13
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4. RESEARCNETHODOLOGY

4.1. Selection of opesourcedata sources and processing software

Keeping in mind that the main user of this workflow will be a municipality with constrained resources and
funding, the projedpecificallyses opesource datasets and software in the workBipenrsourceGIS
softwareQGIS is used for mapping and analysis, while CloudCompare isviseairgand edit Point

Cloud information, and Blender is usedisoalizeand edit 3D city modelsrom an array of modules,
plugins, and models available to process 3D LIDAR information, conversion to DEM andMIE® of U

and GRASS GIS as the primary fhscare selected as it is robust aneswpfiorted Codebasedcripting

is used as requiremireducemanual work and errofthe major datasets used in this research as are listed

in Tableb.

Tableb - Datasets used in developingwioekflow.

S.N°  Topic Dataset Source/ Owner Data form  Link to Acces$C itation
1 LIDAR/point cloud AHN4 dataset Geotiles.nl laz (Dataset: Actuet
data Hoogtebestand Nederlal
4 (AHN) & PDOK, 2023)
2 Building footprint  BAG dataset PDOK/Kadaster .gpkg https://app.pdok.nl/lv/bag/
downloadviewer/
3 EPW Weather dat PVGIS, EU-JRC .epw, .csv (EU-JRC, n.d.)
o} Typical Ladybug tools
Meteorological Yea
4 3D building models 3D BAG 3D .obj, (Peters et al., 2022)
in Netherlands building models geoinformation  CityJSON
research  grou
(TU Delft) and
3DGl

4.2. Phasing

The methodology is divided 4 phases that mirror the-dbmdiives and their respective research
guestionsas seen iRigure?. The detailed research methodology is explained in the flowErguteés.

Phase 2 Phase 3 Phase 4
Phase 1 Analysing Developing a workfl .
) _ Environmental to model different urdar Comaprison of resultp
Literature Review Performance of Exis{ng forms for scenario with literature and
Urban Form analysis and quantifying viewing final results
the change

Figure? - Phasing of thproject.
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Em 22> Mational and local ! :

goals on climate and
energy transition I

ol T »| Literature Review
Ec-" -1 Existing studies on . )

T morphology and Determining morphological

! environmental parameters that affect UHI

performance |~ and Solar Potential
._‘_‘_‘_‘_'___/-"'_'_'_"‘-\-

: i
Review of existing H Modelling site in 3D as input for| AHN, LIDAR
i data - 3DBAG

built environment 1 simulation
>H02'1 Analysing >‘02'2 Analysing Creating 30 model of site in an
AHN, LIDAR ' | | Rooftop Solar estimated thermal| | | | open-source software, using
data - DSM " | | Potential using comfort using built| | | | open-source information
i |_|puilt marphology morphology i
| OSM - roads, R i """"""""""" l, """""" ) l
' PDOK - Comparing results with i
1/ building footprint Hittekaart - Comparing Irradiation ! Q3.1 Creating different built
! values with PVGIS i scenarios.

023 Klimaateffectatlas !
= | | s ]
wlv | —HQ3.2 > Introducing modified DSMs to

. . defined workflow as per Obj 2
Determining spatial '
concentration of i J,
critical issues 2 !03-3 Scenario Analysis
: Analysing Rooftop Analysing
""""""""""""""""""""""""""""""""""""""""""" Solar Potential estimated thermal
using modelled comfort using
scenario modelled scenario

l

Analysing change in
environmental indicators in
different built scenarios

¥

!
""""""""""" 1 Creating a simple interfaceto
Legend , Q41 visualise the analysis
:
Reviewing results as per
T conclusions of literature review
Process Q4.2

Sub-process

Formalising workflow to repeat
the process for future projects

Start/End i

Figure8 - Research Methodology

4.2.1. Phase DLiterature Review

Phase 1 focuses @onducting diterature reviewWChapter 2pn existing knowledge of the effect of
morphology on UHIP and SEP, and on existing Sustainable Development Goals, national and local visior
plans on making built environment more sustainablivaalle The aim is to have a comprehensive
understanding of the role of urban form in affecting its immediate environment, and also understand the
direction in which the local government wants to guide future developments and policies.
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4.2.2. Phase 2 Analysing Environmental Performance of Existing Urban Form

Phase focuse®n analysintghe existing state of environmental performafite two selected indicators

in a selectedeighbourhoodh Enschede. Using freely available 2D and 3D geoinformuadianeather
datasetghe current state of solar potential of rooftops, as well as the estimated thermal comfort using PET
is studiedThe methodological processes to quantify an approximation are intentionally kept simple and
easy to replicate, so that they may be adopted by local government departmentd atimetised is

tested and then formalised into a sinmpégface input usinQGIS Graphic Modeler, to allow for ease of
repetition in Phase 3.

4.2.2.1. Preprocessing

For creating the main input files of DSM and DTM, AHNDAR data is processed in CloudCompare.
The point clouds are filtered by the desired scalar value and then processed to a DEM within
CloudCompare. The tutorial for than bdoundin the Annexure.

For calculation of annualised solar irradiance, the data from the entire EPW (Energy Weather Plus) file is
used, which contains multiple weather variables. However, for estimation of Mean Radiant Temperature
(TMRT) and PET, an extract of the file is usetha calculation is computationally heavy. It contains
weather information of the hottest day in 2017, on June 22, which is just one day after the summer solstice.
Thus, the weather file is from June2@@®0une23 (23:00), capturing both the longesikas the hottest

day in 2017. 2017 is used as it was the latest year in the EPW with information of the summer months. The
records of 2019 do not have information over-Auigeist.

The inputs used to create the meteorological file for input in UMEP uses the following inputs, and the input
into the UMEP interface is as pégure9:

T T2m This typically stands for air temperature

1 RH Rel ative Humidity, which i s the amount of
hold at that temperature.

T G (h)XIl obal horizont al irradiance, which is the
above by a horizont al surface. This includes |
(Sandia National Laboratories, 2024)

T Gb (nbirect beam nor mal i rradiance, whi ch i s

perpendicular to the sunds rays.

T Gd (hpbiffuse horizont al irradiance, which is
at mosphere and then received on a horizontal s
T IR :(hl)nfrared radiation (or | ongwave radiation)

from clouds and the atmosphere.
WS10mWi nd Speed at 10 meters above ground | eve

WD1OmWi nd Direction at 10 meters above ground

16



PLANNING SUPPORT WORKFLOW FOR AIDINEASERMESIGN DECISIONS TO BALANCE ENVIRONMENTAL PERFORMANCE

%) Metdata processor

Original meteorological data: Meteorological variables:

Number of header nes: i : Gelumn: va :

G{h) * | || Incoming shorbwave radiation {W/m"2)*

Column separator: Comma (.} b
WS10m * | |v| Wind speed (m/s}*

Load dsts | 2017 _jubySOLSTICE_EDITED.csv

T2m * | || Air temperature (*C)*
Diata is in EPW format {EnergyPlus Weather fils)
RH * | || Relative Humidity (%)*
i i = ~* | |v| Barometric pressure (kPa)*

Time related variables:

V| Year column exist year Rainfall (mm)*

Specify year (only for single year): | 2015 year Snow (mm)

Year column: | year - IR(h) * | || Incoming longwave radision (Wim"2)

Day of year column exist year Cloud fraction {tenths)

Dy of year cobumin: wear year External water use {m"3)

Month column: month - wear Observed sol mosture {m*~3/m"3 or kg/kg)

Day of month column: | date - wear Observed leaf area index {m™2/m"2)

Get hour and minute from decimal time Gd{h) * | || Diffuse shorwave radiation (W/m~2)
Decimal time column: | year Gh{n) * | || Direct shorwave radiation {W/m"2)
Hour column: heour - WD10m + | || Wind direction (%)

Minute column: minute - year Ohbserved net al-wave radistion (\W/m~2)
WEED Observed sensible heat flux (W/m"2)
wear Ohbserved latent heat flux (W/m~2)

v | Perform quatily contred {recommended) WEED Observed Storage heat flux (W/m~2)
wear Observed Anthropogenic heat fux (Wim~2)
-~ . N
Help v Required for most caloulstions in the UMEP processor

Figure9 - Input variables to make the meteorological text file for UMEP calculations.

4.2.2.2. Analysingsolar potential using opesource methods

To analyssolar potential, data regarding building information such as roof size, building orientation and
roof slope are required. These collectedfrom the Dutch information portal top1ONlia PDOK,
Kadaster), and the DTM and D$&tlerived from AHN4 (LIDAR data) at 0.5mof spatial resolution
Weather informatiois collected from an EPW file of the locafimeteorological information in an Energy

Plus Weather file format). This includes information on Global irradiation as well as direct and diffuse
shortwae radiatiofEU-JRC, n.d.)

Using these opesource datasets, slope and aspect asatulated in GIS tools, and clipped to building
footprints, which are then filtered dayitability Suitability of pixels are decided using 3 fastiwat the
pixel is shadodvee at least 60% of the time, receives solar irradiation over 90 éfrdnmum and
has a contiguous area of at least 2sgm.

Shadows are estimated using the UMEFPInddGIS, which uses the DSM to create shaawgn,
2022) Solar panel output can be estimated by the Solar Energy on Building ES&EB&fefsinction in
UMEP, which uses solar irradiance data from the EPWirfdderg et al., 2015)

Total irradiance is calculated as the sum of direct, diffuse and reflected radiation &qgateni
((Lindberg et al., 2015; Polo & Garcia, 2@28) stored as an attribute of the pixel.
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Y ‘O "YOTY 'Op Y
Equation3 - Calculating total irradiance on a pixel.

Wherep is the number of patches on the hemisphere.
I is the incidence direct radiation,

D is diffuse radiation

G is the global radiation originating from the ith patch.

a is the surface albedo
S is the shadow calculated to each pixel.
p is the Sun i nci (Liedbergpetah,R@be as expl ained in

This method estimates an approximation of totalisaldiation per pixel, accounting for shadow as well

as the angles and orientation of the roof surfaces derived from the DSM. A suitability analysis is done to
extract only the usable pixadsng raster process of r.clump in GRASS GIS and G&n the usable

areas and estimated production values are joined back to the building roof vector file via Zonal Statistics.

Energy estimates are calculated as per a global approximationEermAgletH*PR ,

WhereE =Energy (kWh)

A =Total solar panel Area (m2)

r =solar panel yield or efficiency (%)

H =Annual average solar radiation on tilted panels (shadings not included)

PR = Performance ratio, coefficient for losses (ranges between 0.5 and 0.9, default value 0.75)
A Here, A'is calculated in Fiellculator as Area = count of pix@5*0.5as the cell size is 0.5m)

A His the seragannual solarradiation obtainefiom SEBE- taken here as the median kWh/m
received by the roof.

A PR is assumed at default value 0.75r is assumed at 14%

PR isthesolar module efficiency. Tlesassumealt 14% because PVGIS uses 14% for Crystalline Silicone
modules The process is simplified and explain€igurel.

The output map of pixaéise average solar irradiation can be validated against the PVGIS dataset which
uses insolation mafsU-JRC, n.d.)

Calculating shadows Filtering 10 60%
EPW flle based on sun atud snadow free
using UMEP aggregagate
Fiter: Acceptabe Irr Fiter by contiguous Vector: Count of
i areas over atleast |—»{ Zonal Stafistics
ana snadow s usable pixels
F—>  waibeignt sqm
Solar Irradiation £
DSM with buildings estimation of surface |—»| © e fo Irr values i tor- Field of
and ground
e
DTM with ground
Clip by vector and
polygonize
i‘ BAG Dataset ,; T

Figurel0- Simplified opeisource methodology for determining approximatepsamtialper rooftop

using UMEP SEBE

Field Caicuiations

>  waiApsect Clump contiguous
cels using r.ciump

—» Slope l

4.2.2.3. Analysinghermal comfort using morphological param&&6LWEIG, UROCK and PET

In addition to the analysis of solar potential, the research estimates outdoor human thermal comfort using
the Physiological Equivalent TempergRIET) indicator, but only retaining the built morphology as the
input. This is doneas in this researctine contribution of vegetation, water bodies and major surface
material variations are not accounted for, Wjmloven in literature strongly affect the thermal comfort.




PLANNING SUPPORT WORKFLOW FOR AIDINEASERMESIGN DECISIONS TO BALANCE ENVIRONMENTAL PERFORMANCE

Thus, the analysis estimates an approximation of PET using only infafrbaildmg fornderived from

DEM and DSM, and weather information of the locatind should not beeated as an estimation of the

real temperatures that are expected to be experienced in a real, complex environment with different buildin
materialsplantationsind water bodidkat effectively lower the experienced thermal coifierizariables

thus used in the calculation is ad-mgirell

. Hourly radiation
Air temperature (longwave Wet bulb Sky View Factor Bowen's ratio
' temperatureOR| | =~ |

shortwave;

direct and Relative
Wind Speed idi
p diffuse) Humidity
\ ' J\ ‘T‘
EPW weather record DEM Not used: as only built
surfaces are used, As per
DPRA heat stress report, trees
and veg have ration 0.4, and
DSM others have ratio 3.0
Figurell- Variables used to estmBE€T.Bowendés rati o is not inclu

Outdoor human thermal comfort is dependent on radi@@ah& Kéntor, 2020)To analyse¢hermal

comfort, two major sulmdicators are calculated using UMEP Procdtsutberg et al., 2088yhermal

Mean Radiant temperatyfienrt) using SOLWEIQThe solar and longwave environmental irradiance
geometry modellKong et al., 2022; Lindberg et al., 2088y wind modelling using URock2023a
(Johansson et al., 2018)mrt or Mean Radiant Temperature is a variable in the SOLWEIG model in
UMEP to estimatéspatial variations of 3D radiatianriluxiean scenarids$.can give annderstanding of

thermal comfort by simulating the absorption and emissions of radiation of different materials and surface:
in given urban scenarios.

Tmrtusing the SOLWEI G model considers r aP2ati on
method. While the full model of SOLWEIG has the capability to incorporate vegetation as well as ground
cover data along with built form, it is used in this research to only estimate spatial variations of 3D fluxes
using the urban built fornfrigurel2lists the variables used to estimate Tmrt.

DEM
DSM
Formatted EPW Estimated
file :
Global horizontal Radiant Mean
irradiation, horizontal T Tem perature
diffuse and direct . +
irradiation for given time
period
Wall height
and aspect
raster
Sky View
Factor raster

Figurel2- Variables used to estimatart.

URock estimates wind fields usifiga eemip i r i ¢ al wi nd mo d1®90)Beraacd®tp t e d
al., 2023)Jsing the value of wingklocityrecorded atOm height in the EPW file fdune 22, 2017, the

wind flow rasters are calculated. The URock resiitelates the wind flow velocity at human height based
on the WSD10m parame(Bernard et al., 2023Je outputs of these sirfdicators are fed into a Spatial
Thermal Calculator Model which estimates the Physiological Equivalent Terbpsesture the TMRT

and the wind flow raster.

Thus, as discussedpdifying the input into thaccepted formula for PERoopmans et al., 202@)r
temperaturesolar irradiatignsolar elevatiofthroughlatitudélongitude information), relative humidity
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and sky view factare used within the SOLWEIG mouilile wind speed is modelled using URock2023a.
Onlythe effect of surface perviousnessvagetatioc al cul at ed

t h r amiitegdinomiBhe we n 6 s

study modifying the formula. Tis, the resuls the effect of simply tle@ntribution of the built form and
weather testimating human thermal comfotie methods are explainedrigurel3

These two suprocessesetthe base conditiomd environmental performance of the existing urban form,

JEM - from only
ground points

DSM - building +
ground points

i

v

Calculation of wall
height and aspect

Conversion of EPW
to txt via Metdata

processaor

i

Ly

Calculation of
shadows

l

Outdoor Thermal
icomfort estimation via

i’ txt weather file ;

v

Building footprint -
top10NL

URack Prepare

EPW weather file

Shapefile with roof
heights

SOLWEIG

Tmrt Average
Geotiff

Wind Modelling with
URock

Wind flow raster

!

PET calculation using
Spatial Thermal
Comfort: UMEP

EM - from only

ground points

DSM - building +
ground points

Figurel3- Simplified opesource methodology for approximating thermal comfort.

which will then beompared with the results obtained from the modified urban forms created in Phase 3.

4.2.3.

Phase 3 Modifying the Urban Form

Phase 3 isentredaround designing a workflow that allows users to modify the built form in 3D and feed
it back into the analysis phase feawa&uation of environmental performance. As input to the model, the

existing 3D environment will be created using the 3DBAGhidd8l8 he 3DBAG model can be imported

nt o

Bl

ender

as

both

an

obj fi

| e

a s (Mastordkis,a s

2020) Using edits in Blender, the 3D model can be modified as rédaireducing or eliminating built

forms, changing heights, widths etc. This can then be exported via Cloud Compare, converting from .obj

to. pcd to DEM.This process usepensourcesoftware anallows the user to customize built form as
neededFor testing the workflow, differecanfigurationsire testeduch as introducing one tall building
anda cluster of tall buildings

CityJSON 3D model

Modified built
environment

\—» Export as .obj

CloudCompare

|
¥

Convert to .ped

]

Convert to DEM

QGls

¥

GIS analysis as per
0Obj 2

nergy Estimates
in csv

Joining via scripting

Viewing joined
properties in "Exira
properties"

Figurel4- Methodology used fanodifying built form in 3D and related data processing
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The second part of this phdeeuseson running the same analysis as Phase 2 on the new DSMs, and
analysing the difference in results, if any, attributed to introducing modified morphology, as all other
variables are kept constartie data of the usable roof area and the suitable pixels thus found via GIS
analysis are joined to the 3D model using python Blender scripting, and then model is saved in the gITF 2.
format, which can be read by Cedfeigurel4).

4.2.4. Phase # Quantification of Improvement and Interface Design

Phase 4ocuses owisualizing the results of the analyses in a 3D environment. For visualizing the analysis
using a 3D environment, Cesium JS library, along with Cesium lon and CesiareGede£esium is
popularly used in game interface development and supports geographical informdtésediratdels

created via Cesium lon/Stores can be easily shared and are easy to interact with.

Phase 4 will conclude by comparing the results with the conclusions of therbtdeatuaadiving form
based recommendations for the selemghbourhood

4.3. Operationalisation of sutbjectivesd Research Matrix

Table6 summarise thgulbobjectives, research questions, the data used in answeringeaestisaland
the expected output of each step.

Table6 - Proposed Research Matrix of the project

Obj-ITo review exilstiemqatbedgbbéct of buil 1t
environment al pel e@mamanices @uiddi ngi nurtbhaen ¢
the stuydwi ahea focus on transition to sol i
Research Ques|Met hodol|Dat a Expected outp
RQloWhat is tfLiterat(|{ScientilUnderstanding
St-aft daer t i n Revi ew papers [morphol ogi cal
environment al publicagindicator s,
nei ghbewralh ®o d height and v
mor phol ogi cal effect of ch
typology on s
t her malo fteing ok
RQloWhat ar e Literat(GovernnClarity on go
the 1 ocal mun Revi ew document he gover nme
i ncreasing en Vision |increasing en
i mprovi ngmf &\ decreasing UH
how <can t hat
designing the
Objd2Toi nvestigate and alppdgd ameoptrlopdolad gi eF
Energy Potenti al of rooftops and Ther mal
estimate) of the e«lisdtiendg maiidhbdwrhm ad ian
Research Ques|{MethodolDat a Expected outp
RQ2 .-MWh a't i s Gl-ased |[PDOKBAGMap output s h
Energy Potent| methods|shapefijsolar enpegyr
i n t he exi st|lopsmur c|lAHN/ DSNinhe sekeghéd
sel emetighhbB@ur hjpl ugins |EPW -yléblormrs el aa#t eed

weat her

RQ2:-What isd at|Gl-Based|As RQ Z2Map output s h

Ther @amf ort 1 nimet hods Physiol ogical

state of tlopsmur c Temperatur e [

nei ghb®8ur hood|pl ugi ns nei ghboour haoodgd
dat e.
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RQ2-What open|Compari {HittekddCompaoifsamaly
dat a on sol alraster KI'i maatiRQ2. 1 anwi tRQ2
t her mal comf|predict(atl as, |and national
compared withjand vaj/port al
the workfl ows|dat a i 'l umin
Obj-F o develop a workflow using 3D geoinf
scenario analysi s, which can work seaml es
environment al psecr f noar rmaon cneo doef | st.h e
Research Ques|Methodol|Dat a Expected outp
RQ3.41 How canVisualainj]3DBAM@adUsi ng this wg
geoinformatiojledited jusing built scenar.i
and modi fied- . 0bj such as intro
source softwa CityJdJsdtall buil ding
buil di ngs
As per As per |[Comparing the
RQ3-What bbse .y "Ro |and RQin Obj2 and O
change i n t N DS Ms
environment al RO 3.2
when the patt '
is modified?
Obj-Fo visualise the results of the simula
l'iterature review.
Research Ques|Methodol|Dat a Expected outp
Vi z on |[From ObShareabl e we
Fg:"l_usogvemciaasnmélﬁg(lon/JS Obj 3 scenari os whi
modtedsed envi | zoomed etc.
RQ43Mow do tILiteratlFrom ObCogc:cu3|ﬁns f
compare to th an urther
t he l'iteratul
further recom
made f draséedrn
in thenesiedrizad.
4.4, Ethical considerations, risks and contingencies

The project proposes to use freely available data sourced from national and international datasets to develop
this decision support workflow. It does not make use of any personalhdaiaes citizen data collection.

The datasets used will be referenced to their data owner.

The results of the project are meant to be used by the municipalities to guide their decisions regarding built

form andare not designed to inform individual homeowners about the potentials of their property.

4.5. Summary

To create a workflow that can analyse environmental performaacquttexd 3D data is processed and
converted to 2D. The majority of the analysis are done in 2D using height values obtained from the 3D.
Finally, the results are joined back to the 3D so thidaheesults can be viewed using a 3D model. The

components of the workflow are summarisé&tiigurels
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QGIS toolboxes Post-processing

Data- and datajoining 3D visualization

PreProcessing of results

Solar Potential Data joining in
Estimation Blender using
Conversion of - workflow ‘ Scripting ‘

Script to visualize
LIDAR data to

using Cesium JS
DSM and DTM PET estimation Further analysis
workflow in Python
notebooks

Figurel5- Summary of the sualorkflows in the proposed PSS

Using codscripting in Python/JS as required and employing robust asdppelited plugns as needed,
the workflow simplifies using 3D data to visualise results in 3D.
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5. RESULTS

5.1. Visualising the site in 3D

As discussed in the previous chafiethe Netherlands, the AHM data i¢reely available, anduised to
make the 3DBAG dataset, which models the buildings at LOD 2.5 with detailed ro@Détaset:
Actueel Hoogtebestand Nederland 4 (AHN) & PDOK, 20@38jng the CityJSON file of the 3DBAG
modelavailable online, the site is visualised in Blérgileg. Up3Date plugiiMastorakis, 202i0) Blender,
thisworkflow processghe CityJSON file of the 3DBAG iBlender and converitto a .obj format.

Three built form scenarios are analysed using the designed Weidsi@i/6):
T Cas®OrAginal built form
T Case B: Additionloftbonhe,t@oOB8moiregysndpuisl dnbhgod

ali g#®edThN s is done to see the difference of t
shading on environment al performance.

T Case C: Additi.onThifs 3casad,| thmud |t mgesyal)ll abeild
in close proximity to the buil dingS,i nwhrioldeu ctehde
other i-%W. aThgnedf Eerent in alignment is also m
on environmarcteal perform

Case A Case B Case C

Scenario 2 - Two new building of som
height each are added to the modified
building scene, making a total of 3 new buildings
in cluster.

Scenario 1 = One new building on height
3om is added by deleting a shorter

Figurel6- 3D builtform scenarios.

5.2. Analysingenvironmentaperformancef original and modified scenarios

5.2.1. Estimating Solar Potential per rooftop

Following the given methodology, solar energy potential per rooftop was eJtongéeaneaningful
results from the workflow for further analythis entire workflow was calculated on 3 days in thigrear

the two equinoxed/@r 20, Sep 2&)which should show almost equal shadow patterns, on the summer
solstice (Jun21) and on the winter solstice (Dec 21).

5.2.1.1. Shadow Patterns

Shadow plays an important role in modifying the expected conversion of solar @eaticiy The
shadow patterns estimated on the selected three ddysaré@Map?2. Here, shadoMree pixels are seen
in white, whilgixels under partial of complete shadow are seen in black.
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Map?2 - Shadow Pattern of the btfiltm scenarios, on 3 selected datéseoEquinox and Summer and Winter
Solstice
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5.2.1.2. Estimation of solar irradiance

Using the input of the aggregated shadow raster files calculated per hour forJMae 29, Sep2®

and Dec 2, as well as the annual solar irradiance data estimated from the TMY5.2 weather file, average
annual solar irradi@n in KWh/m? was estimated per pixel for each of the-fowitt scenarios, as seen in

Map3, Map4 andMap5, using SEBE in UMEP.

Case A

ROOFIRR_Original
Band 1 (Gray) |n kWh/m?
1,285.51062
155.926987 0 50 100 m A
[ aa—

Map3 - Estimation of Annualised Solar Irradiation values of the original sdem&\gh/m?

When comparing the Irradiation maps of Cad4ap 4) and Case (Map5) to the original Cagk it is
immediately visible that there is a loss of irradiation recorded in the pixel§¥ééorfi the introduced

tall buildings. This can be attributed to the new shadowing pattern introduced due to the modified built
forms.
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RoofIrr_Single_Final
Band 1 (Gray) In kWh/m?
1,294.446899
155.926987 0 50  100m A
[ —

Map4 - Estimation of Annualised Solar Irradiation values of the Modified scenario with a Single talibuilding
kWh/m2

RoofIRR_multiple_final
gand 1 (Gray) In kWh/m?
:g?g‘zﬁmgwlss 0 50 100 m A
[

Map5 - Estimation of Annualised Solar Irradiation values of the modified scenario with a cluster of Multiple Tall
buildingsd in kWh/m?
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5.2.1.3. Comparing solar Irradiation values with PVGIS

Comparing the ranges of solar irradiation estimated by the SEBHEapmdedimate maximum of 1290
kWh/m2) and the PVGIS yearly-ptane radiation of theestcasescenario (1308 kWhAn(Figurel?)

shows that the SEBModelis quite reasonable in its estimation. Thus, the values are acceptable and taken
ahead in the workflow.

Summary Monthly energy output from fix-angle PV system Qutline of horizon
3

PV output
April: 123.83 kWh
N

|+

Provided inputs: 150
Location [Lat/Lon] 52.229,6.870
Horizon Calculated
Database used PVGIS-ERAS

‘@

PV technology Crystalline silicon

PV installed [KWp] 1 - NW/ '
System loss (%] 14 i %
i
\
Slope angle [] 42 (opt) ° AN 20 £
Azimuth angle ] 7 (op) AN
Yearly PV eneray praduction (kWh] 103118 S o
Yearly in-plane irradiation [kWhim?] 130877
Year-to-year variability [KWh] 4339 N )
Changes in output due to . W T
Angle of incidence (%] 277
Spetral effects (%] 19 I s
Temperature and low imadiance (%] 758 B orzon heignt
Jan  Feb | Mar A May Jn  Ju Aug  Sep Ot Nov Dec

0
Total loss [2]: 2121 — - Sun height, June
Month - Sun height, December

=

PV energy output [kWh]
5

o
3

»

Figurel7- An extract from PVGIS showing thestcasesolar irradiance estimate for the given study area
SourcdEU-JRC, n.d.)

5.2.1.4. Suitable pixdbentification

Using a combination of raster proceaselscussed in the methodolegitable pixels are identified. They

are selected on the basis of being free of shadows for at least 60% of the day, re@0kwyhiwver

and in contiguous clusters over 2¢agone single solar panel is 1.6 sgm) are identified per fdwdtop.
restrictions used here to decide on suitabilitgranteandare used in a way to compensate for the expected
variations in irradiatiomstimatiormade byJMEP-solar modellinghe results of this suitability analysis
seen iNMMap 6. As the cellsnarked black are unsuitable, it is seen that the number of black cells in the
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immediate vicinity of the introduced buildings in Case B and C record an increase as they are now deem:
unsuitable

Case B

s

il i
"\"_llun- Ty ye,

[
2 a

Case A

Unsuitable
Suitable

L
]

Map6 - Shadow XrradianceX contiguougels- Suitable cell identification
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5.2.1.5. Estimation of Solar Energy

Using the output of the suitability analysis in raster format, the values are transferred to the rooftop vector
shapefiles using Zonal Statistics, as skpin This suitability analysis is repeated for all 3 built scenarios,

in all 3 selected dates to get a more holistic idea of the annual production potential. This suitability analysis
is modifiable by users to determine their own cutoff irradiance legptajdeshadowing, and contiguous

usable areashus, the accepted levels can be much lower than what isthesd jparticular analyses

allowing the workflow to be modified to be used in different geographic and economic conditions.

The entire workflow is made concise and replicable using Graphic Modeller and allows for variation in input
data and assumptions. The graphical representation of the process is eXjitpirekBinvhich reduces

the long, tedious idep process to ommep. The suitability analysis is modifiable by users so as to
determine their own cutoff irradiance levels, acceptable shadowing, and contiguous usable areas.

Raw Data Pre-Procassing Automated process | Qutput

Calculating shadows. Filtering to 60%
EPW file on sun atity shadow free

using UMEP aggregagate

Filter by contiguous
areas over atleast |—  Zonal Statistics

/Vectar Count of
usable pixels

Filter: Acceptabie Im
and shadow

Wall Helght 25qm

Vector: Field of
using UMEP SEBE Energy Estimate,

Sofar Imadiation
S l
DSM with buildings L estimation of surface —»| " o sookwivsgm l
and ground
Fieid Calcuiations |—i—+-» Usable Roof Area
| i Wall Apsect Chump cortiguous Useable Roof Area

cells using rclump Percentage

| |
Siope

Ciip by vector and
polygonize

BAG Dataset T

Figurel8- Simplified workflow of the automation as a part of the whole process.

Using the derived suitability dnddiation per pixel, calculations of the predicted Energy Estimate and
Usable roof area are done using field calculstaps. inMap 7 andMap 8 show thevariations due to
different built forms and also the variations in different seasons.

It is also understood that the Energy estimate derived using the shadow patterns of March/September
provide a more realistic annual number as compared to the extremes of summer and winter months.

Figurel9displays the final interface made using Graphic Modlbler.the proposed workflow can be
used to quickly estimate an approximate energy vyield and rooftop utilization percentage in assisting to
visualize the differences cased due to different built form scenarios
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Parameters Log

| @ Solar Graphic FINALMODEL X |

Building footprint

| Pand_Siefrea_Single_f6681383_e9af_ddb0_80b1_25d70331becl = | [

D5M
| v||---|
EPW fil=

| [

Shadow x Irr x Contig raster

| D:/00_ITC-NL/ THESIS/04_Graphic Modsler/PIT/SHADOWIRRS.HF | |:|

V| Open cutput file after running algorithm
Clump raster_single

| D:/00_ITC-NL/THESIS/04_Graphic Modeler/PIT/CLUMI. | |:|

v | Open output fie after running algorithm
Selected Vectors

|[Create temporary layer] | |:|

V| Open cutput file after running algorithm

Energy Estimate per Buiding

| D:/00_ITC-NL/THESIS/04_Graphic Modeler/PIT/EES.shp | |:|
V| Open cutput fie after running algorithm

Shadow_Aggregated [opticnal]

| [Skip cutput] | |:|

Open cutput file after running algorithm

Shadow_folder
|[5ave to temporary folder] | |;|
Roof Irradiance [optional]

| [Skip cutput] | |:|

Open output file after running algorithm

SEBE_folder

|[Sa ve to temporary folder] | |:|
| [y | Cancel
|Run as Babch Process .. | | Run J | Close

Figurel9- Interface of the Solar Potential analysis Model
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Map7 - Energy production potential estimates made from suitabiicé&Nh per annum per rooftop
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Case C
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Map8 - Usable roof area in percentage in each built case and season
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Case A Case B Case C

59% Q 58% ’ 57% ’

= Suitable Are¢ Unsuitable area = Suitable Are¢ Unsuitable area = Suitable Are¢ Unsuitable area

Figure20- Suitable v/s unsuitable roof area for harvesting solar energy in each of the laitteform

As seen ikrigure2Q there is a small increase in suitable rooét@entage from Case A to case C. However,

it is also be noted that thmount of rooftop area also increases as the newly introduced buildings have a
much bigger roof surface than the previous buildings.Tables7 summarises the change observed in
numbers from Case A to Case C.

Table7 - Summary of suitable pixels, average irradiation per suitable pixel and energy estimates in the three built
form scenarios

Case A Case B Case C
Total Aregsgm) 50070.258 50170.231 50640.033
Suitable Aregsgm) 20432.509 21073.839 21782.021
Unsuitable argagm) 29637.749  29096.392 28858.012
Irradiancenerage valugkWh/mz2) 994.90 989.301 984.787
Count of suitable cells 81730 84295 87,128
EnergyEstimatan kWhper annum 2,134557.241 2,189079.427 2,252319.029

Predicted value Buro (at35 cents per kWr  747095.03  766177.79  788311.66

5.2.2.  Thermal Comfort Estimation usikigT.

For calculating PET, the date of June 22, 2017, at 1pm was selected as it was the hottest record in the
summer months in the TMY5.2 dataset. Keepimgind that it is a Typical Meteorological Year, the

temperature of 38 is not the most extreme, but is a temperature regularly seen in the study area in the
summer months.

5.2.2.1. Estimating Wind flow

Using the methodology described above, PET was calculated in two steps. In the first stage, wind flow
estimation is done using URock2023a. A wind direction of SW at 225 degrees was selected as it is the
predominant wind direction for the study area.
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As seen iMap 9, the wind flowspeeds derived from the WD10 value in the TMY5.2 dataset, which
records wind speed and direction at 10m height. URock2023a shows a derived output at 1.5m height, whic
can be considered for human thermal comfort.

urock_outputWs
Band 1 (Gray)
1.226486
Mo 0 50 100 m A
| —

Map9 - Wind flowspeed inm/s calculated for Case A using thegoound wind conditions in the EPW file for
WS10m

Map 10shows the direction of wind flow and the behaviour of the wind as it is restricted by the buildings.
Seen here, the-8l alignment of the streets allowrsd flow while the houses pose as batrriers. Due to this
the backyards record reduced wind velocity at human height.

Map10- Wind Flow intensities on ground for Case A.
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Similarly, for Case B a@dwind flow velocities in metgrar second are calculateld1l Map13

urock_outpUEWS.
Band 1 (Gray)

1.132167
-

Map11- Wind flowspeed in m/galculated for Case B using theymund wind conditions in the EPW file for
WS10m

The wind flow intensity for CasgMBap 12) shows a reduction in estimated speed of wind to the-North
East of the newly introduced tall building, possibly indicating that the tall building is hindering wind flow.

Map12- Wind Flow intensities on ground for Case B. Wind pattern is seen to be changing around the introduced
tall building.

36



PLANNING SUPPORT WORKFLOW FOR AIDINEASERMESIGN DECISIONS TO BALANCE ENVIRONMENTAL PERFORMANCE

urock_outputWs
Band 1 (Gray)
- é?ibmﬂ A
0 50 100 m
|
Map13- Wind flowspeeds in m/salculated for Case C using theymund wind conditions in the EPW file for

WS10m.

In case C, as three tall buildings are introduced in a cluster, the wind speedgimbthehoodo the
North-East of the cluster records a sharp dragind flow Map14).

Vi

Map14- Wind Flow intensities on ground for Case C. There is considerable change in wind pattern observed due to
introducing the tall building aligned\E which blocks wind effectively.
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5.2.2.2. Sky view Factor Estimation

Sky View factor estimation using DEM is used as an input to estimfatRheky view factor ranges
between 0 to 1, where 0 is completely unobstructedlviietally obstructed from all sidesan be

seen that the areas in immediate vicinity of the introduced tall buildings show a lower Sky View factor
estimatiordue to the presence of the tall facfidep 15. (Here, black is @bstructedyvhile white is 1
(unobstructed)

Map15- Sky View factor estimations for all 3 built feg@narios.

5.2.2.3. Estimating Mean Radiant Temperature

Following the methodology described in sedt@®R2.3sky view factor per pixel is calculated in UMEP, as

well as wall height and aspect rasters. All these inputs are then utilised to produce the Mean Radiant
Temperature estimation for 1pm on Jun®, 2017, which shows extremely high flux estimations.
However, interestingly, in Casdlaf§17) and Case @A@p 18, there is a dropecorded in the Tmrt to

the NorthWest of the buildings, possibly where urban shadowing is expected.

Tmrt_2017_173_1300D
Band 1 (Gray)

: 733 In degreeCelsius 0 50 100 m A
| E——

Map16- Tmrt - Mean radiant temperature estiniagtag SOLWEIGor Case A
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Trvt_2017_173_13000
Band 1 (Gray)

5 )
7] %In degreeCelsius 0 50 100 m A

L E—

Mapl17- Tmrt - Mean radiant temperature estimate using SOLWEIG for Case B

Trort 2017 273 13000

Band 1 (Gray)

™ 2 In degreeCelsius E

0 50 100 m
S

Map18- Tmrt - Mean radiant temperature estimate using SOLWEIG for Case C

5.2.3. Calculating PET

Using Tmrt in5.2.2.3and Wind Flow intensity estimatiorbif.2.1land also using standard assumptions
as per the SOLWEIG model of thermal comfort, PET is estimated asMapi%Map20andMap21
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In degreeCelsius

Map19- PET estimate at 1pm, 22nd June 20d&se A

In degreeCelsius

Map20- PET estimate at 1pm, 22nd June 20C@se B

40


























































































































































































