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1 ABSTRACT

The paper discusses interrelations of urban deasidn and urban climate under global warming coows

by means of microclimate simulations as well asagrblensification scenarios, referring to two redear
projects exploring test areas in Vienna and Liustria. The impact of the extension of buildingghts on
microclimate in densely urbanized areas is testgulyang 3D city models describing building height
distribution, surface properties and open spaceacteristics. In Vienna the densification impact the
local climate is explored for a larger study argaktruding the buildings’ footprints towards thaximum
height as allowed by the current zoning regulatidnsLinz the urban densification impact on thedlbc
climate is tested by adding high-rise buildings ebhiare planned to be developed in a selected
neighbourhood.

Building height extension scenarios allow on the sitle examining the densification potential tatzenew
residential floorspace without requiring additiofmlilding land and on the other side to investigdie
impact of densification on climate conditions bydating the effects on heat storage during sunlighirs,
nocturnal heat radiation from buildings and aimfldMicroclimate simulations show significant difégrces
in the diurnal variation pattern of the mean ratiiamperature depending on increase or decreas®adfng
and heat storage effects due to densification.

Keywords: climate simulation, climate-urban faliriteraction, climate change, urban densificatidimate
adaptation

2 BACKGROUND AND OBJECTIVE

Urban Climate and climate change is an issue ofiigigpimportance with respect to urban neighbourlsood
as well as entire cities. First attempts to explotgan climate issues and their interrelation whih “urban
canopy” can be found in the early 19th century. d udoward (1818, 1833) carried out theoretical
discussions on urban climate and related empisitalies for the City of London, based on monitoriaga
collected for 25 years (1806-1830). In the latath2fentury the so-called “Urban Heat Island (UHfget”

was examined, characterised by a higher temperaudensely urbanised urban areas compared to their
rural outskirts (e.g. Garstang et al., 1975; Ok&2)9

In the 21st century climate change was startingatse world-wide interest, as climate projectiohsvg
accelerated global warming with significant impanturban thermal comfort in cities - even in mititiade
cities (c.f. Janicke et al., 2015; Kuttler, 201 %ilkl et al., 2011; Rosenzweig et al., 2015). As tinean
population will still grow, anthropogenic heat fluxll increase too, which will speed up urban hisénd
effects. Thus, climate dynamics must be consider@dmbination with urban dynamics, requiring adapt
activities to better cope with urban dynamics urfdéure climate change. Circumstances of urban tirow
and changing climate conditions require a cledrfoalction. An important step is to link climateodelling

to on-going urban planning processes. This has baeted out to describe the current situation af as
for urban development projects in the cities’ fergreas (e.g. Rosenzweig et al., 2015; Tétzer. @0418).
While urban growth has been in between frequemrtigted to climate change urban densification has be
less considered as issue affecting urban microtdiniatil now, specifically with respect to heataisd
effects, air flow and air quality.
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This paper is thus dealing with the interactionuoban densification and urban microclimate and will
explore the effect of adaptation measures to nigitfaese negative effects. Here the impact of xtension

of building heights on microclimate in densely urizad areas is tested in Linz, Upper Austria, ané i
district in Vienna, the Capital of Austria, In Viea the densification impact on the local climatexplored
for a larger study area — Vienna’s 12th districtidfag. In Linz the microclimate conditions are exaed
for several areas — here we focus on the “Tabakfabdevelopment area, a former cigarette factote si
which is going to be transformed into a mixed-usiding complex with some new low-rise buildingsiaam
high-rise office tower as massive urban densificaintervention.

The following two figures show the case study amiasussed in this paper: the densely urbanizedgbar
the 12th district in Vienna, Meidling (figure 1) cathe Tabakfabrik Linz - development project — witth
current state (figure 2). The data sources respygtihe data generation are described in the clegter.
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Figure 1: The densely urbanized centre of Vienadth district Meidling: 3D-model with the currentillling height (left), bird’s
eye view (right) (Sources: building footprints: ¥df Vienna, 3D model processing: AlT(left); googhaps - birds’ eye view (right))
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Figure 2: Tabakfabrik development area, Linz -:rBBdel of current state (left), bird's eye view {}y (right) (Sources: building
footprints, City of Linz, 3D model processing: Aldgoogle maps - birds’ eye view (right))
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3 DATA AND METHODS

Effects of urban densification on local climateaisalysed for sample areas in Vienna and Linz, Aastr
Hypothetical building height extensions allow toamine the densification potential leading to new
residential and office floorspace without requiradgitional building land. Plans for a property elepment

in Linz allow modelling the urban densification pnotial based on future building layout and height.

The impact of densification on climate conditiossexamined by modelling the effects of diurnal heat
storage, nocturnal heat radiation and air flow. Thieroclimate simulations are carried out with eifint
models. The results are compared, and uncertaamges are documented by testing the impact of urban
fabric on current climate, future climate and cdesing climate adaptation options.

For Vienna's district Meidling the current buildirgjructure is generated as 3D model by taking the
buildings’ footprints and extruding those to 3D exdis according to their building height informatidm
assumed average story height of 4 m for the olttimgjs let estimate the current gross floorspacth@n
study area. The district’'s floorspace extensiorepiil through densification is estimated, basedtien
current building height limits derived from zonimdans. Therefore, the building height borderlined a
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annotation layers, obtained from Vienna's plannitgpartment, are converted into a geodata setnko li
building height maxima derived from the "Bauklas@alilding height class) spatially to the currentiding
footprints. The densification scenario has beemiedirout by extending the buildings to their all@ve
building height limit, resulting in a new 3D cityadel representing the entire densification scen&teaght
differences between the building height limits émel observed building heights allow, assuming afBor
height which is standard for new buildings and dinij extensions, for estimation of the additionaiter
of floors and the additional gross floorspace. lkemrtdditional floorspace gained through rooftogeesions
and attic conversions, which can exceed the hdigfits when receding towards the building’'s eaves,
considered as 50% of the buildings' footprints.

Figure 3 depicts the densification potential of tc&nMeidling by extending the height of the cuitren
buildings according to the building height limifshe 3D view gives only a general impression ofdpatial
effect of city-wide densification. Rooftop extensiand attic conversions are not shown, as no nadhses
are added to the 3D model.

Figure 3: Densification potential of Vienna’'s 12istrict around Meidlinger HauptstraBe accordingh®s building height limits of
the Vienna zoning plan. The zoning plan of thissamith “Bauklassen” border lines and signature aatirt are shown on the right
side (Sources: 3D model, densification scenaricgssing: AT, height zoning map: City of Vienna)

The overall floorspace extension potential has lipemtified for the residential and mixed-use buotgd by
taking current building height, building height Its) and building footprint area from the buildiggo-
database. Hypothetical height extensions are omgidered, if the (residential and mixed-use) bogd’
footprint area exceeds 100 m2, which is aroundgtiuss floorspace required to build an additionat. fl
Backyard buildings are only included for heightemdion if their current height is above 4 m, othsenthey
are considered as workshop buildings and backysedss which are not feasible for residential flpace
extension.

In the City of Linz, a process has been initiatethwity planning experts to identify the most redat and
urgent issues in the context of climate changeuatbdn planning. As the panning policy target fand.is to
grow through new development areas, as well asigfraew inner city high-rise buildings, it is impamt to
know how high-rise buildings would influence thecmaiclimatic state of the neighbouring areas and the
entire city.

The Linz 3D city model has been generated based@RINE land cover data, the Open Streetmap layer,
the cadastre map with the building footprints, gitdl terrain model and a Lidar data set — a poliotid of
airborne derived 3D information - which has beelatesl to the building footprints. Figure 4 shows th
downtown area of Linz with the land cover, terraand streets and rivers and the simple 3D buildimape
extraction.
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Figure 4: Linz downtown area; land cover, streétvnek and terrain (left) and the final 3D modebfrt) (Sources: various layers:
City of Linz, Open Streetmap, 3D model processind:)A

The derived 3D city model serves as a digital baseembed high-rise buildings as densification
interventions — either as hypothetical assumptioasoreal property development. The following figuy
shows the 3D model of the future “Tabakfabrik” depenent northwest of the city centre. The realtesta
investor will present the planning details to thevlc in early 2019. The mixed-use developmentiritiy
working, education) shall be finalized by 2023 ghtheubau3.tabakfabrik-linz.at/).

Figure 5: Tabakfabrik development area, Linz -deging of the develoment plan (left), 3D city moddth embedded office tower
development concept (right) (Sources: expressiyeft), 3D model processing: AlT(right))

Microclimate simulations presented here, are caroigt by ENVI_MET ® and by Grasshopper ® with the
Ladybug plugin. Both tools enable a comprehensssessment of heat trapping and air circulation unde
different climate conditions.

ENVI_MET V4 ® was developed in the late 1990-iesl amproved over the time (c.f. Bruse et al., 1998,
Huttner, 2009). Now the tool is sold as commersadtware (https://www.envi-met.com/). ENVI_MET is a
integrated three-dimensional non-hydrostatic moiéially developed to model surface plant intei@as,
currently more often used to simulate microclimdy@amics in built urban environments to assesssffe
due to climate change. The model works with 3D yarras gridded model input, describing building,
vegetation and soil properties. The model's daebgsovide a variety of different vegetation opsiand
materials for walls, roofs and surfaces to matah itidividual building surface - and open green spac
characteristics.

The typical horizontal resolution of the input datenges from 0.5 to 5 metres. The vertical reswotuts
flexible — either all vertical grid levels, excetpe lowest five, have an identical vertical extensior the
vertical grid size expands as “telescoping griddabthe elevation of the highest buildings rangipgto
2500 m to enable modelling the vertical dynamicgaifhe urban atmosphere boundary layer. (Detaifs ¢
be found in: http://www.envi-met.info/doku.php?id=kerticalgrid).

The typical time frame in which ENVI_MET calculatasnospheric dynamics is 24 to 48 hours with a time
step of 1 to 5 seconds. For the applied test dapes data sets with 2m resolution have been pegparhis
resolution allows to analyse small-scale interastibetween individual buildings, surfaces and glavtiich
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enables to investigate urban heat island phenoraedathe impact of related adaptation measures by
extracting horizontal and vertical sections frora 8D output array.

The disadvantage of ENVI_MET is the long calculatione (depending on the hardware specifications):
e.g. despite the small area of the Tabakfabrikdigst the simulation takes a week to model theaulonate
dynamics by providing hourly results for one dagplgting a computer with i7 processor with 16GB RAM)

Grasshopper ® (https://www.grasshopper3d.com/) grahical algorithm editor developed as a part of
Rhino’s 3-D modelling environment, originally apgdi for parametric design studies. Grasshopper users
have developed a wide range of open source pluginsls which carry out various modelling applioat
related to building design analysis. Ladybug Taqalisgin is among the most comprehensive plugins in
Grasshopper supporting environmental design asse$s@ne feature of Ladybug Tools is Honeybee, that
connects Grasshopper to validated simulation esgi@pecifically, it creates, runs and visualizesrésults

of daylight simulations using Radiance, energy fimulations using EnergyPlus/OpenStudio, and wind
simulations using OpenFoam (https://www.ladybudsthmneybee.html). All the components of the
Ladybug tools collection inherit the physical piples and the functionalities of its underlying siations
engines (e.g. Radiance, EnergyPlus, OpenFoam)t knpai output is linked between these engines and a
visual scripting interface allows for comprehenssimulation and analysis of microclimate calculasip
considering all related interactions within the mbdomain.

The Ladybug plugin allows the user to import andlgse standard weather data which enables assessing
microclimatic effects to urban environments dueltmate change. The plugin does not need a prepyiet
input format as it makes use of standard 2,5D ESBRpefiles, depicting urban environments with bogd
layout and vegetation property information. Variopisigins allow to analyse small-scale interactions
between individual buildings, surfaces and plantictv enables again to investigate urban heat island
phenomena and related adaptation measures to taitlgse effects.

As disadvantage of the Grasshopper/Ladybug plubm,output - at least in our implementation — i$ no
stored as a 3D array. Results are extracted oftytlas images, which do not enable further datdysma A

big advantage is, that the calculations are cawigtddmuch faster than by ENVI_MET: the microclimat
simulations for 24 hours took for the presentedt tegases only a few hours simulation time.
Grasshopper/Ladybug allows further a much fineoltg®n and more 3D building details integratingoin
the study domain. Additionally, with new Grasshappleigins being developed daily by a vast community
of users, this environment promises new and immtoapplications and a growing flexibility. Finally,
Grasshopper plugins also allow for automation aké$a thus enabling more efficient engineering of
alternative design options and assessment of dedateironmental implications.

As main assessment indicator the mean radiant tetype (MRT) has been selected — which is calcdlate
by various tools and can be easily monitored wittth globe thermometers. The mean radiant temperatu
(MRT) is defined as the uniform temperature of maginary enclosure in which the radiant heat temsf
from the human body is equal to the radiant heaisfer in the actual non-uniform enclosure (IS®8)91t
can be regarded as the weighted sum of all long-saort-wave radiant fluxes (direct, reflected diftuse
components), to which a human body is exposed. iRalmitza et al., 2015). If taken outdoors, MRT
depends on the temperature of the sky, groundt&ege and surrounding buildings (considering, atise,
angle, size). (c.f. Rakha et al., 2017). The MR of the most important meteorological paramseter
related to human energy balance and human themnafoct (c.f. Fanger, 1970), being a critical phgsic
quantity that indicates how human beings experi¢imesmal radiation in their surrounding environment

Comparing the simulation results of both tools ENMET and Grasshopper/Ladybug allows to examine
their uncertainty bandwidth: the daily averageh® tean radiant temperature (MRT) turns out to & q
similar in both tools — differences in the MRT aage are below 1 °C, the pattern of the horizontRITM
distribution is rather identical. Thus, we presbkate the Grasshopper results as Grasshopper dietes
processing to provide results for alternative inpith respect to climate conditions, building lay@and
adaptation measures.
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4 RESULTS

Results referring to densification potential, ob&ml so far, show the feasibility to increase thesgr
floorspace of the existing buildings stock in athgalensely urbanized districts. Results regardiityg €
climate — interactions show a first assessmerti@frhpact of densification on microclimate condiso
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Figure 6: Case study area along Meidlinger HaugistraD view (top row), heat exposure simulationdi@mrent state (left) and a
densification scenario (right): Mean radiant tenapere (MRT) at 13:00 h (2nd row), MRT at 20:00 h (Byd/), MRT daily average
(4th row).

Compared to the actual building height distributiorMeidling, the height zoning regulations alloor fa
substantial extension of many buildings, who's h&igare below the height zoning limits as showfigare

3. The gross floorspace (GFS) extension potenfidh® current residential - and mixed-use buildings
densely urbanized central Meidling is estimateahesy 16 % of the GFS. By including rooftop extems
and attic conversions the growth potential sumswground 25 % of the GFS of the residential - anded-
use buildings (Current GFS: 2,8 million m2, GFSeesion potential by adding regular stories: 467 920
GFS extension potential including rooftop extensioand attic conversions: 701.000 m2). Thus,
densification of residential- and mixed-use buitginn central Meidling would - considering an agerdlat
size of around 94 m2 gross floorspace (and 66 mZloerspace) — allow for adding around 15 to 25%

additional flats to the current building stock.
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To better cope with such densification dynamicsaeunchanging climate conditions, the interaction of
microclimate and urban fabric has been exploredioda microclimate simulations have been carrietl ou
for Vienna and Linz case study areas consideringra hot day (August 10th, 2014) as climate backgd
condition.

Figure 6 shows the mean radiant temperature (MRTStraet level in a sample area along Meidlinger
HauptstraRe without (“base case”, left) and witliding height extension up to the height zoningitim
("densification scenario”, right) during a day-timm@d night-time hour and as daily average. (Thertop
shows the test area, the building footprints orritiet side, marked in cyan, indicate those buidiwhere a
building height extension is assumed.)

Comparing the microclimate simulation results fbe tbase case and the densification scenario in the
northern part of Vienna'’s 12th district around Migider HauptstralRe, show differences in the dailgrage

of the mean radiant temperature between +7 andCG&lsius MRT (fig. 6, 4th row), depending on ingea

or decrease of shading and heat storage effect®dlensification.

During day-time hours the sunlit street- and baotyareas show around 13:00 h a heat exposure af up
70°C MRT, while the areas shaded by trees and éacsldow a heat exposure below 40 °C MRT (fig. @, 2n
row). During the night-time hours (e.g. 21:00 Iy.f6, 3rd row) narrow street areas show heat trappi
effects with a temperature exposure above 26 °C MRille more open areas show a temperature exposure
of only 24°C MRT. Areas close to extended buildirsw positive effects during day-time, because of
more shade and negative effects during night-tespgecially when street canyons or backyards arewar
Temperature exposure in areas below trees showpareh to sunlit areas, differences in MRT of uB@o
°C. During night-time the temperature below trelesvss little to no difference in MRT compared to ppe
backyard- and street space. (The areas along ttaerisoof the study domain shall not be consideoed f
interpretation as they don’t show valid results doiehe missing neighbouring blocks beyond the ystud
domain.)

In Linz the impact of the planned Tabakfabrik depshent on microclimate conditions has been explored
and initial climate adaptation options tested.

Figure 7 shows the current and future state obthleling layout after the property development mémtion
(top row) and the differences in mean radiant teatpee (MRT) at street level for the current st@bmse
case”, left) and after property development (“dftcaiion concept”, right) during a day-time and mtigime
hour and as daily average (rows 2 to 4).

Microclimate simulations (for August 10th, 2014)pgpng the current building layout and the densifie
layout of the Tabakfabrik neighbourhood, show (carmmg the results in figure 7, row 4) significant
differences in the daily average of the mean rdadiamperature between -1 and -7 °C MRT due to the
increase of shading cast by the 81 m high offid&ling.

Heat storage effect at street level plays lessasléhe building footprints of the buildings areadler than

the current ones, releasing less nocturnal heattial and allowing better ventilation between hddings.

The planned solitary office tower will provide atldnal shading from morning to peak hours. Some new
narrow building facades will cause heat trappirfga$ during night hours. Larger areas shaded éyndw
taller facades show temperature exposure below 38R around 13:00 h while sunlit surfaces show
temperature exposure up to 50 °C MRT (fig. 7, 2ma)r During the night-time hours (20:00 h, fig.3fd
row) narrow yard areas show heat trapping effeitts temperature exposure above 26 °C MRT, more open
street areas show temperature exposure of 24C2BRT. (The areas along the borders of the studyaio
shall not be considered for interpretation as ttiey't show valid results due to the missing neighbw
blocks beyond the study domain.)

5 CONCLUSIONS AND OUTLOOK

Urban densification is a potential solution to allfor sustainable urban growth without sealing tiddal
land: The case studies show that floorspace caimdseased up to 15 % by adding additional stories t
buildings who'’s height is one story or more beltw telated zoning height limit, and can be incrdageto
25 %, if rooftop extensions and attic conversiorsaalded to all buildings (considering 50% of tbetprint
space as usable for new floorspace). These nurabengalid for the densely built up area of Meidlisugd
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even for the entire district Meidling. Thus, it caa assumed that the results can be transferratidensely
urbanized parts of Vienna’s outer districts withnisar building structure (at least the 10th to 20istricts).

Base Case DendificaConcept

c

49.43<

46.60

43.76
40.93
38.10
35.26
132.43
B 29.60
26.76

23.93

) <21.10 Radiant Temper
Radiant Temperature 10 AUG 13:00

10 AUG 13:00
(=4
24.97<
24.52

24.07

23.62 ‘

”// ’ 2317
248 - 24X
\ - ¢

20.93

<20.48
Radiant Temperature

Radiant Temperature 10 AUG 20:00

10 AUG 20:00

g
34.68<
33.21
31.74
30.27
28.80
27.33

] 25.87
24.40
22.93
21.46

<19.99

Radiant Temperature

Radiant Temperature Aug 10 1:00 - Aug 10 24:00

Aug 10 1:00 - Aug 10 24:00

Figure 7: Case study area Linz Tabakfabrik developn8D view of current and future building statep(row), differences in heat
exposure for base case and the densification ctiridejan radiant temperature (MRT) at 13:00 h (2ngé)yoMRT at 20:00 h (3rd
row), MRT daily average (4th row).

Densification interventions show distinct effects mperature exposure: MRT decrease is observed on
streets and backyards during the day as highedibg8 cast more shadows. MRT increase is observed
during the night because of heat trapping causeldelay storage in and heat dissipation from thegkeh;
larger buildings. High-rise buildings show duringyetime and night-time positive effects, because of
casting more shade and show little nocturnal hieaage effects. During day-time the temperatureosmpe
below trees is significantly lower. Differenceshrat exposure between sunlit and shaded areagydium
peak hours reaches 15 to 30 °C MRT. During nighetthe temperature exposure below trees shovesttittl

no difference in MRT compared to open spaces. Wt the rooftop temperature exposure has not been
analysed.

At these projects’ stages, it can be concluded,ntwalerate urban densification would be an appat@@nd
feasible instrument to improve land use efficiengliich would avoid occupying and sealing additidaald
and would eventually reduce the single inhabitaotistribution to urban traffic load in verticallyaying
cities. It can be further concluded, that a limiteohmber of high-rise buildings have less heat trappffects
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at street level than building rows with overallended building heights, as far as those towerslesgned
slim and are not concentrated in a few areas withéncity. The microclimate simulations show furttieat
trees covering open spaces have a positive effestduce day-time heat exposure especially dunimgy s
peak hours and have no reasonable nocturnal lagging effects.

In later stages of the two projects, further clienataptation concepts with respect to urban gramih
densification will be tested.

One further impact of densification refers to wicwimfort at street level. High-rise buildings andtaia
configurations of low-rise buildings may have négaimpact on how wind is perceived by pedestri@ns
public open space. On the other hand, clusterek-iisg buildings may serve as barrier for ventlati
Therefore, large scale ventilation analysis atridisor city level as well as local wind comfortadysis at
neighbourhood level and counter measure developrtentitigate negative impact of densification
interventions on wind characteristics will be cadrout.

At the local scale, vertical extensions of selediaddings will be additionally tested for the Viem case
study, considering different construction typesystidistinguishing between densification carried with
high or low thermal mass. The type of constructigh on the one hand be influenced by the strudtura
soundness of the considered buildings, on the dthied, the choice of construction material willeatfthe
thermal and subsequent energy related behaviouheofoverall building influencing heat storage and
nocturnal heat radiation.

Temperature exposure at rooftop levels will beHertanalysed considering the current building layou
extended building layout with high and low thermadss. In addition, greening of fagcades and roofs wi
also be tested to better adapt to climate changethey influence the microclimatic conditions and
performance of the buildings.

Further feedback loops will be set up to the plagmrocess involving city planning experts and prop
developers to identify appropriate climate adaptatictivities — discussing open space design agehgrg
as well as densification to better cope with futtinmate conditions as well as urban growth requipts.
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