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Abstract: The effect of extensive and intensive green roofs on imgrov
outdoormicroclimate parametersf urbanbuilt environmentss currently a
worldwide focus of research. Due tlee lack of reliable data for Belgrade,
the impact ofextensive and intensivgreen roof systems anitigating the
effects of urban heat islands and improving microclimatic conditions by
utilizing high albedo materials in public spacesre studiedResearch was
conducted on four chosen urban units within existing residential blocks in
the city thatwere representative of typical urban planning and construction
within the Belgrade metropolitan aredive different models (bagee
model and four poteial models of retrofitting) were designed, for which the
temperature changes at pedestrian and roof level§ &0 h 13:00 h 19:00

h on a typical summer dagnd at 01:00 h the following niglim Belgrade
were investigatedENVImet software was used toodel thesimulations.

The results ohumericalmodding showed that utilizing green roofs in the
Belgrade climatic area couldeduceair temperatures in the surroundings
up to 0.47, 1.51, 1.60, 1.80 °C at pedestrian level and up to 0.53, 1.45, 0.90,
1.45°C at roof level for four potential retrofitting strategies, respectively

Key words:greenroof, urban heat islandjrban microclimatemicroclimate
mitigation, ENVimet

1. Introduction

Climate conscious urban desigomprses a group of elements and strategfied can be
applied in modern citiesThis study investigateetrofitting design scenariosthe influence of green
roofs installed oto existing residential buildings in Belgrade on thkban microclimate and the
influence ofexchanging the existingpw albedomaterials in public spaces (roggsavements, squares,
playgroundsj¥or higher albedo materials

Vegetative roofs, often termed green rodiging roofs or roof garders in the literature, are
roofs with vegedtion on the uppermost layd. Depending on the substrate depth, type of vegetation,
comgexity of the irrigation and drainagesystem, accessibility, and extent ofnaintenance
requirementsvegetative roofsare divided into extensive and intensive rodfeey offer multiple
benefits Green roofscontribute reducing the energgnsumptionand tomore efficient stormwater
managementThey reduce C@emissionsin addition theyhave a significant role irthe strategies for
adapting to high temperaturesdareducing the effect of heat islands in urban environmeiss,
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green roofsexpand the lifetimeof roofing membranesThey alsocontribute to increasingirban
biodiversity, reducingnoise,increasingthe market value of the buildings, incriegsthe amountsof
open spacaitilized, absorbing atmospheric pollutanioffering the possibility for development of
urban agriculture, and having positive effecn human health They also been marked as
component which contributes taising the esthetics dlfie city. Reviews of the main environmental
benefits of green roofs are availafte 3].

The role of green roofs in itigating the effects of urban heat islands has bpesviously
discussed4-13]. The greatest contributors to urban heat islands are large asphalt or concret areas with
low albedo values, the reduced percentage of vegetation in urban environments, high buildings and
narrow streets that modify the direction and speed of winds and ardzde canyons, or any
combination 6 these factors, as well as activities in urleavironments that generate heat ¥
systems, transport and other anthropogenic processes and factors). Green roofs increase the albedo of
urban areas and are considerettey approach for moderating the effect of urban heat islands.
Vegetative roofs can reduce the ambient temperdty®3 to 3 °C at city level andan efficiently
reduce the effect of urban heat islafgls

The use of green roofs is one of tewategis to climate changeadaptationin cities as
describedoreviously[5, 14, 15] Vegetative roofs are one part of the system of green infrastructure in
cities. Green infrastructurbas beerstudied as a strategic approach and part of the solution for
reducirg heatand pollution in urban environmerits 6, 10, 15, 16]With regard to theatural cooling
effect through the process of evapotranspiratiowas concluded that green infrastructure should be
strategically implemented in urban environnsasntd utilized in urban anarchitecturadesign. Green
infrastructure is the mostfefctive tool in the fight against climate changge7, 14]

Adopting vegetative roofs leads to reding greenhouse gas emissiofis’-21]. The use of
vegetative roofs hasekn identified as an ecological approach smithbletechnique for reducingir
pollution, which is a product of direct (directly linked with external emissions pollubergidirect
processes (modifying the microclimate by the use of vegetative rahisa® the amount @nergy
utilized for HVAC, and consequently, the amount of pollutants emiti). performance of green
roofs is dependent on the status of the vegetation, the roof position and the ambient air flow
conditions. Altogetherl675 kg of ai pollutantswere quantifiablyemoved by 19.8 ha of green roofs
annually[19]. One square meter of vegetative rootild offsetthe annuaparticulate matter emissions
of one passenger cft8]. On sunny days, green roofs could reduce the €@@centration by 2% in
urbanneighborhood$17]. Where there is luck of areas in densely built urban environments that can
be greenednstalling vegetative roofewould increase the percentageareaunder vegetatiorBearing
in mind that trees and shrailoan be planted on intensive green roofs, they make a greater contribution
to reducing air pollution than extensive rebavinggrasses and logrowing plants

The effects of utilizing green roofs on city microclimates and reductions in ereggyements
have been investigated in different climatic aréesonto[5, 6], Chicago[19], Portland,Chicago,
Atlanta, Huston[22], London[23], Lisbon[24], Athens[25, 26], cities in the Netherland27], cities
in Northern Spain28], Rome[29], Pakrmo[30], Teramo[31], Catania[32], HongKong [33], Kuala
Lumpur, Singapre and Hong Kong[8], Kawasaki[20], Hangzhou[34], Adelaide[10], Melbourne
[11], Guangzhouand Frankfurt [35], plus others Vegetative roofs contribute differentlyo
microclimate modificatiorin different climaticzones Findings show green roofshave the greatest
impactin the hottest and driest climatg. Green roofs are often pointéalas efficient technologies



for reducing indoor temperatigand energy consnption of buildings irbothwarm and cold climates
[36, 37]

The building sector expends 40% of the total energy in the European [38jaand in Serbia
[39]. In Serbia 70% of that energy is consumed the residential sector, mostly for space heating
[40]. Therefore,any effort made towards reconstruction of existing buildimgsuld besignificant,
considering the great potential for improving the environmental impact and reducing the energy
expenditure of such buildings.

Unfortunately, regulations,uidelines, standards or codes in regard to the installation of green
roofs i n SerlbBabiadane dnunicigaltiessptovide a certain percentage of non
refundable participation in the renovation, thus stimulating the owners of the facilitre@sb in the
reconstruction of buildings. Also, banks providere favorable loans for renovation projects for
raising energy efficiency. Loans are mainly used for the renovation of family howd&stope, the
situation is very different. Some coungriand cities have adopted bylaws and municipal regulations
that prescribe the obligation to use green roofs in certain buildings or zones. The assistance is also
provided to help finance the construction of green roofs at various stages of their camstmdtlife
cycle. Also, there are examples of permitted construction area increase, tax deduction for green roof
investors, and the reduction of the fees for construction contributions. As a result of the adoption of
laws, bylaws and regulations, as wad financial incentives, investing in the construction of green
roofs is more represented in France, Austria, Norway, Switzerland, Great Britain and Germany than in
other European countries in which such initiatives are missilogeover, the politics of dth state
and cities, and the legislature linked with the goals of reconstruction of the existing building stocks are
changing and continually improving. Changes and improvenierusilding renovationpolicies have
been reported for France, Germany, Darkrand Swedef#1].

Research on the reconstruction and revitalization of existing buildings by implementing green
roofs was reported previouslin other countrie§28, 30, 37, 42] Researchhas been conductdd
Belgrade and Serbia on potential modelsmérgy reconstruction and on optimization of measures for
renewing residential buildingsvith the aim of improving the energy efficiency and influencing the
environment[43-45]. These studiesritically analyed key elements of the thermal envelope and
proposda set of measures and potential models for energy optimizatietbj48ithout focusing on
the impact of green roof systendgdditionally, otherpublishedresearcton this topic from Serbiwas
based on individual buildingg0, 46] The impacs of installing green roof systems on improvements
in microclimate conditionsn the neighborhoodcaleandon urbanunits were notinvestigatedwhich
is the subject of thisesearch.

To our knowledge, reliable data from the scientific literature are lgakirihe impact of green
roofs in Belgrade, on the basis of which the effects of their use could be determined. Therefore, for
this research, the impaat vegetative roof systems dime urbarenvironmenin the Belgrade climatic
zone was studied using the software tool, EM\ét. For research purpose®ur scenarios of green
roof systemautilized on existing buildingsvere used and compared with a basic, realistic model on
four selected locations, in ond& explore the improvement of micro climate conditions, on typical
urban structurekcatedin Belgrade.



2. Territory and data

Four locations in existingirban neighborhoodswithin the Belgrade metropolitan area with
differing urban structures, number sfories and percentage of green and asphalt surfacee
studied Locations were representative of typical urban forms of the Belgrade metropolitan area. The
locations were
T locationBGDO11 part of the territory othe municipalityof New Belgrade Block 70,

i locationBGDO2i part of the territory ofhe municipalityof Stari Grad Do nj i theoblodko |
encompassed by streafsokogSt evana, Car a URamnlai,l eDwan,avska anc

T locationBGDO31 part of theterritory of the municipality o¥ r a Itha black encompassed by
streetdMakenzj e v a , Baba Vi gnNevesingska, Nj egogeva and

I locationBGDO041 part of the territory of the municipality @emuni theurbanneighborhood of
Galenika.

Satellite images of the investigated locations with their boundaries marked are shown in Fig. 1.
Views of the modeled structures in the four locati®@@DP01, BGD02, BGD03 anBGDO04 are given
in Fig. 2. The models fully comfd with the actuatonditionsin the locations. The average building
height wasl5 m (BGDO01), 35m (BGD02), 20 m (BGD03) and8 m (BGDO04). Belgrade is located in a
moderate continental climate zowgth warm summers, meaummerair temperature from 21 to 25
°C, 30 to 55tropical daysandup to 26tropical nights annuallywith heat waves in July and August
[47]. In the currentesearchstatisticaldata and parameteisr atypical summer day in Belgrade were
used(Tahb. 2).

Fig. 1. Satellite images of the locations with théoundaries of the investigation markedn yellow

3. Methodology

ENVI-met software is one of the most commonly ugembramsfor investigating the influence
of green roofg5, 6, 9, 27,29, 31, 34, 48] When thecharacteristicof the thermal envelops of
buildings are investigated in detail, combined software is often usedERYgl-metand EnergyPlus
[30, 35, 49] or Eco Roof simulation modehnd EnergyPlus[32]. For more complex individual
buildings, TRNSYS is used[50]. Software simulabns are usedn urban planning of newrban
neighborhoodsnd for investigating different urban for®y, 34, 51, 52]

ENVI-met is a scientifically established prognostic, thdienensional, high resolutionrban
microclimate mode[53, 54} which considrs physical fundamentals based on the principles of fluid
mechanics, thermodynamics and atmospheric physics to calculateditinezesional wind fields,
turbulence, air temperature and humidity, radiative fluaad pollutant dispersioi.he typical spaél
and temporal resolution is 01® meters and-% second, respectively,and the simulatin time is



usually between 24 h and 5 days. The madel simulateflow around and between buildingseat

and vaporexchange processes at urban surfaces, turbulence, exchanges of energy and mass between
vegetation and its surroundings, particle dispersion and simple chemical reactions. The main input
parametersfor an ENVFmet simulation include weather conditions, ialittemperature profiles,
geometryand physical properties of urban surfaces, and plants. The full equation system and further
details abouthe ENVI-met model are given iother studig®3-56]. ENVI-met has been applig¢d

urban microclimate studies inffiirent climaic regions[6, 9, 31, 34, 48, 57, 58nd verified with

field experimental data by some researcferd0, 27, 59%61].

In the current researclilata modeling was performed bENVI-met Version 4 (Summerl?7
Release). ENVMmet requires an areaput file with 3:dimensionalgeometry, and a configuration file
with the initial parameters.

A baseline (real) model was constructed and investigated, as well as four different afiodels
retrofitting strategies for urban heat island mitigation each ofthe four chosen urban locations
(BGDO01, BGDO02, BGD03, BGDO0O4AIll four studied locations were 350x400 metalivided into a
3-D grid with 5 m gridline divisionsFor all four locations, building heights, the spatial distribution of
buildings in the field position of the vertical greenergnd other spatial elements were modeled on
real conditions in the locations, so the EN¥ét modelswvere properly representative of the urban
structures in the chosen locations, with spatial relationships reflectisg ithoeal life

BGDO01 BGDO02

BGD04



Fig. 2. 3-D models of urban structures in locations BGD01, BGD02, BGD03 arB8iGD04

The initial baselinemodd, termed the RealcitfRC) model, contaiad all the relevant
characteristics of the existimpnditioni the position,size and shape of buildingspsition and tipe of
plants,distribution of surface materials and soil typesepresenting the current condition for each
urban location.The RC modelwas used as tHeaselindor comparison with thgreen roofetrofitting
strategieshodels. The seconanode| RC+extensive green roof (RC+EX)ad all the same
characteristics as the baseline model, but also ceutéie added element of extensive green roofs
The third model, Re&intensive green roof (RC+IN)comprisél the basline model with added
intensive green roofsThe fourth model Future model(F), included modeling foextensive green
roofs and akltred characteristics for rom@nd pavements, in whithe use ofcooler materialsvas
modeled while the fifth model,Futueplus (F+) is a variant with intensive green roofs and cool
materials in public spaceNone of the other characteristics of tieserlocations were altereid the
research modelsso they remained the same as in the baseline mobel.green roof staiures
analyzed in locations BGD01, BGD02, BGD03 and BGD04 are treated as an additional layer of
insulation.The vegetation used as an element of green roof is of indigenous (native) Viaiety.
shows a detadld overview of theelements and their thermal characteristics as defined in the
retrofitting models (albedand emissivityof the roof coverings, roads, pavements, soil and grass, and
vegetation).The ratio between the reflected radiation and the incoming radiation (iroadlias
termed the albedoThe albedo values used in ENWiet (Tab 1) were obtainedfrom research
published previously14, 62, 63] Emissivity is the ratio of energy radiated by an object and the
energy radiated by a black body at the same temperdtoireall calculations the emissivity of the
materials was considered equal to 0.9.uasdin [62-64]. Methods to estimate the emissivity of
materials are presented 5] 69.

Tab. 1. Characteristics of thebaseline model and the fouretrofitted models

Roof Roads Pavements Soil and grass Vegetation

Realcity model Black Asphalt road Concrete pavement dark | Loamy soil Real
(RC) albedo 0.20 albedo 0.20 (for all models) (existing)

emissivity 0.90 emissivity 0.90 albedo 0.00 vegetation
Realcity + Extensive | Asphalt road Concrete pavement dark emissivity 0.9 E;(Z)rdaellls)
extensive green green albedo 0.20 albedo 0.20
roof model emissivity 0.90 emissivity 0.90 Grass (Populus
(RC+EX) (for all models) | alba, Populus
Realcity + Intensive Asphalt road Concrete pavement dark | 50 cmaverage nigra, Acer
intensive green green albedo 0.20 albedo 0.20 dense sp, Betula
roof model emissivity 0.90 emissivity 0.90 albedo 0.20 pendula,
(RC+IN) plant height 0.63 | Platanus
Future model Extensive | Asphalt road with | Concrete pavement light | root zone depth orientalis)
F) green red coating albedo 0.80 0.50

albedo 0.50 emissivity 0.90

emissivity 0.90
Futureplus model Intensive Basalt brick road | Concrete pavement light
(F+) green albedo 0.80 albedo 0.80

emissivity 0.90 emissivity 0.90




Tah 2 shows an overview of the parameters used in the simulations, as well as the geographic
location of Belgrade. Simulations were conducted for a 24 h period, for a typical summer day in
Belgrade on 23 June. The simulations commenced at 05Drée contol points(R1, R2 and R3)
werepositionedat each of the four locations, as shown in Figc@natrol points show particular results
from the numerical simulation.

BGDO1

Start and duration of model run

Start Date (Simulation day): 23.06.2017.
Start Time: 05:00:0

Total Simulation Time (h): 24

Initial meteorologicakconditions

Wind speedneasurect 10 m height (m/s): 1.9
Wind direction 150° (SSE)

Roughness length at neaement site: 0.01

Model rotation out of grid North was setfor
each model

TemperatureT

Initial air temperature (°C)6.8
min (°C) 16.8 (0500h), max 30.4 (1®0h)

Tt e E.EE W -
HEE m omE-EE-E EEE 6
mem g B R AR mm| | Relatve humidiy (%)
e H EE-EEE - min 34 (1600 h), max 62% (200 h), averagel
Bom BCEE.EE-E i i 50%
HL.E OB C-" i pmm
- B. 8 B - - . .
EHOE B B oL !*- Geographicdata for Belgrade, Serbia
H"H r e m Altitude 132 m
H.H A R2 .
mm BE -I::'f_- Latitude 44A488N
='=I-H. g Longitude 20A286E
O R3
H-B RN AR EEE
BB B SRndrih €% Number and size of grid and nesting propertie
H' N DEEEEE SRR aEE Main model area:
HEE DEEEEE EEE R x-Grids:70, yGrids: 80, zGrids: 30

Size of grid cell in metar dx=5.0, dy=5.0,
dz=5.0 (base height)

Nesting grids around main area: 3

Soil profiles for nesting gridsbefaultunseatd
soil

Fig. 3. Urban structures with control points positions, 2-D view

Tab. 2. Conditions and details of initial parameters for the simulations used in ENVmet Version 4 (Summerl7
Release)



4. Resultsand Discussion

Fig. 4. Detailed maps of potential temperature changes gbedestrianlevel (1.5 m) forthe baseline model andhe four
retrofitted models at four locations on 23 June 2017 a8:00 h (for color image see journal web site

Fig. 4 shows the external air temperatures at padasievel for the baseline model (RC) and
temperature changes for the four models of retrofitting strategies (RC+EX, RC+IN, F, F+) at 13:00 h
in four locations on a typical summer day in Belgrade. Figlearly shows the temperature reduction
trends for theurban heat island mitigatiostrategiesnvestigated in the studyrhe models predicted
that intensive green roof systems had a greatitigating effect on urban heat islands than did the
extensivevegetative roof systemsdigh albedo materialsadditionally improve the microclimate
conditions. The best results fomitigating the effects of urban heat islands were obtained by the
strategy which involved installing intensive green roof systems anddé of higlalbedo materials in
public spaces (F+ih all locations examined BGD01, BGD02, BGD0O&nd BGD04.



