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ABSTRACT

Global warming and energy crisis are two of the biggesstes the world faces today which
require immediate mitigatory actionBuilding sector plays a major role in contributing to
these issues due to the high energy consummiwh carbonemissions. Highly dense
urbanities directly contribute in urban heatand effect thus local warming.herefore,
researcherBave given considerable interest onlki@ding envelop desigwith the concerns

for energy efficiency, aesthetic appearance and susthbiymabAs a result, integration of
green facades with buildgs has rapidly evolved due to the aesthapigealand sustainable
benefits such asiplifting the urban environmental conditions by promoting air quality,
reducing heat island effect and etc. However, adaptation of vertical greenery is still at an
initial stage in Sri Lanka.

The research was initiated to introduce vertical greenery to a broader context and to develop
an innovative modular green wall system for building facades as a sustainable building
envelop in Sri Lankan context. Field studies weoaducted in identifying the potential of
introducing a vertical greening system and benefits of existing vertical greening systems in
tropical Sri Lankan context. Modular panel and green wall system development was
conducted as ogite experiments and thbermal performance evaluation and letegm
benefits of the proposed modular panel vertical greening system was conductesitas on
investigations combined with software simulations.

Results of the field investigations on the perception on verticaingrgen local context
demonstrated that general public, building occupantithe building designers are willing

to accept the vertical greening as a sustainable approach for buildingackefknowledge

on the vertical greening systems, maintenanethods and their benefits and misconceptions
on related costs have impeded the popularization of vertical greddanified existing
vertical greening typem local context living walls, indirect and direct green facades are
beneficial in reducing # surface temperature of buildings where living walls recorded the
highest temperature reduction of 10Q5Internal air temperature reduction was recorded to
be2.21°C, 1.82C and 0.68C by living wall, indirect green fagade and direct green fagade.

Pilot and extended field investigations on plant selection for the proposed vertical greening
systemresulted in shortlisting two species, from whiskonopus compressugas selected as

the best plant species where a maxinlh®8C external wall surfaceemperature reduction
and3.15C internal surface temperature reduction was recorded. The experimental studies on
finalizing growth media resultet:1/2:1/2: 1/4 coir: sand: compost: soil ratio as the growth
media with the best compaction and the permagtilir the plant growth in the proposed
vertical greening systenRroposed system is advantageous as it can be easily introduced to
existing structures and as the panels can be handled separately allowing easy installation and
easy replacement with minimuiechnical supporSize of the modular panel was finalized as
600mm (widthx 900mm (heightjor easy handling and the fibemas selected as the material

due to strength and durability.

Developed walling system recordedsarfacetemperature reduction df7.26C, 7.89C in

external wallandinternal wall surfacenda temperature reduction 8f89C of internal air
temperature. Simulation studies conducted in building scale and urban scale resulted significant
indoor air temperate reduction, cooling load reduction and urban air temperature reduction
when integrating the proposed modular panel green wall whereas the quantifiakiertiong
benefits are achievable in terms of savings from energy consumption and fagade maintenance
and numerous wguantifiable benefits related to sustainability and health.

Keywords Green facaded, iving walls, Building envelopDouble skinSustainable buildings
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1. INTRODUCTION

1.1General

Rapid globalization andgrowth of populationin t o d awerfdl, surbanization trends
haveattracted higher number of peopleudban contextsriggering high population
densities and spasgarceness urbanities This rapidacceleration of populatioand
urbanizationrmagnify the demand formore living spacedeading to higker artificially
constructed structures arelativelylessgreeneryAs a resultmore buildings are being
constructedn urban areas replacing the greenery wiiigggers a grave danger for the
environment. According to United Nations (UpBpulation statisticdyy 2010 half of
the global populatioihas beemecorded to be living imrbanities The recordsignify
anincreaseof urban population from 729 million to 3.5 billion within the time period
of 1950- 2010.By 2018 this has increased up4t@ billion (UN,2019)

As UN predictscontinuation of this trend would lead urbampulation to be two third

of the world population by year 2048N,2014) Due to the prompt economic growth
urbanizationn Asiatoo hasaccelerateavhile increasing the need for more buildings
and infrastructure developme@onsequentlyurban heat isinds are created causing
extreme climatic conditions and elevating air temperature increasing the demand for

comfortable indoor environments thus craving for more energy.

Human induced activities which trigger the current global issues such as global
warming, environmental impacts, health related issues, thermal discomfort as well as
higher cooling energy demand have become widely discussed topic in world calling
attention for sustainable buildings which negates the higher energy consumption and
its advers effects.Energy efficiency in building sector isighly important as itis
responsible formore than one fifth of energy consumption worldwiaenually
Operational energy of the building represents a higher percentage of energy
consumption of a buildinthroughout the building life cycle which is directly impact

on the occupant comfort. Therefore, energy efficieoichuildingsis identified as a

main factor when consideag the building related emissions, fossil fuel depletion and

climate change phenomena.



Having these considerations in mind over the years, researcherfobhasedon the
envelop design of buildings conceimg energy efficiency, aesthetiappeal and
sustaindility . Building facade is keyelemenbf the buildingenvelopwhichseparates
the building interiorand exterior It has ahighe potentialto act asa climatic filter

whichtake only the favorable impacts from the outside.

In this contextuse ofdouble skin envelop is a sound design option to improve climate
response anthen improve energy efficienaf a building A typical external double

skin envelop can consists of three layers i.e. fourth skin outside, third skin inside and
the cavity or buker space in between. The double skin envelop allows greater control
over natural ventilation and solar radiation through the use of multiple skins as climatic
buffer zones.Therefore, double skin envelop interventions are recognized as better

options to at as climatic filters to maintain comfortable indoor environments.

On the other handvhere sustainability of buildings is highly discusdeaked on the
identified benefits in improving building thermal performance as well as in improving
urbanenvironmentsvertical greening has gained attention of researches and designers.
Improvingair qualityandreducing heat island effegiromoting bio diversityand etc.
which promoes the wellbeing ofpeople are such identified benefits of vertical
greenng. Further, vertical greenery enablesstoration of lost greenery due to man
made structuredncreasing number of buildings and urban density urge the toeed

promotevertical greenery igities

Unawareness and the lack of technology has led to kessofivertical greening
Moreover, vertical greenery can help in recreating the link between nature and human.
Having identified the benefits of double skin envelop and vertical greening it is
understood that amalgamation of these two strategies can bly bigneficial in
achieving the aimed sustainable goal in buildiMsreover,development of a green

wall panel system to be installed as a double skin envelop intervention has never been

practiced in Sri Lankan context.

The research is aimed at findittge potential of the concept of integrating green wall
panels as a double skin envelop to make the buildings more sustainable. Demand
optimization of buildings @peratioml energyis discussed as a priority in making

buildings more climate responsive thaesergy sustainable than fixing engineered



systems in the first place. Design interventions at a hierarchical order are discussed
while envelop contribution to this effort is brought forward as a major concern for this
study. The research contributes toabssh that building desigrspecifically, the
building facadecan play a key role in addressing indoor overheating involving a shift
towards new bioclimatic design solutions focusing on passive climate control with
ExternalDoubleSkin Envelops (EDSE)ODbjective ofthis is to improve the building to

a envelop dependent status. With field studiessitsninvestigations and simulations

the idea will be researched. The proposextiularpanelgreen wallsystem will be a
sustainable solution as a double skiervention that adopt novel green concepts while
promoting indoor comfort as well as improving outdoor environment. Modular panel

system will allow for easy replacement and maintenance of the external green skin.

1.2 Need of the study

Building envelop lBcomes the major component which interacts with the outdoor
environment thus has the potential to address the above requirements. Greening cities
and buildings are rapidly developing in the field afchitecture and building
construction, due to theisual appealand sustainality related benefits they offer.
However, climate response of buildings located in the tropics is problematic due to
complexity associated with heat gain potential through the building envelop as a

whole.

Further, heat generationside a building is a contributor to the problem of indoor
overheating. Thus, in order to become energy efficient which is the base of being truly
green, buildings need to have climate responsive characterksties.though many
researchebavebeenconductednternationallyon vertical greening applications is

less researched in tropical Sri Lankan contexer&fore thebenefitsof using green

wall as sustainable building envelaplocal contextis still notyet fully identified.

Since thered agreater potential ilmplementing a sustainable green wall system to
address the sustainable building design requiremehes research is aimed at
developing a green wall system as a double flaadein Sri Lankan context

In Sri Lanka implementaibn of vertical greening is still at an initial stage and the

knowledge onvertical greeningsystens is very limited. No proper study has been



conductedto identify vertical greening types, characteristics and the reasons for
implementing vertical greeningn existing situation Therefore, first step of the
research aimedt investigating the existingertical GreeningSystems(VGS) of Sri

Lankan contextplant selection, watering systerasdmaintenance details related to
existingvertical greeningDespite the interest of many professionals in utilizing green
facades in buildings, the hard data on the effect and performance of using these green

facades are either missing or not well investigated.

Utilizing green wall as a double skin is less reseaddn tropical contextS hus,the
potentialof using green wall as an external double skin is still not fulgntified
The researcimvestigates the potential tievelop a modular green pameinsidering
the performance characteristics, potential sage, most appropriate size of the
module, fixing angle, maintenance and &de used as a double skisasustainable

building designinterventionin the tropical context

Further, the researchxploresthe benefits achievabley integratng developed
vertical greening systenm actual situationits contribution on the buildingacade
performances and the environmental and economic aspéetgifying the gap in
existing vertical greening situation where the true potentials are less ceddera
guestioned how the design of building envelop and in particular a double skin facade
integrated with vertical greening help to mitigate this problem of overheating and
contribute to create passive cooling inside a building during a typical waynltds
further questioad to what extend this can be achieved and what performance

characteristics can be identified and formulated.

The work is focused mainly on to the thermal performance behavior of double skin
facadentegrated with vertical greamy the tropics. The study is limited to climatic and
building context in Colombo as it represetite warm humid climate and building
typologies in the country. Selecting buildings forgite performance evaluation has
limitations. The study is carried bwn selected buildings with vertical greenery
representing the typologies identified in vertical greening classification.



1.3 Objectives

As a developing country facing the energy crisis and health issues due to human
impacts on environmentmany public and private institutions are now heading
towards finding novel methods to address the sustainable development requirement.
There is more attention now in attempting to implement sustainable design
frameworks in building designs. The outcometa$ research will highly contribute

to innovate sustainable buildifgcadesystem thus addressing the less practiced
building design interventions for sustainable development by mitigating heat island

effect, reducing indoor heat gain and improving direquality.

With the need for the study, the research is aimed at focusing on the energy
sustainability of buildings in the tropics and how this can be achieved through
innovative building designspecifically,with the buildingfacadedesign. However,

the significance of building envelop is presented as a constituent of the whole scenario
of climate response and how integration of vertical greening can be an ideal solution
to overcome these issues. More specific aims and objective may be identified as

follows;

1. Identifying the potentials of vertical greening in overcoming the current global
issues related to climate change, energy sustainability of buildings and scarcity

of greenery in urban contexts.

2. Investigating the current trendsonceps and practiesof vertical greening in

Sri Lankan context.

3. Developing a green panel moduwad thewall systemto be established as a
sustainable external green skin in tropical contex¢stigatingthe plant type,
growth medium, growing system, module size, weighd fixing methods,

water drainage methods, maintenarte

4. Monitoring the performance characteristics such as thermal behavior,

durability and etc. of the module to develop as a sustainable building fagade.

5. Evaluating the benefits of vertical greenimgegrated as double skin green
wall in building contexandin micro & macro urban contextnd the bng

termcost benefit analysis of the proposed vertical living wall system



1.4 Methodology

The methodology of the work gesigned to find solutions for tmesearch problems.
Therefore, the method is mainly grounded on a theoretical basis with the support of

literature.

More focus is given to thachievablepassive coolingffectof the vertical greening
when integrated to the buildifgcade Characteristis and performance evidence of
vertical greening in various building applications and different climatic situations are
shown in order to justify the potential ofilizing vertical greening as a double skin
facadefor climate responsiveessand energy suginability of the built environments.

The research methodology involves developmmodular panelertical greening
system The method focuses on investigating the most appropriate plant type, growth
mediumand etcfor an external green wall that is @iste and work best in tropical

context.
Methodology and research plan involved

1. A literature survey was carried out to identify thackground of vertical

greening systems and their applications in international context.

2. A field investigationwas carried out toidentify buildings integrated with
vertical greeningn local contextand to assess and evaluate the thermal and

environmental performance of identified cases.

Stage 01: A photographic survey was conducted in Colombo city limits to
identify well established existing VGS and existing VGS types were
verified. From the observed twenty castedies,nine cases (three cases

representing each VGS type) were further investigated for in depth analysis.

Stage 02: Three cases were further investig&tedientify the thermal

benefits of existing VGS types to building interior

3. Three separate questionnaire surveys were conduotadentify the
perception on vertical greeningf occupantsof VGS integrated building

designers and general public ¢rettrends and concepts of vertical greening.



4. A field Studywas conductedotinvestigatethe plant speciesost suitable

for the proposed VGS in terms of survival & thermal behavior.
Prototype modular panels with twelve shortlisted plant species were
developed, maintained and monitored to select the best suited plant.
Detailed investigation on the selected plant species were carried out to
further identify its growth requirements.

5. Laboratory tests were conducted to identify the best growth media mix for

the vertical green wall.

6. The modu&r panel wasleveloped to achieve the most suitable size, weight
with easy fixing methods and maintenamgth a system of watering the panel
anddrainage while identifying the best angle to fix the panel for the growth of
the plant.

6.Thermal performance of thmdividual modular green wall panelwere

conducted

7. The modular panel vertical green wall was developed to be integrated as the
extanal skin of a double skifacade

8. Field studies were conducted to identify the irrigation system and irrigation

sequence and also the thermal performance of the VGS.

9.Simulation studies were conductedaevaluate the thermal and environmental
performance of the vertical greening to building interior in terms of energy

efficiency and temperature moderation.

10. Simulation studies were conducted to assess the benefit of vertical greening

in macro and micro urban contexts in terms of urban temperatuidication

11. Long term cost benefénalysis of the proposed vertical greening system

was conductetb identify the environmental, energy and economic benefits.



15 Main findings

The thesis is based on development of modular panel vegtexah wallas an external
skin of a double skifacaden tropical climatic condition that is economic, durable and
thermally effective.

Questionnaire surveys on the perception on vertical greening integration in local
context demonstrated that general public, boddoccupants as well the building
designers are willing to accept the vertical greening as a sustainable approach for
buildings. However due to the less knowledge on the VGS, benefits, maintenance
methods the concept of vertical greening has not beety fatiaptedto the local
context. Further, the fear of high costs in terms of installation and maintenance has

caused doubts in integrating vertical greening.

The existing vertical greening types in local context were identified as living walls,
direct grea walls and indirect green walls. From the three types indirect green walls
were much popular due to the easy installation and maintenAhdéree vertical
greening types signified to be beneficial in thermal regulatitowever, in terms of
thermal begfit of the three typed.iving Wall Systems (LWS)wvere identified to be
more beneficial whicliecorded a maximum temperature reductiod@fL3C at the
facade shaded by the living wall and a reductiof.21°C in internal air temperature.
When considering thaverageRelative Humidity (RH) andCarbondioxide (COy)
profiles,incrementof RH by 1.6%- 1.8% and an average G@duction by 0.63%
were recorded at vertical greening systems compared to bare wall donlochl

tropical climatic condition

From the twelve-plant species investigated throudield investigation of plant
selection for the proposed vertical greening systére plant species nameBhoeo
spathacea, Axonopus compressus, Portulaca gramdjffophiopogon japonicas and
Elusine indicawere shortlistedBasic thermal performance and survival analysis of
the five species resulted in selecting the two speBieseo spathaceand Axonopus
compressuas the best two plant species for the propoge8.\h-depth field analysis
two speciesresulted in finalisingAxonopus compressas the plant species for the

proposed modular panel vertical greening systdmich recorded a maximud0.08C



external wall surfacéemperature reduction arg8l15°C internal surface temperature

reduction.

Based on the field observations and literattlte growth media was decided to be a
mix of coir, sandcompostandsoil where coir was selected to be the main component.
Laboratory test to obtain the compactiomwa@iand the permeability of the media
resulted infinalizing the growth mediamix to bel1:1/2:1/2: 1/4 coir: sand:compost:

soil ratiowhich displayedhe best compaction and the permeability for the plant growth
in the proposed vertical greening system.

Size of the modular panel for the walling system was finalizegD@shm (width)x
900mm (heightwhich enables easy handling and the material was selected as fiber
due to strength and durabilitffhe size and the materiel selectiallowed easy
installation and minimum technical support while allowing easy replacement of panels
when requiredThrough permeant wilting point and field capacity tests the irrigation
sequence and the water requirement for the panels were ideiineth installed as

an externakkin to the buildingfacade the walling system recorded a temperature
reduction of17.26C, 7.89Cand2.89C in external wall surface, internal wall surface

and the internal air temperature respectively.

Simulation studies conducted in building scaled urban scale resulted significant
indoor air temperature reduction, cooling load reduction and urban air temperature
reduction when integrating the proposed modular panel green™aallquantifiable
longterm benefits in terms of savings from energynstomption and facade
maintenance and numerousaguantifiable benefits related to sustainability and health
are achievablélrhereforethe proposed vertical system is beneficial both building scale
to reduce the energy consumption and occupant comforelaasvn urban context to
mitigateUrbanHeatlsland UHI) and global warming while promoting sustainable and

healthy urban environments.



1.6 Arrangement of thethesis
Thechapter breakdown of thkesis is as follows;

Chapter Ojives an overview dhe research with a detailed introduction to the research

including aims and objectives, methodology and findings.

Chapter 02 presents the detailed literature review conducted to identify the background

of vertical greening, its applications, benefits.

Chaoter 03 elaborates the findings of the questionnaire surveys conducted to identify
the perception of general public, building occupants and the building designers on

vertical greening in local context.

Chapter 04 presents the results of the field studeducted to identify the existing
situation of vertical greening in local context, existing vertical greening types and their

thermal benefits.

Chapter 05 is focused on thiant selection and the growth media composition for the

proposed living wall.

Chagper 06 presents the development ofitiidvidual modular panel and the proposed

modular panel vertical greening system as an external skin of a double skin wall.

Chapter 07 presents the results of the simulation studies conducted in building scale
and urlan scale in evaluating the benefits of the proposed modular panel green wall
system applicationgrurtherthe longterm costeffectivenessf the proposed VGS

applicationtoo is presented.

Final chapter presents the conclusiofishe study followed by theecommendations

for VGS application in local conteanddirections forfurther studiesn the study area
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2. LITERATURE REVIEW

2.1Introduction to the chapter

In the present globabntextthe human population is rapidlycreasingand the energy
demand is going up in an unprecedented magnitude. The resultant issues and
environmental pollutiorare enormous where human activities and their effects on
mother earth has become a scenario to be discussed in Teptimpacts of human
behavior on the environment and their influence on the drastic changes in global climate
have reflected on the lives of the humaAsiong numerous interventions that are
introduced to mitigate such impagcteertical greening is becoming a trend in urban
conexts. This chapter focus on establishing a base to the requirement of introducing
the concept of vertical greening to local cont&drrent global environmental issues

are discussed in the chapter signifying how sustainable building interventions gpeciall
building envelop design are beneficial in addressing them. Further, potentials of vertical
greening applications to mitigate urban environmental issues are discussed with an in
depth analysis on the available literature on vertical greeRinglly, the possibility of
combining building envelop design strategies and vertical greening applications in

developing an external double skin envelogissussed.

2.2 Global environmental crisis

Since the midl9" century, emission oBGreenfouse Gases(GHG) rapidly increased
leading to the current global issue glbbal warming. On the other hand, as an
inevitable consequence of this global warming phenortteneesultantlimate change
has increased the severity and the intensity of natural disastezasing the scale of
damages caused by thdialwatura & Jayasinghe, 2007, 2008; Isobe, 20T8g
world is now facing thedegree of thdhreat, necessitating to take every possible

mitigatory step to avoid the consequences.

2.2.1Global warming: the primary environmental issue

Today, among the most discussed topics around the world, global warming is one
highly concerned topic which has gained attention in almost all the field #réss.
widely known that the extensive GHG emission due to weglkented energy use is the

11



primary cause for global warming. Since 1800 AD this GHG emission has risen from
275ppm to 370ppm (Bodezt al, 2016). This emission growth during last 200 years is
overwhelming as itis threatening to the perfect balancebflead s nat ur al syst
were in equilibrium for millions of years. Lean & Smyth (2009) highlights that a
significant correlation between carbon emission, energy use and economic growth
based on statistical findings. €& the main component of greeniseugases. As
Hinkel et al, (2013) records annual rate of &@ncentration which had been recorded

as 1.4ppm per year during 198005 has risen to 1.9ppm per year during the period of
19952005.As the predictions highlightvith the continuation of theurrent trends C©
concentration would increase up to 1000ppm by year ZB@6tidasArteaga et al.,
2013).

This scenario in global climatepecifically greenhouse effect due to the concentration

of GHG emitted has caused numerous global issireduding sea level rise and
destroying habitats and threatening the existence of many species. Warming of the
climate system is unequivocal, asow evident from various observations on average

air and ocean temperature increment, widespread melting of snoiweaadd global
average sea level rise (Hirashi et al., 2013kcording to the report of
IntergovernmentdPanel onClimate Change (IPCC)mpacts of global warming cannot

be overlooked as the consequences are faced by each and every living being on earth.
Impacts of these trends and planetary risks have been identified iffawetied aspects

such as impact on basic negfi®d, water, health and shelter, impacts on vulnerable
populations, regional impacts and etc. (IPCC, 200Rus the area has gained the
attention of esearchers around therld and the evidence has scientifically proven the
rise of global temperature (Macilwain,2000). As per Nordell (2a08jng 20" century

this increment has been recordedetweer0.4C-0.8°C.

According to the statistics and future projections of IPCC it is said that the world may
head towards a global warming ¢ This is predicted to cause numerous Hoergn
trends and planetary risks such as sea level rise, temperature stabilizdtiG®an
stabilization which would make a drastic impact and severe threat esystsms and
habitats.Sea level rise is estimated to be3%:m by the end of Zcentury due to this

global warming phenomenAdager et al., (2003) highlights unless mitiggtsteps are
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taken immediately the current changes in climate experienced by today will remain for
centuries causing more unpredictable conditibfiskel et al. 013)notes that with

this phenomenotaking placeit would cause a loss of land approx. 6aF00&km?in

Japan necessitating 1563 million people to migrate. Further IPCC highlights due to

the high sea water evaporation the energy levels in cyclones too gets increased causing
severe destruction (Pachauri et al., 2015). On the dthed, research evidence
emphasizethat due to chlorine ingress and carbonization, the failure life of structures
would reduce by 30% whereas the service lifelbyyears (BastidaArteagaet al,

2013).

2.2.2Urbanization and population growth

Beginning of the2d" century recorded a global population of 1.6 billion where it had
risen to 6.1 billion by 2% century (Population Reference Bured®RB], 2007).
Consequently in 2016 wasrecorded as 7.4 billion withn average population of 526
per square meter darable land. The count varies from 239 per square meter in
developed countries to 697 per square meter in less developed coiffRiBz2015).
With the trend the world population is predictecdbe9.8 billion by 2050.

While the global population growtiate continues to riséhe resultant urbanization too

is rising at a rapid pace. As Henderg@002) statesurbanization isa natural part of
development and population growth and urbanization are interconnected. Half of the
global population live in urn settlements present and by the next thirty years total

of the world population is predicted to be concentrated in urbanized contexts leading to

resource scarcity and challenging the sustainability (Cohen,2006).

2.3 Urban environmental issues

Li et al, (2013) states that the effect of urbanization on variation of temperature in
urban contexts is determined by the population size and density, socio economic
activities, extent of built environment as well as the anthropogenic activiliban

areas cosist darker artificialized surfaces with low albedo which absorb more incident
solar radiatiorthus,consequently becosextremely hot. Then these surfaces gradually
release the heat causing rise of air temperature in the surrounding (Kaloustian & Diab,

2015). This aggravates health issues influenced by thermal stress (Tan et al., 2010).
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Tam et al., (2015) further explains that heat exchange of incoming and outgoing
radiation is altered by urban areas leading to an increment of local temperature.
Research @nducted inUnited States of America (USAJapan, European and Asian
countries have signified when annual average temperature risé€€ 304 of heating
requirements are reduced where cooling requirements are equally ingfsestdet

al., 1994).

2.3.1 Urban Heat Island effect

From the mafmade environmental issues global warming is the most threatening issue
in present which has number of repercussions. Rapid urbanization is one major
contributorto this phenomenon which causes UHI effect that leads to temperature rise
in urban centers (Golden,2004; Tam et al.,, 2015). Unplanned urbanization and
haphazard development influence UHI due to dense built mass, high fuel consumption,
increased imperviousurfaces and declined vegetation creating more heat radiation
which then is reeflected incanyon of buildingsUHI occurs in two folds; canopy layer

heat island and boundary layer heat island (Weng et al., 20@&pending on
physiographical features ilocal context and climatic aspects UHI effect varies in
different urban contexts (Tam et al., 2016)HI at night time is found to be maximum
underclear and calm nights (Oke,1982he magnitude ofi r bani zat i onods
surface temperature is estints 0.060.15°C respectively based on population data
and satellite data of nigiight (Kalnay& Cai, 2003). A research conducteased on

eight Asian mega cities declared a proportionate relationship between daytime UHI and

population size (Tran et &2006).

2.3.2Air pollution

Before industrial revolution domestic sources amdallscale industrieswere the
contributors that caused air pollution in a lower scale which gradually rose with
population growth. Yet with the boom of industrialization indest developed in a

rapid pace while energy consumption increased in an unprecedented magnitude which
led to rapid air pollution increment (Mage et al.,19%igh energy consumption in
transport related activitig®oumanyavong et al., 2012)dain buildngs are the main

contributors for air pollution in urban contexts. Concentratiopasficle matter and
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GHG in urban areas due to pollutant emissions and as byproducts of energy
consumptiorhasrisen in an increasing pace resulting air pollution in udraas (Han

et al.,2014). This indirectly has caused numerous health dis¢asemstance, lead
(Pb) mixed fuel burn emission lead to malfunction of liver and kidney as well as
reduction of mental development in children and infasr{d Health Organiz#on
[WHQO],2000).As the WHOexplains air pollution has a close link to climate change
as the same drivers that influence climate chavigeh also contribut to air pollution

as well. Due to mpulation increase, traffic congestion, rapid industrializa@md
higher energy consumptiotie tendency for air pollution increase too magnifies. With
the current trend oflevelopment,t can be predicted that with the emergence of
megacities these air pollution drivers too are tmbeeased which is a greatdrallenge

to be addressed.

2.3.3Green depletion

Vegetation is the best natural resource that can positively contribute to mitigate the
global environmental issues. Bseacts as natural sinks of pollutants as well as GHG
and cool the surrounding throughapotranspirationDe Frieset al., 010) highlights
increment of consumption level due to urbanization and international andhabad
demands for agricultural products have heavily influenced on deforestation.
Urbanization calls for change of land useainly for construction activities,
infrastructure development and etc. which deprive productive dadgreen cover
leading to climate chand&alnay & Cai, 2003)In this context urban green spaces are
much valued in terms of mitigating the present environmassales. Jim& Chen
(2003) states urban green spaces act asisatwmial areas where significant amount of
vegetation is present. Byomkesh et al., (2012)ndsfurban green spaces as areas in
built environments that are covered with rmaade or natural vegetation whereas
Chiesura (2004)lefinesurban green spaces as a sustainability measurement in urban
areas. Public green spaces, vertical landscaping aftdp@ardens are the three main
types of urban green spaces (Wong et al., 2010 a). These spaces coropesepairks,
roadside greenery, courtyards, golf courses, cemeteries, forested woodlots and etc.
(Wickramasinghe et al., 2016).
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Yet currenturbanization trends along with population growticreasing built mass

and unplanned infrastructure developmbeate caused for green depletion in urban
areas around the world. Development policies focused on economic development with
less concern for emonment heavily affect green cover depletion. As Kong &
Nakagoshi (2006) highlightthe greater Dhaka is one such example where high
landscape fragmentation and ecological deterioration took place primarily due to urban

rural migration and lack of propeolicy, law and political motivation etc.
Local situation of green depletion

Urbanization trends in Sri Lankan situation has no exception from the global situation.
As per the statistics dDepartment oiCensus andtatistics by 2001 the Colombo
municipd counc i | works as the countryds pri me
800,637 residential population. Further 400,000 floating population enter and exit the
city daily making the total population over one million (Dayaratne,2010). The World
Bank report ofyear 2015 signifies Sri Lanka is experiencing a faster urban expansion

in relation to urban population. Subasinghe et al., (2016) highlights sprawl
development, continuous decline of greenery, expansion of built spaces, ribbon
development, transport coradexpansion as the characteristics of urban foot print of

Sri Lanka. By 1998 10km radius in Colombo had been almost urbanized. From 1981
1994 increment of urban areas has increased by 68% and the annual increment has been
recorded as 5% (Majeed,1998).livability index-2017 Sri Lanka has been ranked at

124" placeout of 140 cities by the Economist Intelligence UgiiU,2017) This
indicates Sri Lanka has a critical need of a sustainable framework to actively manage
the challenge of rapid urbanizatioto protect the natural asset and to provide resilience

to climate change.

As shown inFigure 2.1 geen depletion in Sri Lanka has become a significant issue
specially in the Colombo metropolitan. As Li & Pussella (2017) brings out green space
declinefrom 31.0kn? to 5.02kn? within the time periodf 1980 2015 This records
greenery in local context to @el6n? per capita valuavhich islower tharthe standard

of 8n? as peWHO recommendation

16
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Figure 2.1: Urban green depletion in Colombo urban context from 22015

Source: Li & Pussella, 2017

This reduction is significant since 2001, where the annual reduction has increased up
to 0.71knt by 201122015. The dramatic change of green space due to edoamah
infrastructure development is significant where most of the green and unoccupied
spaces have been drastically transferred to built spaces due to urbanizatiofrtoends.
19567 2010 green cover depletion is recorded to be from 35.60%2.23%.
Infrastructure development and expansion of built up spaces are the primary
contributing factors for Col ombobs rapid
was recorded as 49.65% from Narahenpialy 30% green covehnas been recorded

from Kirullapone Thimbirigasyaya and Cinnamon Gardens from the total land extent
(Wickramasingheet al, 2016). Less than 10% of green cover has been recorded in
many areas such as Grandpas North, Kochchikade North and South, Panchikawatte,
New Bazar, Fort, Masangaswegali Gntupitiya, Athulkade East and Maligawatte
(Wickramasinghe et al., 2016).
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2.4 Energy in the context of global environmental crisis

For aboutalf billion-years life has existed on earth where energy utilization has come
across a clear and constant evolution throughout the time (Price,1995). The energy use
has risen in an unprecedented magnitudéh the social, economic and technical
advancemen of mankind. Utilization of extrasomatic energy modify the
environment in accordance with various human needs has taken place continuously.
While basic human needs expandbeé energy use too has increased in a greater pace
(Daly & Cobb, 1994; Keele& Burke, 2009) This has come to a point where living

with no energy is totally impossible. For numerous-ttaglay activities energy from
renewable and nerenewable resources are being consumed. This trend is critical due
to its contribution towarddepktion of nonrenewable energy and global climate issues.
From one side fossil fuels are being depleted much faster whereas world population
grows exponentiallyln local Sri Lankan contextalso,energy used is produceahinly

from fossil fuels, which ismthe increasing side, producing high levels of greenhouse

gas emissions (Wijayatunge et al., 2003).

2.4.1 Buildings in the context of energy and environment

The data published by United States Environmental Protection AgéHsigPA
highlights that in regions like USA and Canada people spend 90% of the time inside
buildings (USEPA,2008). This helps in giving a clear idea of human dependency on
buildings. The scenario is similar in other regions as wi#fh comfort demands of
peoplecause buildings to be highly energy cravi@g.the other handhe technological
advancements in the building industry have made significant development making
drastic and severe impacts on nat@eildings are direct and indirect contributors for
long erm environmental impacts on building microclimate and immediate surrounding
(Hunukumbura, 1999). Therefore, a positive relationship between building and its

microclimate and surrounding is much important.

Buil di ngs 0 olobalt waimmg and éssl fued depletion has become
evident.Buildings utilize 48% of the fossil fuels anih return emit40% of thetotal
global CO; emission Throughout the life cyclefrom construction to demolitign

buil dingsdé contributi on isibla Froennprebuildmgh me nt a |
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stagefor raw material extractigriransport of materials etbuildingsdemand energy

until the postbuilding stage to demolish the buildinghenits lifetime endswhere
demol i shed buil di ngds nOpdaton stagd epergyisesedr ec y c
for operational and maintenance activiti€his energy requirement is inevitabk.
building demands for a continuous supply of energy during its operation for
cooling/heating, lighting and equipment operation and maintenance. This energy
cannot be recovered (Hyde, 2000). Hence it is important to conserve energy as much as
possible Further, he amount of energy consumed in buildings are sensitive to changes
in the surrounding climate. Research evidence state 20% chaRgdan influence

the total energy use of buildings by 2.1%. In general, electricity requirement in cities
tend to ircrease by 2% 4% for increase of eaclf@ of temperature (Perdombard

et al., 2008).

2.4.2 Energy use for building operation and maintenance

Largest amount of energy consumption of buildings take place in the operational stage
which is around 70% 90% (Adalberth 20M). Thus,the desigrof the building offers

a high potential of energy saving by reducing the energy need for building operation
activities. By today, many international commitments and obligatlense stated
emission reduction targets whi is alsorelated to building energy use and
environmental impactsAs Drake (2000) suggesenergy efficiency of building
operation needs reducing total energy use of the building without any alteration to the
conventional energy production approacAdg aim must be to use reasonable amount
of conventional resources and maintain lowest demand of conventional energy (Abel,
1994;169). From the evidence ithgyhlightedthata significant energy saving can be
achievedf proper energy efficient strategiase utilized for major building renovations

or for new buildingsKlyde et al., 2000

2.4.3Improving energy efficiency of buildings

Numerous research results have quantified the temperature rise and global warming
impacts projecting warmer days in many parts of the world (Garnaut,2008). As per the
findings by Guan @009) a linear relationship between total energy consumption

specificaly cooling loads and external air temperature can be establiBesdlts of
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related simulation studies implies the existing buildings designed to the present climatic
condition would face indoor overheating as the air conditioning capacities would not
be sufficient to provide the required cooling when the urban temperatures rise due to
warming of citiesTherefore, making buildings sustainable and energy efficient to the
best possible measures is a vital need in present context specially in warm climate.
IPCC reports that buildings; especially ndomestic buildings have a greater potential

in becoming coseffective and mitigating GHGIf architectural and technological
initiatives are integrated. Main four areas related to such technical and engineering
improvements for buildings are identifies reduction of energy for heating and
cooling loads, improving environmental performance of the architectural design
inclusive of building envelop, increasing the efficiency of appliand#ésating,
Ventilation andAir Conditioning(HVAC) and mechanical systems and increasing the
lighting efficiency. Further, behavior of the occupant, culture, choice of consumer,
technology use primarily determine thaergy use in buildings ar@dO, emission as

well (IPCC, 2007) The four staged method that investigates the interplay of different
parameters for environmental efficiency of existing -domestic building by Hyde

et al., 2009)focuses on the bioclimatic design interventions. The four stages are;

1 Climate analysis ahclimate change effects on buildings

1 Thermal performance investigations and trend analysis of energy
consumption of existing buildings or selected buildings

1 Integrating design interventions with the building embracing
architectural, engineering and belwaal parameters

1 Modelling efficiency and effectiveness of the interventions

2.4.4 Energy efficiency of buildings through passive strategies

Amongmany building related researches, energy sustainability and related area are a
key concern due to the cent global environmental issues. Building related
interventions to reduce energy consumption throughout the building lifecycle;
manufacturing of materials construction of the building building operation
maintenance and demolition are highly requiredcdkding to Hyde (2000) passive
strategief buildingsareidentified in réatedto microclimate of the building, form,

envelop of the building and efficient systems used.
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To achieve energy sustainabiliy a building climate responsiveness is a vitatda

In terms of building design climate become the major determinant of building form, as
the design of the building should be able to moderate the relationship between the
climate, building and the occupants. Based on how the building design has esspond
to the prevailing climate of the conte#e thermal landscape and the indoor climate
will be influenced. Building envelop has the potential to modenatkfilterthe mpact

of outdoor climate to building interiors in terms of air temperature, bgildperative
temperature, airflow and humidityOccupants alwaysonsider comfortability of
internal spaces specially in terms of thermal comfidnus, when the building design
alters indoor climate in an unfavorable way, a significant energy use wilplage to
address the cooling or heating requireméntseate comfortable indoor environments.
Therefore, the building design itself should address the requirement of reducing energy

use bythe utilized passive design interventions.

2.4.5 Buildings in the tropical context

In tropical context which is defined by the warm and humid clipzdssive cooling
techniques are required to be integrated to building designs to overcome the indoor
overheatingsituations(Figure 2.2) Indoor thermal profile of buildigs in tropical

contexts is determined by the internal loads and external loads.

BNV IRINMENTAL- ;5 g el /R Af&ﬁggﬁrz.z
LOADS : _ y;
H ) f

Figure 2.2: Internal loads & external loadsf buildings

As Rajapaksha (2013) states environmental loads or externalities such as climate,

building design and internal loads or internalities such as occupancy profile, systems

21



and equipment are crucial contributors in determining indoor thermal environment of
the building. Based on the intensity the effect can be either environmental load
dominant or internal load dominanin tropical climates environmental dominancy is

a common scenarid.ropical warm humid climategrevail inregions extendind.5°

North and Sath of the equator. Sri L&a too belongs to tropical climate and does not
has a seasonal temperature variatiburing a typical yearthe mean monthly
&temperaturesaryfrom 27°C in November to 3T in April whereaselative humidity

may vary in between70% to 80%. The daily maximum temperatures are high as 29
33°C and the daily pattern in the dry season (Septeiibgember and MarcMay)

has diurnal temperature ranges €8°C.

From the perspective of occupant comfort and building deslgnatic character of

warm humid climate isdefineddst he combi nati on of hi gher t
t hat reduce the sur pl us (R&apaksha, dOildrwthepat i on
thebio-climatic charts by Szokolay and Givaignifiesincreased air movement evoke

indoor comfort in hot humid climatel tropical context taking preventive methods to

avoid indoor overheating is a valuableqomndition for passive cooling integration for
buildings. As Rajapaksha (20143tates in tropical Sri lankan contexhigh mass

envelop coupled with night ventilation has thbility to reinstateindoor thermal

comfortduringthe warmest period of the ye&ebruary, March, April and May

2.5 Building envelop design for energy efficiency

The material contendf the external and internal fabric used in building design is
defined as the building envelop. Based on the characteristic of the materials and the
threedimensional profile the thermal behavior of a specific building envelop is
determined. Research eeitte suggest controlling of all types of radiation is directly
influenced by the shading on the building envelops in warm humid cliniéding
envelopmassmoderate the heatansferin betweeninterior and exterioof building

As Balaras (1996) staethis physical process depends on the building envelop
properties. It is further noted that the main aim of building envelop design in warm
humid climates should be to limit the thermal gains caused by solar radiation incident

and high outdoor air tempéuaes.
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2.5.1 Building envelop: the third skin

Human skin, the first skin that protect the internal body from outside has a biological
capacity which enables the heat balance control between outside and human body.
Clothing is the second skin that contribute for human comfort based on the fidggon.
building envelop plays the role as a third s&frprotection for humanimtermediating
between building interiors and the outside climatic condition. Fromdhmonents of
building envelop, facade becomes the main component that distinct the inteher of t
building from the exterioflbrahim et al, 2010).Therefore, building facade has the
greatest potential to filter the outside climate to take in only the favorable impacts.
When taking the nature foinspiration interesting observation can be made on
adaptations of animals and plants related to different climatic condificorabazis,
1996). This implies that the design of building envelop should respond to its
surrounding climatic condition which signifies building envelop design has to obtain

regionalcharacteristics.

2.5.2 External double skin envelops for better thermal regulation

For many decadegrchitects, engineers and researchers have focused on the building
envelop design and properties related to sustainability and energy efficiéragea

of developingthe building® outerphysical wall as a climatic filter haxperimented

with the beginning of many external wall technologigss hasnabled thelistinction

of environmental control andptimizing the functiorof the outside wall layerrém

load bearingFitch, 1972; Diprosé& Robertson 1996).Moreover number of double

skin envelop based practices and research has been conducted using different material
combinationgDiprose & Roberson, 1996Gratia & De Herde(20043 highlights the
possible benefit of double skin envelops in terms of climate responsiveness and energy
efficiency. If properly designedimplementing double skin envelognablessoft
transition between exterior and interior. Thadyanced or intelligent building envelops

andeffective insulation desigare required to bapplied effectively tahe buildings

A typical external double skin envelop can consists of three layers i.e. fourth skin
outside, third skin inside and the cavity or buffer space in betw&amductionand

convection influenceddat transfers determinean behavior and velocity of aftow,
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the air temperature distribution within the cavity or the buffer space, ventilatjmn
andpressure levels inside the EDSHudies by Haas@009) and Wongt al.,(2008)
provide simulation evidence, based actual building investigations, for close links
between natural ventilation patterns ahe function of external double skin envelops.
Evidence shows that significant energgvings is possible evenrfmulti-story and
high-rise buildings if natural ventilatiosould be explored through EDSHdaase
(2009) have attempted to identify main characteristics of double skin envelaps
holistic matrix depending in the air flow behavior which indirectly rtaais adialogue

with its associated heat component as (agure 2.3)

Main type Geometrictypologies of EDSE : depending on economy & function
facade facade window facade facade
Day time or night time ventilation depending on climate

@ | Natural | | Mechanical |

Air flow behavior with EDSE

Supply Exhaust Static air External Internal
air air buffer air curtain air curtain

Figure 2.3: Characterization of external double skin envelops

Source: Haase et al., 2009

Double skin envelop has proven to beedter solution as a of climatic filter to create
comfortable indoors in tropical climate based on the potential energy saving and indoor
air temperature reduction (Rajapaksha et al, 2(ther, recent researches carried
out in the context of Colombbas proved a significant reduction of indoor air
temperature due to double skin envelops in buildings (Rajapaksha et al., 2015;
Rupasinghe, 2016).

2.5.3 Green wall as the external skin of double skin envelop

In the contextof sustainabilityvertical greemg has gained attention around the world
as a sustainable application that have multiple benefits in terms of thermal regulation

in building interiors and urban greenings discussed earlier rapid urbanization and

24



increased building population has caus#etline of urban greenery. Therefore,
conversion of vertical surfaces into vertical greenery offer the potential of increasing
much needed urban greenery in densely built urban contexts (Anderson, 2016). Since
the availability of vertical surfaces are mucigher than that of horizontal surfaces
present in urban spaces VGS offer higher possibility to promote greenery in urbanities.
With all this the enthusiasm towards VGS implementation is expaiBergandezt

al., 2015).

Vertical greening improas the urban environmental conditions by promoting air
quality, reducing heat island effect and etc. thus promoting the wellbeing of occupants.
Furthe, vertical greening offers the opportunityreestablishhelostgreeneryeplaced

by manmade construatins while recreating the link of man and nature. Among the
diverse benefits of vertical greening air quality improvement, regeneration of
biodiversity and mitigation of heat island effect become prior considerations. However,
vertical greening systems amet fully recognized yet, for the environmental benefits
and energysaving opportunities in the buildings, due to inadequacy of data to quantify
and evaluate the real sustainability of these (Perini & Ottele, 2014).

Building Envelop: External Double Skin |:> External double skin GREEN

a third skin Envelop : a fourth Skin WALL : a more environmental,
ecological and energy efficient

approach

Figure 2.4: Benefit ofintegratingVGS asa double skin envelop

When compared with the benefits of the double skin envelop, it can be assumed that
the integrating green wall as the external leaf of the double skin is undoubtedly much
more beneficial (Figure 2.4). The air gap between the vertical green wall would play
the role of the cavity in between the two layers of the double skin envelop which will
act as an external air curtain that further helps in reducing the heat transfer towards the
building interior. Thus, a vertical green wall system integrated as the aii@yar of

a double skin facade plays the dual role of moderating the building interior conditions
while compensating for the negative impacts of mad made highly dense structures and

pollution causes by modifying outdoor environments as well.
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2.6 The corept of vertical greenery

Using the cooling potential and thermal capacity of vegetation in moderating indoor
environments is not a new concept. Since past vegetation has been used in different
means such as in court yards and green envelops in differesof the world. Earliest
example for green facades has been found from Mediterranean region about 2000 years
ago whereas Tigris and Euphrates civilization claims for initial development of roof
gardens as per the historical evidence. In Northern Eunapeer of examples for

green envelops have been found which dated back-i®18entury (Kohler, 2008;
Dunnet& Kingsbury, 2008).As Kohler (2008) highlights during the period of 1880

1940 approx. two hundred articles on green facades has been published from which
nineteen articles have focused on green roofs and others on backyard green coverage
with new flower species. Early Iitgture suggests that the concept of vertical greenery
has been familiar to Europeans and studies have been conducted in English and

German

2.6.1 Evolution of vertical greenery

Even though the concept of sustainability is widely discussed all over tHd, wor
human$ rush to achieve unyielding development has ignored the benefits and
importance of sustainability. Due to this reason all means of pollutions; namely land,
air and sound are taking place harmimgther nature and unbalancing the natural
equilibium needed for survival of living beings. In such a situation the need for
sustainable approaches and interventions in multidisciplinary areas has become vital
resulting the emergence of green facades. At the initiagi@ening building facades
green rofs and terraces came into practice extending the trend to vertical greening
where vertical facades of buildings too were converted into green facades.

The vertical green facade systems were introduced as a useful element in buildings for
thermal regulabns and energy saving (Kohler, 2008). In the simplest form of
explanation vertical greening is plants grown on vertical surfaces. As Shiah & Kim
(2011) states vertical greening candmmstructecoutside or inside walls integrating

one or more plant types stand independently or to provide structural support to the

walls attached. The terminology related to vertical greenery varies from Vertical Green
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Systems (VGS), green walls, vertical gardens, bio shader, green vertical systems, green
facades, verticdhndscaping and etcSéfikhaniet al, 2014;Periniet al, 2011a; Wong
et al, 2010a).

2.6.2 Trends of vertical greening integration

Interest on integrating vegetation in building design is becoming more popular whereas
more researches aparried outto evaluate the positive impacts of such methods.
According toPerini (2012) architectural publications on vegetation integration has
significantly increased in numbers from year 2@08.0 signifying the increased

interest on building designers on vertiogdeening. The interest on integrating
vegetation on building facades can be related to the growing need of sustainable
approach which improves the efficiency of building and environmental conditions as
well to the intenti on gafe esnhbo wwcha slien ga dsdu cnhg

value.

By today facade greening has become adeasiving research interest in world based

on the architectural and aesthetical values they offer along with the potential building
performance improvements and reduction afibl di ngs 6 | mpact on
(Ibraheemet al, 2017). A Safikhani et al., highlights implementation of VGS has
become a highly adopted green technique due to its numerous benefits related to
environment, ecology and econonaidvantagedesignerdavedevotedthis concept

to move to a paradigmf environmentally friendly building (Kohler, 2008)his can

be seen iMNorth America, Japan (Hoyano 1988), Africa (Holm, 1989) Canada (Wong

et al, 2010a), Thailand, Chicago and recently Asian counasesell.

2.6.3 Insight to vertical greening systems

By todaydifferentvertical greening methods have emerged wathhouscharacteristics
varying from plant types, growing medium, layers included in the system, method of
maintaining and etc. Depending on thelsaracteristics the cooling potential, aesthetic
aspect, insulation properties and life cycles vafi@em a functionabspect vertical
greening systemsequire more complex desigr®mparedto other typologies of
integration, whiclrequires taconsidemumber of kewariables (Perini et al., 201.3n

terms of function vertical greening require a complex design considering several
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variablesDifferent green facade systems are availabta or without windowsyith

a simple disposition of climbing plan& the base of the facadehrubs in different

sizes in planter boxes fixed to a structure are also used to cover vertical walls whereas
thin panels fixed to vertical structures with different plants too are used as a wall
covering. As per the literaturestical greening is classified mainly into two categories
based on the growing and construction method (BSiedire 2.5). The two types are

facade greening and living wall systems.

| Diect |

‘ Green facades }

[ Indirect ]

Vertical greening }

‘ Continuous J

h ‘ Living walls }

| Modular ‘

Figure 2.5: Vertical greening classification based on the construction method

Greenfacades can burther categorizedas direct greefacadesand indirect green
facadeshased orthe location of thelants In direct green facadplants aredirectly
attached with thevertical wall surface andh indirect green fagadeselfclinging
climbersareattacled tosupport structures along the vertical wall (Hurgeal, 2014;
Manso & CastreGomes, 2014)In green facades climbers are attached to building
vertical surface either directly or supported by trellis, cable, mesh and many such
materials (Figure 2.6). Here the climbers are planted either on the base of the building
closer to the building edge or different levels closer to the facade (PefiriRosasco,
2013). The growth media too is placed in different methods based on the green wall
type. In green facades growth media is placed on the ground whereas in modular living
walls it is placed verticajlin front of vertical surfaces (Periat al, 2011b). These are

also identified as facade greening, carrier system 7 kwalls (Safikhaniet al, 2014;
Badrulzamaret al, 2011, Perinet al, 2011b).
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STeENtTURE

Direct greening system Indirect greening system (with supportive structure)

Figure 2.6: Green facadéypologies

Living walls too can be categorizeda@mtinuous or modular (MangoCastreGomes,

2014) In living wall systems also known as vertical gardens or green walls, different
shrubs grown in modulgranels using different growing mediums are used to cover the
vertical walls(Figure 27). In practice materials like felt, mineral wool, felt and foam
and etc. are used as artificial growing mediums as alternative for soil. In this system, to
provide plang with the water and nutrient requirements hydroponic cultures and
watering systems have been developed accordingly.

Since living Wall Systems (LWShave the potential of using different types of shrubs
t hat dondét grow vVvert ityolkehhlancingithe aegtlieeticeafthd , t h
green facade is higher. Several LWS types can be identified depending on the panel

type and material and growing medium.
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Figure 2.7: Living wall typologies
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2.7 Vertical greeningbasedresearch studies

The integration of vegetation icantinuouslygrowingresearch fielavherethe interest

on thenovelvertical and horizontal greening systemgalated professionals ever
increasingFurther,the number opublications and researchesnductedo assesshe
positive effects of vegetation to improve the environmental qualdyhas increased
Integration of green facades with buildings is rapidly developing in the field of
architecture, due to the aesthedicd sustainable benefits they offddowever, many

of thepublished articleemphasize on green roofs than vertical greehigglightsthe

benefits and effects of vegetation on urban climates and buildings (§¢/ahg2010).

Beside the positivanpacts of green on the visual comfort for humgeen facades
further influence the microclimate of a place and helps improving the livability by
increasing ecological value, mitigating heat island effect, insulating properties and
improving air quality.With the increased focus on sustainable design to mitigate the
adverse effects of buildings on the ecology, the attention igdiveatedmoretowards
integrated solutions. Here, green envelops become one promising option. According to
the USEPA the stragies for green buildings not only represents sustainable materials
in construction, but also utilizing natural processes such as shading effects of trees,
insulation capacities of green facades, mitigation of urban heat due to
evapotranspiration and et@JSEPA,2010). Greening the exterior facades grants
numerous ecological and economic benefits including energy conservation, storm water
management and etc. as well as providing a more aesthetically pleasing environment in

which to work and live.

2.7.1 Peformance based analysis of VGS

Many researches have been conducted in international context in categorizing vertical
greening and analyzing performance on improving building interior as well as outdoor
environments (Mans& Gomes,2015; Loh, 2008; Jim, Z)1 Though not directly
related to vertical greeningesearch omffect of vegetation to building performance

has been done for many yeaksstudy done based &iSA, residentiabuilding energy
consumption shows a 60% energy saving due to cooling paltemt@uring summer

days by introducing plants next to buildings (Parker, 1987) whereas a study done by
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Hoyano (1988) has revealed up to &Q8eduction of wall surface temperature on a

west facing wall covered by Ivy.

A dynamic module using computer westablished by Holm (1989) to simulate thermal
effects of exterior evergreen and deciduous plant cover on building interior which
showed a reduction of summer temperature in indoors upCtold & Wang (1999)

and Cantuaria (2000) has showrl@C lowering of indoor temperature due to
vegetated walls compared to plain wallAvailable research evidence signifies the
benefit of vertical greening in cutting off solar heat gain to building interiors. However,
majority of researches are short term based anglterm data analysis to incorporate

in detailed thermal analysis is leBsirther the systems for the integration of vegetation
are not yet fully accepted as an environmental quality restoration and -aeTgy
method for the built environment, duethe data scarcityvhich is requiredo quantify

their effects and tassesshe real sustainabilitgspectsSimilarly, a large number of
researches has been conducted in many parts in the world to assess the environmental
benefits of vertical greeningiming at different aspects such as heat reduction, dust

control, noise and air pollution control and etc.

a) Thermal benefitof VGS

Among the numerous benefits related to vertical greening, temperature reduction due
to the shading and cooling effect isghly discussedPrevious research provides
evidence for benefits of green roofs on the reduction of inner temperature of buildings
which was found to be-8°C lower than the outdoor temperature (Peck et al., 1899).

the research done by Kenneth et all@0to quantify the solar intensity reduction of
different layers of leaves and total shadingefficiency hadeenexperimented using

a canopy of a vertical deciduous climb&s per the results obtained by Wong et al.,
(2010a)from the study done usirgVGS at an initial stage in Singapore, a maximum

of 11.58C surface temperature reduction has been recorded by a modular living wall

with a mixed substrate grid in comparison to the control bare wall.

Another research carried out in Singapore has usdd different vertical greening
systems to evaluate the thermal benefits in tropical climates. The results indicate that

all the systems are beneficial in reducing building surface temperature in varying
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degrees as per the vertical greening type which leadsduce cooling loads thus
reducing energy consumption (Wong et al, 20A8)lbraheem et. al, (2017) highlights
the inclination angle of the green facaapacts on the light availability by cutting off
direct natural light which in turn can causereased energy consumption for artificial
lighting. The results indicate inclination angle more th&hc@@ significantly block the

natural light intake to building interior.

b) Benefits of VGS in urban context

Green integratiorior building facades is idéified with many environmental related
benefits as well. Mitigation UHIcontrol of urban temperature, reduction air
pollution by reducing particulate mattemdadisposition of aerosol, noise attenuation,
health improvemengtc.are identified as such benefits (Sheweka & Mohamed, 2012).
Alexandri & Jones (2008) reports green walls and green roofs as the resources to
mitigate the rise of temperature inside urban canffeigure 2.8). Here, nine case
studies done in different contextave reported considerable temperature reduction.
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Figure 2.8. Urban canyon temperature behavior with different green interventions

Source: Alexandr& Jones, 2008
A study done at a highise buildingof twenty-onestoriesin Penang, Malaysia to check
thermal comfort parameters by measuring solar radiation, air temperature, humidity and
wind velocityof different landscaped gardens has reveals@ynificant differene in
each parameter in each gardAs.kohler (2008) states the thickness and the mass of
vegetation in the green facade has a greater influence in the potential banefage
surface temperature reduction of 8has been recorded in a vegetatiomered wall
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facing southwest direction with a maximum reduction of 1%2in Mediterranean
climate during the months of August and September. Perez et al., (2011) further
elaborates of the effect of VGS on humidity level due to evapotranspiratiothend
performances awind barrier A study conducted in Netherlands to evaluate the impact
of different VGS on surface temperature and wind currestilts has revealed no
significant effect on wind speed near the VGS surface up to 1m distance while
recording a5°C surface temperature reduction and a°d.hverage cavity air
temperature reduction (Perini et al., 2011).

Kohler (2008) highlights the potential dust trapping by VGS in urban contexts
highlighting the benefit of mitigating the air pollution. Ottede al., (2010) further
confirms this by stating the particle adherence of \&&8& efficiencyin absorbing the

air pollutants and particulate matter such as,G@rogen oxidegNOy and sulfur
dioxide(SQ). Noise attenuation too has been studied as another benefit related to VGS
in urban contexts by numerous studies conducted in controlled conditions highlighting
the positive contribution of VGS as an acoustic barrier (Azkorra et al., 2015). Even
though thediverse results of different studies do not give a direct value of the noise
reduction Lunain et al., (2016) signifies the ability of the plant substrate and foliage to
absorb and scatter the sound with the findings obtained from the study done in France
using a constructed VGEurther to these environmental related benefits the positive
impact of VGS application in urban contexts to the general health of urban residents
too has been identified. Here a positive relationship is established between the
percentage of greenery in living environment and the health condition of people (Maas
et al., 2006). As highlighted by Maas et al., (2006) city planning regulations and policies
should adopt green integration due to many benefits in urban contexts.

2.7.2 Reseach context of VGS in local scale

The number of researches conducted related to VGS in tropical climates is significantly
less compared to research evidence on positive effects of VGS in European context and
information on systems and applications (Herathale 2016)focusing temperate
climates The available studies are limitedMalaysig Singapore, Thailand arsbme

south Asian countrieand mostly are either experimental or simulation models. In the

review by Safikhani et al., (2014) outtbe identiied seven real case studjésur cases
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are related to tropical contextd/ong et al., (2010a) states the benefits of VGS in
tropical context has been proven using two to three application from which are mostly

done under controlled conditions.

Several upan vegetation related studies have beenductedin local Sri Lankan
contextwhere anplification of air quality and comforby green roo$ (Nisansala&
Halwathura, 2011)gpatial and temporal changes of the green cover of Colombo city
(Wickramasinghestal., 2016),urban green cover protocol to reduce urban heat island

in Sri Lanka (Asmonet al, 2016) andurban green space standards of Coloifb@
Pussella, 201®an be identified as significant studies. HoweveryvJew studies have

been conducted in local context focusing on VGS. The study by &efasa (2013)
conducted in Colombo has measured the surface temperature of walls shaded by
vertical greenery in mukstory buildings using two case studwesich hasresulted an
average surface temperature reduction of “®ldompared to a bare walnother

study which has evaluated the surface temperature reduction from VGS using three case
studies where two cases were from Colombo and the other was from Matale has
recorded3.5°C, 3.£C and 3C of reduction (Peiris et al., 2014).

2.8 Chapter summery

Extensive energy use for human activities has led to the current global warming crisis
and buildings play a major role as a contributor for the phenomenon. Reseavaines a

the world are focusing on different approaches on this regard with the aim of mitigating
the causes of the global warming scenario. Reduction of energy consumption mainly
for comfort requirements is feasible with proper passive design applicabondmgs

from the design stage itself. As the building envelop is the main component of the
building that interacts with the climatic factors outsitteating building envelop to
reduce the intake of unfavorable conditions to building interior is \Htalever, the
requirement for and the advantages of environmentally friendly buildings in the context
of sustainability is not to be doubteBuilding facade which is the largest building
envelop componertan be designed to act as a climatic filter to évibe intake of
unfavorable climatic impacts whereas proper design of internal arrangements and

sectional form provides the opportunity to maintain comfortable indoor environments.
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Integration of double skifacadegherefore is a sustainable and passiweetop design

intervention.

Integrating vertical greenery as the external skin of the double skin envelop can be a
promising intervention to make buildings energy efficient and environmentally feasible
while offering many benefits to urban contexts as wehisting research studies
indicate the building scale and urban scale benefits of vertical gresrstéeyns in terms

of minimizing heat gain, energy saving, mitigating noise and air pollution and etc.
When considering the functionakpects vertical greeng systems require complex
design approach. Characteristics of vertical greening systems, materials used and etc.
determines the influence of the system in terms of performance either positively or
negatively in improving building envelop behavior, madegrg the outdoor climatic
conditions and the life cycle of the system itself

Based on the findings from the available literature it is evident tihatncovers the
ecological, energetic, hydrological, psychological and related environmental properties
of green wall types more researchae need to beconductedon green wall
performanceecosystem service valuation and tool developmeéasign parameters
(plant selection, materials, sgilsnanagementncillary benefits to local environments

and many rare. Developing this knowledge will increase the viability of green walls
and their acceptance by the public as truly sustainable technoldgieefore, the
research aims at addressing the identified gaps andritmireenwall performance
design parmeters (plant selection, materials, spitsanagementancillary benefits to

local environmentthrough the objectives formed
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3. PUBLIC & DESIGNER PERCEPTION ON VERTICAL

GREENING

3.1Introduction to the chapter

Global warming became significantinlasnceur y dr awi ng mands at
sustainability necessitating returning back to nature. Need of compensating for the
destroyed green cover for built contexts by replacing greenery has been identified as
vital which demandoromoting greenery specifidglin highly urbanized and populated
contexts. With the increasing number of buildings in an urban context inclusive of high
rises area of building envelop that interacted with the surrounding too has increased.
Thus, the vertical surfaces of buildingsrevédentified as an opportunity to link the

urban areas with nature by promoting vertical greeniffie concept of vertical
greening has been in practice for many decades. Yet the popularity reached a peak state
when this concept was identified as an ideathod to increase urban greendrlyis
research aims at identifying the benefits of vertical greening in local context and to
propose a vertical greenery system. Therefore, obtaining a better idea on the perception
of the concept of vertical greeneryngeded.This chapter focus on identifying the
perception of public and designers on integration of vertical greening in local context.

3.2 Vertical greenery in Sri Lankan context

Number of cities around the world have already started vertical greening projects in
urban scale whereas integrating vertical greening in individual buildings too is being
put into practiceThe vertical greeningrend is being embraced by the Sri Lankan
urbanities as well in present context and is being popularized in high rise commercial
buildings in an especially in Colombo contextlowever, VGS integration in local
context seems to be in a primary stagespite this trend general public still show a
reluctancy to integrate vertical greening to their individual residences or built forms.
Hence, it was identified as a need to investigate the perception of general public and
building designers on the concept of vertical greening in the local contexefditeg

three separate questionnaire surveys were conducted aiming public, building occupants

and designer@-igure3.1). The questionnaires were gested for their variation, flow,
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guestion order, understandability, time duration and appropriateness daexpert

review.

Vertical greening
perception

A 4 v

[ General public ] [ Building Users ] [Buildingdesigners]

v

4’[ Data collection ]‘7
<
[ Result analysis ]
L
)

[ User perception

Figure 3.1: Procedure of the questionnaire survey analysis

3.3 Perception of general public on vertical greening

The survey was conducted a hybrid modeas an online survey as well asing
randomly selected daily commuters of Colombo area. The questions were composed in
simple format that could be easily understood. The focus of questions was to assess
how the public would grasp the concept of vertical greening as a sustainablensoluti
for current environmental issues (refg@pendixA). The questionnaire represented six

majorsections

Personal details (Question Question 2)
Personal observation (QuestionQuestion 6)
Personal opinion (Question Question 9)
Personal preferen¢®uestion 10Question 12)
Personal application (Question-I3uestion 17)

Overall idea (Question 1i7Question 20)

= =4 4 A A -

3.3.1 Selected sample

A group of 130 randomly selected sample from Colombo area was given the
guestionnaire from which a convenient sampl&a® was considered for the evaluation
whereas a sample of 100 was selected from the online survey with the aim of obtaining

an unbiased response. The final convenient sample taken for analysis was 200
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3.3.2 Response analysisf perception of generalpublic on vertical greening

From the selected sample 29% majority represented the age group3bfdiisl a
gender variation of 56% male and 44% fen{&igure 3.2)

Age Variation Gender Variation

15%

¥

= Male = Female

| 4

= 18-25 = 25-35 = 35-45 = 45-55 = Above 55

Figure 3.2: Age & gender variation osample

a) Personal observations

The section aimed at identifying the attention drawn by vertical greening and the degree
of awareness on vertical greening systeissshown irFigure 3.3 lased on the answers
given related to personal observationgen tlough a majority(93%) has noticed

vertical greening yet a majority (68%) is unaware of its systems and typologies.

Have you seen / notice the green facade/ Are you aware of vertical greening
green wall in the buildings typologies and systems

200
180
160
140
120
100
80
60
40
20

mYes mNo

Figure 3.3: Personal observations and awareness on VGS
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b) Personal opinion and preferences

Interestingly 100% agreed on the environmental benefits of vertical greening reasoning
out the increased biodiversity, urban green spaces, cooling effect, air purification as the
main benefits obtained by integrating veatigreening. In evaluating the performance
aspects of vertical greening majority 94.5%, 62%, 56%, 59% and 95% respectively
strongly agreed that vertical greening add extra beauty to the building, trap dust from
outside, block noise from outside, reduce tieat coming from outside and vertical

greening is aesthetically pleasing and visually satisfa¢togure 3.4)

200
180
160
140
120
100

80

60

5 IIII
s B 1 I b i -

add extra beauty to trap dust from  block noise from  reduce the heat aesthetically
the building. outside. outside coming from outside pleasing and
visually satisfactory

m Strongly agree mAgree mDisagree = Strongly disagree mNo idea

Figure 3.4: Level of agreement on VGS related benefits

As shown irFigure 3.5a similar result was obtained the satisfactory level of physical
and psychological conditions with the presence of vertical greening where majority

were highly satisfied in both ways 92.5% and 96% respectively.

Nothing specific
Highly Unsatisfactory

Unsatisfactory

Satisfactory [

Highly satisfactory |
0 20 40 60 80 100 120 140 160 180 200

m Psychological condition ®Physical Condition

Figure 3.5: Level of satisfaction gained by VGS
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However, from the sample only 44 (22%) had seen a building prior to the integration
of vertical greeningFigure 3.6) From them 28 preferred the building after the vertical
greening integration wheas 10respondentpreferredthe buildingwithout vertical
greening and others had different opinions based on the appearance and building

character change occurred due to the green covering.

Preference on the building
Seen the building before and :before and after greening
after greening

BEYes @ENoO

78%

Figure 3.6: Preference of greened facade: before and after VGS integration
c) Personal application

From the sample only six (3%) had a green facade at their own residences and twenty
two (11%) has the experience inside a buildinggrated with vertical greeneffyigure

3.7). Improvement of thermal comfort, visual comfort, physical comfort and all
integrated benefits were given as the reasons for the six respondents to have vertical

greening at their residences.
__3%

= Own residence
= Work Place/other
= No experience

Figure 3.7: Experience of green integrated spaces
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As shown inFigure 3.8,90% of the respondents preferred to have a green facade at
their residences based on the reasons suabksiketicabnhancement, fresh air, heat
gain reduction and their integrated benefit. However, noise attenuation was not

identified as a benefit by any of them.

For higher privacy levell

For noise control

For heat gain reductior

For a fresh air/ surrounding_
For aesthetical enhanceme T mmm——

0 20 40 60 80 100 120

Figure 3.8: Reasons to prefer vertical greening

Respondet s who di dndét prefer having a green
of construction, no space for vertical greening integrafidgure 3.9) Further Iigh
cost of integration, maintenance, pest control and damages to building exterior were

given & the main issues related to vertical greening.

Hard to maintain proper plant healtillll
Damaging building walls GGG
Pest contro! NG
Hard maintanance NN
Frequent training and prunindiilieee.
High initial cost I

0 10 20 30 40 50

Figure 3.9: Reasons for not preferring vertical greening
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However, 94% of the respondents have agreed upon integrating vertical greenery as a
sustainablelevelopment solutio(Figure 3.10) Main reasoning given for this was the

aesthetic enhancement as well as the opportunity to inaeseeery in urban contexts.

0%

6%

= Yes
= No

Maybe

Figure 3.10: Opinion on sustainabilityf vertical greening

3.4 Occupant satisfactionon vertical greening

This section aimm to evaluatethe perception and satisfaction of the occupants of
buildings with vertical greenery. Permanent workers in buildings identified with VGS
were selected as thamudience for the survey to identify tiagtention drawn by the
vertical greening system and to evaluate the degree of awareness on the functions of
vertical greenery systemSurvey was conducted in person using convenient sampling
method. Similar to thgeneral public perception survey the questionnaire was prepared
under five main sectiorn®eferappendix A which was developed with ptesting and

expert review.

Personal details (Question Question 3)
Personal observation (QuestionQuestiont)
Personal opinion (Questiah Questionl3)

Personal preference (Questioft Question ¥)

= =/ =4 A4 -

Personal application (QuestioB-TQuestion21)

42



3.4.1 Selected sample

From the selected buildings @%onvenient samplevas selected to evaluate the
responses. Questinaire was distributed in person to staff of the buildingsfferent

working levels Major characteristics of the considered sample was consisted with age
variati on, gender variation and the occu
building. Fgure 3.11 shows the gender variation of the considered sample which
consisted with 57% male participation and 42% female participation, age variation and

occupant service time variation of the selected sample.

Gender variation Age variation
= Male 1% =18-25
= 25-35
7%
= Female = 35-45
45-55
= Not

mentione = More

than 55

Occupant service time

m Number of responses

60
50 48
40
30
21 24
7 6
10 3 4 6 I 3 5
2 1 1 2 2 1 1
A N N T S G S A AN %ov.

Service time (months)

Figure 3.11: Gender variation, age variation and occupant service time
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3.4.2 Analysisof occupant satisfaction on vertical greening

Ninety nine percent (99%) of people (149 out of 150 sample) had observed the green
facade at the building emphasizing thgh aesthetic appeaf vertical greenery
systems in urban environme®ased ortheir opinionvisual appealshading, control
of tenperature mental relaxation, dusindnoise control and air qualiijnprovement

were obtained as the purpose of constructing a green facade at the building.
a) Personal observatiom andopinions

As depicted irFigure 3.12majority of the responses (46%lentify the beautification

as the main purpose of vertical greeniiodjpwed by he control of temperaturé21%)

and shading (8%)Results signify that most of the respondents were aware of the
aesthetical value of vertical greening systems. Yet, onlyironty (20.5%) of the
occupants had the idea of thermal regulation potential of the green walls.

(%)
o 120
(2}
& 100
7y
& 80
5 60
o 40
ER L] M ==
A\ AN AN
xS &Q% s \\0 & & (b&{d ‘_\\0\\
& & S 4 & & & &
& S &° & & & $ &
z:.&, {&Q} )\\& Q %0\ had %0
D Qz» @6\
&é“
Response Statement

Figure 3.12: Identified purpose of vertical greening

Oc c u p agreengeriton functions of vertical greenegystems and their level of
agreement are presentedHigure 3.13where 52% strongly agreemh the aesthetical
enhancement obtain&g green facade to the building, 19%, 10% and 8&8pondents
strongly agreed with dushoise and heat controbtained bythe VGSrespectively.
Total of 95.3% peopldad a positive opinioon the statements of vertical greenery
system functiond\oiseattenuatiorpotential ofgreen facadevasleastidentifiedby the
respondentsand it is observed thattl% of the respondents weresutralon their
opinion It can be argued thatoupants may natentify the possiblenoise reduction
by vertical greenery systems due to leghoise leved in the Colombo area when
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compared to rural environmenihe aesthetienhancemerty the green facade is the

most populapurposeof VGS as recognizelly the society.

m Extra beauty addition to buildings Trap dust from outside Reduce noiser Reduce heat
[ce]

Response number

Strongly
agree

Agree

Nuetral

Level of agreement

Figure 3.13: Occupant agreement on vertical greenery functions

b) Occupant opinion on comfort factors relateto VGS

()]
N~
N~
<t © ~
© ©
[¢e)
©
< <
N
o
Q N
N
(9]
19)
—
© [te]
o N oo - — N N N
[ [ | - R

Disagree

Strongly Not
disagree mentioned

Under this section thermal comfopsychological comforand visual comfort near the

vertical greenery systenigght levelsand the temperature behavaddue to VGSvere

evaluatedaccording to satisfaction level of the occupants. Whensidering the

responss,as depicted ifrigure3.14 34%, 49% and 45% occupants weeey satisfied

with thermal comfort, mental relaxation and visual comfort respectively.

Thermal comfort near VGS

09% 0%

= Highly satisfied = Satisfied
= Nuetral Unsatisfied
= Highly unsatisfied= Not mention

Mental relaxation by VGS

0,
0%.0%

= Satisfied
Unsatisfied
= Highly unsatisfied= Not mention

= Highly satisfied
= Nuetral

Figure 3.14: Occupant opinioron comfort factors near to VGS

Visual comfort by VGS

006 0%
0%

= Satisfied
Unsatisfied
= Highly unsatisfiec= Not mention

= Highly satisfied
= Nuetral
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c) Personal preference and applications

According tothe results of thguestionnaire survey7% of the buildingoccupants

were directlyshelteredrom the building green facade and 42% occupants were not

directly shelteredfrom green facade. Figur@.15 illustrate the satisfaction in

percentages for light penetration and heat reduction where 11% and 30% occupants

were highly satisfied and satisfied with heat reduction respectivereasl 7%of the

occupants warneutralin their opinion Only 6% were highly satisfied with the light

level transmittedhrough vertical greenery systems.

Light penetration through
VGS

1%
3%
m Highly satisfied

u Satisfied
u Nuetral = Unsatisfied
m Highly unsatisfied = Not mention

Heat reduction through VGS

0,
0 /01%
® Highly satisfied

u Satisfied
= Nuetral Unsatisfied
m Highly unsatisfied ~ ®Not mention

Figure 3.15: Perception on light penetration and heat reduction

d) Personalpreference and applications

Twenty percent (20%9)f the respondentsere working in the same buildimgior to
integrating thevertical greening systems and 80% outhafm preferedthe building

appearancafter vertical greening integratiqrigure 3.16).

Occupnats after vertical greening integrati_-
Occupnats before vertical greening integrati-

0 50 100 150

m Prefer building before greenery m Prefer building after greenery = Neutral

Figure 3.16: Preference of vertical greening: before and aft&S integration

46



Seventy eight percent (78%iilding occupanta/ere not occupied in the same building
before constructing the green walkowever, 87.3% of theccupants who joined after
the vertical greenery preferred the vertical greening integrdtiigier property value
andenhanced appearanoéthe building, provisiorof fresh airandimprovedscenic
view weregainedas reasons fohe preference obuilding with VGShighlighting that

it hasled toa betteworking environment for the occupants.

As indicated inFigure 3.17 majority (79.3%)of the occupantslid not havea vertical
greenery system at their residences and 78.7%enfccupantshad a preferenc®
integratea greenery system at buildings they work or livehighlightingther positive

perception towards the green walls.

Preference to have a vertical greening at ho.

Vertical greening available at hom

0 20 40 60 80 100 120 140

Neutral mNo ®mYes

Figure 3.17: Occupant preference to have vertigaeening at own residence

Thekeyreasons whicimspirethe positive perceptioon VGSwere listed agnhanced
aesthetical valuedue to green wall integration thermal regulation, air quality
improvementand noise level controAccording to the surveyesults as presented in
Figure 3.18 (a), the majority (46%) of occupants preferred a green wall due to its
aesthetical value followed by fresh air provision (28%), heat reduction capability (26%)
and last for noise reduction contréigure 3.18 (b) depicts the response percentages
for limitations in practical application of the green walldigher costs of VGS
construction,difficulties of maintenanceinsects pest and healtelated problems
(allergies) were listed as the reaswmsch impedes thategration ofverticalgreenery

systems at their own residence&6% of the occupantsstatedthe high cost of
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construction as themainreason and 24% statelfficulty in maintainng the VGSas

the limitatiors of practical applicatiomf VGS.

Reasons for likeliness for vertical Reasons to dislike vertical greenen
greenery (a) (b)
0%_0%_

. = High expense = High maintanance
= For beauty = For heat reduction 9 P 9
= For fresh air For noise control = Insect problem Health issues
= Other = Other

Figure 3.18: Reasons to like and dislike vertical greening

3.5 Designer perception on vertical greening

Concept of vertical greening is being experimented as design integration in many parts
of the worldby today. Research evidence on the vertical greening related benefits are
influencing the design application of VGS. However, based on the observation in local
context the vertical greening integration is yet at a primary stage. Therefore, the need
to evalate the designer perception of vertigaeenery isidentified. Survey was
conductedusing online platformThe questionnaire was prepared untgee main

sections (RefeappendixA) which was developed with ptesting and expert review.
1 Personal detasl(Question 1Question 3)
1 Design considerations and applicati¢g@siestion 4 Questionl?2)

1 Preferencen vertical greeninfQuestionl2- Question21)

3.5.1 The sample

The questionnaire wasent to 400 practicing architects for which 213 responses were
reeived. From the responsasonvenient samplef 200was selectetbr the response
evaluation.The selected sample consistedaothitects of different age groups with
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varying practice experience in their field as showirigure 3.19. 58% majority was
female architects whereas 38% majority represented the age group3af 23 a
majority of 33% represented I years as the length of practice highlighting a higher
response rate from the young professionals in the field.

Gender Variation Age Variation Length of practice

6%
= 25-35 = 35-45 = Below fve years
= Female = Male = 45-55 55-65 = 5-10 years
= Above 65 = 10-15 years

Figure 3.19: Gender variation, age variation and length of the practice

3.5.2 Analysis ofdesigner perceptionon vertical greening

This section aimed at identifying the perception of architects on the novel trend of
vertical greeningrad related sustainability concepBelow analysis discuss about the
designersd6 awareness on VGS, preference ¢

client demand for vertical greening.

a) Design considerations and green applications

As depicted inFigure 3.20, 62% of the total participants stated that they consider
sustainable design strategies when developing the concept of the design and integrate
them into the design whenever possible. However, 14% minority stated as they consider
of aesthetics and the regeinents of the client and have no specific concern for such
sustainable interventions whereas 24% stated that such applications depend on the
client, budget, aesthetics and etc and such interventions would be used only in random

occasions.
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Moreover, a majaty of 50.5% and 29% regards vertical greening concepts to be highly

acceptable and acceptable respectively with the need of increasing greenery in current
global context. While 6% disagrees on this concept 7.5% states nothing specific on the
trend and 7%states about both advantages and disadvantages of the vertical greening

and its applications.

Consideration on sustainable Acceptability of the concept of vertical
design strategies in design greening
concepts
Other 1

Not acceptable [l
Nothing specifc Il
Acceptable NGNS
Highly acceptable I

0 20 40 60 80 100 120

Figure 3.20: Design consideration for green applications

b) Design application of VGS

A majority of the participated architects (81%) have not integrated vertical greening in
their designs whereas only 19% have integrated vertical greening or adapted the
concept of vertical greening to their designs. However, as depidteglire 3.21, 76%

would recommend integrating VGS to their future designBerent reasons varying

from sustainability to aesthetics was given for the preference to integrate VGS in future
designsinterestingly nonef the respondentstated they would not integratertical

greening while 24% would recommend based on the design approach in each situation.

One interesting point noted here is that from the 19% of the architects who have
integrated VGS to design have done so mainly for commercial buildings. Also, on the

other hand the potential gain of points when applying for green rating for buildings by

having vertical greening has been one major attraction to integrate vertical greening to
commercial buildingsNeverthelessin terms of client satisfactoapplication of VGS

has been positive as 100% client satisfaction has been achieved in each case.
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Integration of vertical greening recommend vertical greening in future
concept in completed designs designs

160
140
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100
80
60

40
20
0

= Yes = No Yes No Maybe

Figure 3.21: Application of VGS in design

In terms of detailed studies or research on vertical greening 51% reprgsie
majority have not done specific study on the vertical greening applications or on their
benefits whereas 21% have come across details and information on the area even though
they have not specifically conducted any research or study. However,h2géo
conducted at least a brief study on the subject area either for knowledge base or with

the intention of applying the theories in designs practiciiyufe 3.22).

Majority of the 28% however belonged to age groups e82%and 3545 indicating a
mua interest of young professionals on the area of vertical greening.

180
160
140
120

100

80

60

4

: B BEEB _
| ]

Conducted research on vertical Aware on vertical greening  Understand the environmental
greening typologies benefits of VGS

o o o

mYes mNo = Not specifically

Figure 3.22: Awareness on vertical greenery
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Further as depicted in tikégure 3.22, awareness of vertical greening types too showed
a similar result indicating unawareness of the majority of vertical greening typologies
and systems while a majority confirmed the understanding on environmental benefits

of vertical greening.

Aesthetical value of green walls, temperature regulation, alitgjeantrol and noise

level control, restoration of greenery in urban context, increase of biodiversity, cooling
potential were stated as the benefits of integrating VGS in built context. Based on the
theoretical knowledge, practical experience and gathmformation the participants

had rated the benefits of vertical greening where a significant majority had strongly
agreed with the stated benefits as showirigure 3.23. However, a minority had
justified other reasons stating vertical greenery mayahways enhance aesthetic
beauty of every design concepin the othehand,a significant majority has agreed on

the positive enhancement of physical and psychological comfort with the integration of

vertical greening to building facades.

Vertical greening benifits

150
100
s I I
Il Tl Il I ox
add extra beauty trap dust from block noise from reduce the heat aesthetically
to the building. outside. outside coming from pleasing and
outside visually
satisfactory

u Strongly agree mAgree mDisagree = Strongly disagree mNot sure m Other

Comfort enhancement of VGS

VGS can improve physical comfort of building

users B
VGS can improve psychological comforlr

0 20 40 60 80 100 120 140 160 180 200

m Highly disagree = Disagree ®Nothing specific ®mAgree mHighly agree

Figure 3.23: Opinion on vertical greening benefits
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Difficulty in maintaining the VGS as well as the plant health, damages caused to walls
by VGS due to dampness and roots, difficulty in pest controlling were stated as th
issues related with vertical greening as showFigare 3.24. Difficulty in maintaining

the plants and plant health and the high initial costs were the major issues as identified
by the majority 23% and 21.5% respectivéyerall it is clear that maintenance related
issues are the main drawbacks in vertical greening in terms of building maintenance as

well as vertical greenery maintenance.

Hard to maintain proper plant healt il
Damaging building walls I
Pest contro! I
Hard maintanance IS
Frequent training and pruningi—
High initial cost INEEEEE—

0 10 20 30 40 50

Figure 3.24: Issues related to viical greening

c) Preference for building facade: é&fore and after application of VGS

From the total responsed448 respondents(74%) have experienced a building
appearance before and after vertical greening applic&tiom the experienamajority
(70%) has given a positive respond on integrated VGS based malihe addition to
theenvironmen{Figure 325). However, several arguments had been brought forward
on the change of the appearance commenting that integrativic8fto existing

buildingsmust be done only after a thorough study.

Further it was identified thahbugh thepracticalapplication olVGSin actual projects
weresignificantly lowin present contexs majorityof 60%has referred international
and local buildings with VGS integtion as examples and influences for design
development. @&rther, fom the total responses,66.7% responses plan on

recommending vertical greening integration to building designs.
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Experienced a building before
and after green application

Preference of before and after
condition

=Yes =No

Figure 3.25: Preferenceon before and after VGS integration

d) Client awareness and demand

In terms of client awareness on sustainable design concepts and their demand on such
interventions especially vertical greening is significantly less as per the survey analysis.
As per theFigure 3.26, 61% representinthe majority has statedhatthe clients have

not requested any sustainable design interventions to their projects artieotgof

9% respondentdiave specifically asked for vertical greenifigmust be highlighted

that according to the statements of the participants from the cliehtsatle@asked for
vertical greening majority have been for commercial level projects requested either to
achieve client attraction or tubtaina higher green rating for the building project.

200

150

100
) .
0 I

Clients request for sustainable desigbkents specifically asked of vertical
greening
mYes mNo

Figure 3.26: Client demand for vertical greening
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3.6 Discussion

With the popularization and attention given to vertical greerdaga sustainable

building integration, people around the world have started adopting vertical greening
concepts.Studies related to percepti on greenery in neighborhoods have been
previously conducted in different contexts. A study has been conducted in Sapporo,
Japan on the residentsdé6 preference on fl o
another perception study has been condudt evaluate the expectations and
perceptions of residents on roof tops gardens (Muétien, 2005). Lee et al., (2009)

has examined how pedestrian perceive greenery as a design element in sidewalk
landscaping in respect to green ratio, tree height adthvand shrub width in Korean

context.

3.6.1 Public perception on vertical greening

The surveyshich were conducted to evaluate the perceptiorvertical greening in

local contexttoo resulted similar outcomes where urban greenery and integration of
vertical greenery is perceived positively by a majoritye first questionnaire was
conducted focusing on general public. When analyzing the resuitssievealed that

with the rising number of buildings in local urban contexts which are being transformed
to concrete jungles, attention given on greening the surrounding is taken positively and
well accepted by a majoritaccording towhite and Gatersleben, (2011) greeneries on
building has a directinfluence on the perception of beautyental and physical
comfortability gained by integrating vertical greenery along with the aesthetical appeal

has been similarly identified by the public in local context as well.

Similar to the results obtained in local context where majority appreciated vertical
greening itegrated and preferred to have vertical greenery in their own residencies
studies done in global context too has provenhiigh preferencef public onbuilding
integrated vegetation in residences due to the aesthetic appeal rather than houses with
no geen integrationHealth benefits such as therapeutic effeetjuction of stress
levelsandeconomic benefitsuchasincrement ofproperty value (Wonet al, 2010b)

by vertical greenery too have been highlighted by perception stitigs preference

for green sceneries obtained by green facades and green roofs over pure building line
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in urban context too has been highlighted (WRit&astersleben, 2011). As Woey
al., (2010b) states such perception studies alsee havealed thestress releasing

potential of greenery in hectic urban lifestyles.

Less knowledge on technical aspects related to vertical greening systems lacl the

of awareness on building and urban related benefits influenced by vertical greenery is
highlighted by thesurvey response3his has been a similar outcome in surveys done

in international context as well whesther tharthe constructiorcosts lack of technical
knowledge andletailson suitable plants in local condition were identifeeireasons

that impeds VGS integrationW/ong et al., 2010b)JCostof initiation, maintenance and

issues directly related to these two aspects were mainly indicated as issues that impeded
the integration of vertical greenery in local contaspite the high likeliness the piabl

had to adopt VGS to their own residences.

3.6.2 Occupant perception on vertical greening

Similar to the responses given by the public, occupants of buildings that were integrated
vertical greeneryoo had given positive response towards green integration highlighting
the effectiveness of havingreenery in proximity to workplace&s Gossauer and
Wagner (2008) states, aspects related to satisfaction of occupants and thermal comfort
are of equal impwance when considering energy efficiency of building design and
operaton.To enhance the productivity and sati:
and quality of air become vital of importance. Natural ventilation, indoor air
temperature control, woskace design, thermal sensation and etc. highly influence the
thermal satisfaction of the building occuparnieermal comfort, visual comfort and
psychological comfort occupants gain during the work hours due to vertical greenery
is depicted through the sponses of the majorityhis implies the occupants are more

satisfied in thi work place and work more productively.

Past studies have revealed that workspace atmosphere directly influence the
productivity of workers. As per the resultspra than 90%of the occupantshave
highlightedquality of theworking environmenénhanceéhe mood and attitude on their
work whereas89%highlights the importance of the quality of the working environment

in enhancing theenseof their jobsatisfactionSamaranayakand Silva, 2010)Type
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of vegetation, color and shape, density, size and configuration of the plants, seasonality
and abundance as well as the | ocation inf
green infrastructuraVonget al, (2010b) clearlydsuss t he peopl esd p
concerns such as technical, cost, knowledge and awareness, supports and barriers on
application of vertical greenery systems in practsilations Expanding tharea of

green facade, properaintenace effective pest aatrol, use of flowering/fruity plants

andmore cooling plants are suggested by the occupants fexgansiorof the green

walls in future applications.

Visual enhancement gained by VGS was the main factor identified by many of the
occupants despite theamy other benefits they offer. Nevertheless, the comfort
enhanced by the vertical greenery in terms of mental and physical aspects were graphed
to a considerable extenAs perthe survey resulisnore than 50% of theespondents

were either highly satigfd or satisfied with the comfoobtainedby vertical greenery.
However, @cupants may ndtaveidentified the noise reductiopotential ofvertical
greenery systems due to hggloutdoomoise leved in the Colombo are&imilarly, a
studycarried outin Mandeville cityof New Orleandiscoveredhat attitudesof the
residentsoward the urban greeneegpeciallyaesthetic value and shading as the most

important factgnidstotherfactors(Jim & Chen, 2006).

Dense foliage and large extent of green svate capable of influencing a considerable
temperature reduction whiahfluence thermal comforiear the green wall The direct
sunlight falling on the green wall is partly absorbed by the plants and substrate while
part of sunlight is transmitted (Clunkit & Yiemwattana, 2016). Henceeflective
heat gains reduced by the green walls and temperature fluctusetithe microclimate

is regulated whichnfluencethe thermal comfort near the green walGonsequently,
heattransmissiorto building irterior is tooreduced by théeatabsorptionby plants
and substratewhile reducing thescattering and the reflection of incident sunlight.
Research findings odim & Chen, (2006)signified a substantialhigh population
satisfactionon the shading and tempéuee reductionby vertical greenery systems in
tropics. On the other hand,oid spacesn the green walls especially in green facade
allow the penetration osunlight tothe interiorsand ensure sufficient light level in the

working environment.

57



3.6.3 Designer perception

With the attention given to sustainability of buildings, energy efficiency and their eco
friendliness professionals around the world are taking different measures to address
these through different interventions. Building envelop eelatesign interventions are

a common area in this regard, which has gained the attraction of many building
designers. Vertical greening too is being adopted in this contexdusteanabléacade
design intervention based on the many benefits they bféevever, the low application

of vertical greenery observed in the local context depicted a gap in practice of vertical
green integration in architectural interventions. In global contexts, architectural input
in published research on vertical greening ipraof for the design application of

vertical greening.

Interest on integrating vegetation in building design is becoming matespread
whereas more researches are beimgied outto assesshe positive impacts ofGS.
According to Perini (2012) archtectural publications orgreeneryintegration has
significantly increased in numbers from year 2@08.Q This highlights the higher
interest & building designers on vertical greeningegrationsThis trend has continued

till today where number of reaech papers have been published. However, the lack of
such local evidence led to the study of designer perception on vertical greening in local
context to identify the potential of vertical greening applications as architectural

interventions.

Despitethesmallernumber of architectural vertical greening applicationsvaany less
researches and experiments conducted in the area of vertical greenery in existing
situation, the survey indicated a high potential of vertical greenery applications as
architectual design interventions in coming years. Majority of the responses as shown
in the analysis agreed on the acceptability of vertical greening as a sustainable design
solution in local context due to the understanding they had on the achievable benefits.
The attentionon integratingvertical greenerygan be related to the growing need of
sustainable building interventionshich heightensthe efficiency of building and
environmental conditiond-urther, this also impliethe intention ofdisplayingsuch

projec t s as 0 gmhaneimgdhaesthetid value.
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A study by Wonget al, (2010b) brings outsimilar resultswhich consides the
perception obuilding occupants, architects, developers and government agdraes.
increaseof visual interest by extra beautification, filtey andtrappingof airborne dust
particles, temperatureeductionand coaing the environment, noisattenuationand
acoustic insulation ancaestoratiorof biodiversityand increasedir quality by vertial
greenery systentsave been highlighted as the identified benefits of the majdrirtg
same populatiohas declinedthe enhanement ofthe building lifespan and rainwater
retention by vertical greenery systeasbenefits of VGSn urban environment.

As indicated by the results the low demand on sustainable interventions and no demand
on applications of vertical greening by clients depicts the unawareness of the public of
the sustainable aspects of vertical greening. However, high appreciation regeived b
clients for the projects which were completed with vertical greening integration

showcase the possibility of popularizing such concepts in local context.

3.7 Chapter summery

Vertical greening being identified as a sustainable green interventi@wigetting
popularized in the world. In such a context importance of promoting the application of
vertical greening irtropical Sri Lankancontext based on the benefitsoffers was
identified. The research was initiated with thien of evaluating the besfits of vertical
greening in local context and wevelopa vertical greening system that is more
beneficial. For that, the possibility of popularizing vertical greening and the willingness
of people to adopt such interventions needetheé@ecognized With that aim the
guestionnaire surveywere conductedwith thefocus on evaluating the perceptioh o

vertical greenery in Sri Lankan context.

Responses gained through the study revealed that vertical greenery can be introduced
and popularized in local context as the responses were positive towards vertical
greening applicationd.ack of research evidence and publicatiand results of the

survey implies the lack oknowledge on vertical greening concept, technical details,
benefits in terms of building scale and urban scale not just among the public but also
among the professional building designers. This implies experiments and research need

to be conducted on vertical greening and awareness must be heightened. Apart from the
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lack of knowledge, maintenance related issues and cost factor are impeding the
adoption of vertical greenery by individuals. Tlagain calls the attention to do
experimerdl studies on how to overcome such maintenance issues or to introduce
vertical greenery that require less maintenance and less initial and maintenance costs.
Nevertheless, the results of the perception study highlight the fact that vertical greenery
can beintroduced to local context and the application can be expanded by increasing
the awareness on the related benefits and methods to overcome high costs and

maintenance.

60



4. IDENTIFYING THE LOCAL SITUATION OF VERTICAL

GREENING IN SRI LANKA

4.1 Introduction to the chapter

With the grown interest towards vertical greening as a sustaidabign intervention,
different approaches of vertical greentamn be seen icities around the worldParallel

to the trend in the world, vertical greening apgiion in local context too can be seen.
However, this trend is still in an initial stage. From literataegegorization of vertical
greeningandfour main types o¥/GS based on constructiovere identifiedHowever,
less research evidence on verticedamning in local context signified the less studies
done on the subject aregherefore, this section of ttudyfocuseson identifying the
vertical greening applicationpracticesand existing vertical greening types in local
contextbasedn field investigations and observations.

4.2 Vertical greening applications in local context

As the first step of the field investigation a physical observation was carried out in the
Colombo to investigate the existinGS types Figure 4.1).In each of the selected
twenty case studiethe person in chargd the VGSwasinterviewed to collect datan

plant type, time period 0fGS, purpose of VGSmaintenance and waterisgstem

Building Photographic Recording the
selection survey building
characteristics
Intention of Building type
facade
Maintenance Personal Plant type
method Interviews Building orientation

Age & Special Facade supporting
considerations method

Figure 4.1: Procedure of field studstage 01
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As per the VGS types identified througire literature review, the castudieswere

categorizedased orthe vertical greening classification: green fagade or living wall.

4.2.1Green facades

From theselectedwenty casestudiesthree buildings weralentifiedwith direct green
facadesKigure4.2). Ficus pumila minim@ommonly known as creeping fig, climbing

fig or money plant an@hunbergia grandifloraeand Thunbergia laurifoliacommonly

known as Thunbergia are used as plantiggefor direct greening. Case A was
identified as an unintentional direct green facade whereas in case B the intention of the
direct green facade has been to cut off direct gain and glare. In case C the boundary
wall is intentionally maintained as a greéacade yet only with the purpose of
aesthetics. Through the castediesit wasobserved thatlirect greening for fagades is
primarily used for boundary wallsitentionally or unintentionally irmost occasions.
Wheredirect greening was applied intentidigasuch walls are coveregiith greenery

only consideringhe aestheticppeal

Figure4.2: Direct green facades in Colombo context

Seven cases wembservedto beindirect green facades supported dither mesh
structures, trellis or ropef€bservations indicated thatdirect green facades to be a
popular vertical greeningterventionwhen considering thevertical greening in Sri
Lankan context(Figure 4.3). The interviews conducted with the relevant personals
revealed the ease of maintenance and the low cost in installation has attracted the
building owners/ designers to use indirect green facade system. Almost all the cases
identified as indirect green facadesed Thunbergia grandifloraand Thunbergia
laurifolia as the plant specidswas also evident that thieend of indirect green facades
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is nowbecoming a popular intervention many new constructionsjostly in office

and commercial buildings.

Case D and F indirect green facades are maintained-@oyéars, yet with not a
specified maintenance system. In case D, plants are incorporatedbaitttra and
intermediate levels of the green facade. Except in case E main intention of the facades
has been to enhance the aesthetic value and trend of green building where less attention
has been given for the environmental and sustainable benefitseli& cereating green
facades and green screens has been a main intention since the design concept stage.
Thus, choice of plants and facade greening method hadibakredafter background
research and esite sampling. Case | and J are purely with titention of aesthetic

appeal whereas in case J indirect green fagcade is attached to the boundary wall
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Figure 4.3: Indirect green facades in Colombo context

4.2.2Living walls

Though many novel and innovativaodular living wall systemsare available in
international contexin presenplanter boxbased livhg wall systemg the commonly
available modular living wallin Sri Lankan context. From the case study it was
understood that the trend of integrating living walls is now becoming popularized in Sri
Lankan context. Same planter box based LWS is usdtitireacases except in case L.

In case L.similar methodology to continuous living wall has been adopted, yet in a very

63



simple meangFigure 4.4) Based on the market trend several companies expertise in
the felid of implementing living walls are importinthe planter boxes and the

technology and undertake to implement and maintain the living walls as per the client
requirement.

L
%~
»
>
*
»
e
L3
Y

Figure 4.4: Living wallsin Colombo context

Plant species such &hoeodiscolor, Rhoeo spathacedothos (Epipremnum sp.),

Lipstick plant Aeschynanthus radicapsSword FernNephrolepis exaltala , Rabbito:
foot fern Pavallia fejeensiy Purple waffle plantsflemigraphis exotica Baby's Tear

plant (Soleirolia soleirolii), Calatheas speceies,Pilea species,Fittonia species,
Hypoestespecies, Maidenhair feriddiantum) are commonly used as well as Moss

rose Portulaca grandiflorg, Japanese roses (Portulaca grandiflora hybRdjunia

speciesp ot h os/ d Eppretnrus aurenmjChirfese evergreensdglaonema),
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spider plant(Chlorophytum comosumyjper plant(Sansevieria trifasciata)Dumb

canes Dieffenbachia are commonly used in these modular living wall systems.
Details of LWS in local context

Plastic planter boxes fixed to a framework is the LWS found in Sri Lankan context
(Figure4.5). Here the planter boxes are filled with growth medium and selptaats

(based on each individual preference) are planted. Irrigation system using tubes are
used to supply water to the planter boxes from upper level and the system is designed
to create the water flow to the lower levels through planter boxes

Figure 4.5: Planter boxes commonly used in LWS

When condgering the findings of the field study and the interviews it was clear that in
most of the cases the reason for using vertical greening has been to achieve aesthetical
appearance, either to enhance the building outlook or to cover up a monotonous facade.
In green facades Thunbergia grandiflora and Thunbergia laurifolia are used either
separately or mixed to add some color with the flowers and to improve aesthetic value.
Further the species is identified as easy to maintain which requires very less attention
after planting. In each case of green facade, no specific watering system or maintenance
system is defined whereas different methods are adopted to provide with such
requirements based on prevailing weather conditions and etc. fertilizers are used in

somecases to enhance the flowering process.

Mix of evergreen shrubs and ferns are used in LWS along with decorative plants to
create colorful facades. In these systems similar watering methods are used with tube
systems to circulate water to the planter Isoxe general watering is done twice a day

in all the cases and nutrients too are supplied along with water as per the requirement.

Only in one case the plant selection, environmental benefits were highly considered and
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a background research was condudteidientify the best potential plants. In two other
cases the developers and the owners have considered the benefits of vertical greening
in taking the decision of creating LWS yet has not gone into research level. However,

it was clear that aesthetics wgisen the main concern in almost all cases.

4.3 On-site field investigationfor thermal performance analysis

Parallel to the basic field survey it was planned to evaluatéénmal environment of
the existing VGS Three casestudiesrepresenting each isting VGS typeswere
selected.Temperature variatioof facades RH and CO, concentration profileof
selected nine casegere measureddn-site experimentalnvestigationwas conducted

in two stepsas lasic facade studgnd performance evaluation

Buﬂdlng Recording Facade character
: ST Plant type
selection the bulldlng Building orientation
data Foliage density

Building materials
Vertical greening materials

Data RH & CO, Vertical greening
collection profiles performance
and analysis near VGS measurements

Figure 4.6: Procedure of field investiden for thermal performance analysis

As the first step of the field studgr thermal performance analydasic information

related to selected nine cases werdectéd and recordeoh site. Building location,

type of building, type of vertical greening and plants incorporated, facade orientation
and supporting materials, thickness of the foliage and etc. of each case were recorded.
All the selectedtase studiewith vertical greening systems wedentified within the

Colombo context.
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4.3.1Category 01: Living walls

Table4.1: Category 01 Living walls

-Well-established Ferns C@ledoniumy with
high density foliage

-Oriented at East. The living wall we
supported with PVC planter boxes and it
mesh.

-Eight months aged living wall
-6 inches foliage thickness

- 5.8 inches air cavity distance between gr:
wall and concrete building wall.

-Well-establishedracaena reflexaand, Ficus
pumilawith high density foliage

-Oriented at South.

-The living wall supported with PVC plante
boxes and iron mesh.

-Onemonth aged living wall

-8 inches foliage thickness and 2.1 inches
cavity distance between green wall a
plastered cement brick building wall.

Well-establishedCrissie birdnest, Fruitz luth
maidenhair, Caledoniumand Orchids with
high density foliage

-Oriented at South.

The living wall supported with PV®lanter
boxes and iron mesh.

- Six months aged living wall

-10 inches foliage thickness and 12 inches
cavity distance between green wall a
plastered cement brick building wall.
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4.3.2Category 02: Indirect green facades

Table4.2: Category 02 Indirect green facades

Case 04

Case 05

-Well-established Blue trumpet viieThunbergia
laurifolia with high density foliage

-Oriented at North East.
-Supported with iron mesh.
-Sixteen months aged green facade

-6.8 inches foliage thickness and 53inches air ce
distance between green wall and plastered cel
brick building wall

-Well-established Blue trumpet viieThunbergia
laurifolia with high density foliage

-Oriented at East.
- Supported wih iron mesh.
-Sixteen months aged green facade

-9 inches foliage thickness and 53 inches air ca
distance between green wall and plastered cel
brick building wall.

-Well-established Blue trumpet viieThunbergia
laurifolia with high density foliage

-Oriented at North.
-Supported with coir fiber ropes.
-Sixty months aged

-5 inches foliage thickness and 12 inches air ca
distance between green wall and plastered cel
brick building wall.
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4.3.3Category 03: Direct green facades

Table4.3: Category 03 Direct green facades

Case 07

Case 09

-Well-established Ficus speciésFicus pumila
with medium density foliage

-Oriented at West.

-Directly attached with the plastered cement bi
building wall surface.

-More than 10 years aged

-2 inches foliage thickness and no air ca\
between green wall and building.

-Well-established Ficus speciésFicus pumila
with medium densityoliage

-Oriented at South East. The direct green fac

-Directly attached with the plastered cement bi
building wall surface.

-More than 20 years aged

-3 inches foliage thickness and no air ca\
between green wall and building.

-Well-established Ficus speciésFicus pumila
with medium density foliage

-Oriented at West.

-Directly attached with the plastered cement bi
building wall surface.

-More than 10 years aged green facade

-3 inches foliage thickness and no amvity
betweengreen wall and building.
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4.4 Performance evaluationof existing vertical greening

Once identifying the basiharacteristis environmental performance evaluation of the

selected nine cases was carried out to identify the benefits in local tropical context.
44.1 Temperature measurements

Based on previous studies related to thermal performance analysis of vertical greening
(Perni et al., 201l1a)temperature measurement taking procedure was planned.
Graphteemidi GL820 data logger was used to measure the temperature of selected
measuring pointsThe measurements were obtained on fairly sunny days in months of
September and Octoberonths Measurement were taken in real time with@002%

clock accuracy and 28 *+ 5°C of measurement accuracy. Temperature measurements
of the vertical greenery and adjacent bare wall were taken to compare the temperature
reduction obtainetrom vertical greeneryFigure 4.7)

Green wall Bear wall

1m ) .‘1 i) Im ')

Figure 4.7: Temperature measuring points

The following measurements were recorded:

1 Surface temperaturef theouterwall shaded by vertical greeniragnd the bare
wall

Temperature of the air ggwhen applicable)

Temperature of theofiage

Temperature 10cm in front of vertical greemand bare wall

== =2 =2 =

Temperature 1m in front of vertical greenigugd bare wall
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4.4.2 Relative humidity and CO2 measurements

Measurements atlative humidity and C® were recorded for two days from 0800h
170h using thetemperature/RH/C® data loggerparallel to temperature data.
Measurements were taken with-abnute intervals for each case in comparison to the
adjacent bare wall with a 1@cgap from the vertical greening and the bare wall surface.
RH measuring fluctuated from 0.1% to 99.9% with a £3% (10~90%) accuracy level.
COz measurements fluctuated froni @999 ppm with an accuracy level of £ 50ppm *
5%rdg (0~20000). All the obtainedhta oftemperature, RH and GQvere averaged

and analyzed.

45 Findings of the field study stagdor thermal performance analysis

Hourly temperaturéor the investigated dates were obtained by averaging the recorded
temperature measurements for each céeeanalyse thelata separate graphs were
arranged in related to the point of measurement compared to the bear wall

measurement.

4.5.1Living walls

Recorded temperature details which were averaged hourdyifay Walls (W) and
adjacentBare Walls (BW) are presenteflelow. LW1, LW2, LW3 depicts the three
cases studies under living walls where BW1, BW2 and BW3 depicts the adjacent bare

walls in each case.
a) Temperature at 1m distance

As per the recorded data analystsownin Figure 48 the maximum tempature
difference compared to the adjacent bare wall were obtaineH#€0068°C and
045°C for LW1, LW2 and LW3 respectively at 1300femperature at 1m distance
from vertical green fagade and bare wall in each case are almost sirh#gadata
analyss shows no significant difference in temperature at 1m distance from the surface

for living walls compared the respective adjacent bare wall.
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Figure 4.8: Temperature readingf living wallsi 1m from the surface

b) Temperature at 10 cm distance

Recorded data signified maximum surface temperature difference compared to the
adjacent bare walht 1300has 1.72°C, 1.97°C and 1.32°C for LW1, LW2 and
LW3(Figure 49).
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Figure 4.9: Temperature readingsf living wallsi 10cm from the surface

Compared to the result gained at 1m distance, at 10cm distance from vertical green
facade and bare wall showed a temperature reduction in each case. Thislgaride
the evaporative cooling capacity of greenery.
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c) Outer wall surface temperature

Contrasting to the results obtained for 1m and 10cm distander wall surface
temperature recording of all three cases displayed a significant temperature reduction
compared to the respective bare wall surface temperature during the day time and peak
temperature hours. As presenteéfigure 410all three walls Baded by the living walls
recorded a lower surface temperature recording maximum temperature reduction for
LW1 as 10.18C at 1300h and 9.98 and 8.57C for LW2 andLW3 at 1400h.

—¢— Shaded Wall surface LW1 Bare Wall surface BW1 == Shaded Wall surface LW2

—#— Bare Wall surface BW2 == Shaded Wall surface LW3 —@=Bare Wall surface BW3
42
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Figure4.10: Temperature radingsof living wall§ Outer wallsurface

4.5.2Direct green facades

Below presented are theaorded temperature details which were averaged hourly for
Direct GreenFacadegDGF) and adjacent bare walBGF1, DGF2, DGF3 depicts the
three cases studies undirect green facadeghere BW1, BW2 and BW3 depicts the
adjacent bare walls in each case.

a) Temperature at 1m distance

As shown inFigure 411the result obtained at 1m distance from three living wall cases

the tenperature readings at 1m distance from direct green facades closely followed the
readings obtained at 1m distance from the respective adjacent bare walls of each case.
Themaximumtemperature difference compared to the adjacent bare wall were obtained
as 064°C, 062°C and 0.8°C for DGF1, DGF2 andDGRF3 respectively at 1300MNo
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significant difference in temperature at 1m distance from the surfackréat green

facadecompared the respective adjacent bare wa#l recorded throughout the day
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Figure4.11: Temperature readingsf direct green facadéslm from thesurface

b) Temperature at 10 cm distance

During the daytime the temperature difference between the readings at 10cm from the
direct green facade and the bare wall showed a considerable diffeeencdinga
maximumtemperature reductioof 1.62C, 18°C and 151°C at 1300h in DGF1m
DGF2 and DGF3n respect to the adjacent bare walsy(re 412). However, the

temperature difference is very less during the early morning and late night.
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Figure4.12: Temperature readingsf direct green facadéslOan fromsurface
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c) Outer wall surface temperature

In direct green facades also, the outer wall surface temperature reduction compared to
adjacent bare wall outer surface temperature is high during the peak temperature hours.
TheFigure 413shows the surface temperature readings obtained for each direct green
facade case compared to adjacent bare walls. For direct green facades maximum
temperature reductions were recorded to b&CAG DGF1 at 1400h and 5.92 and

7.48C for DGF2 and DGFat 1300h.
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Figure 4.13: Temperature readingsf direct green facadéOuter wall surface

4.5.3Indirect green facades

Similar to previous living walls and direct green facade casesstbeded temperature
details which were averaged houiryindirectGreenFacadgIGF) cases are presented
below. IGF1,IGF2,IGF3 depicts the three cases studies uimbrect green facades
where BW1, BW2 and BW3 depicts the adjacent bare walls in eseh ¢

a) Temperature at 1m distance

As shown in therigure 414, the recorded dataf temperature at 1m distance from the
green facade and bare wall surface does not indicatensiderabletemperature
difference. From thanalysis the maximum temperatuigference compared to the
adjacent bare wall were obtained a810C for IGF1 at 1300h anf.70°C and 066°C

for IGF2 andIGF3 respectively at400h.
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Figure 4.14: Temperature readings afidirect green faade$ 1m from the surface

b) Temperature at 10 cm distance

At indirect green facades alsarthg the daytimgthe temperature difference between

the readings at 10cnecordeda considerable differenagith a maximum temperature
reduction of 1.6°C, 178°C at 1300 in IGF1, DGF2 andl.68C at 1400h atDGF3 in
respect to the adjacent bare walgy(re 415). The temperature differendesre too

recorded to beery less during the early morning and late night.
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Figure4.15: Temperature readings of indirect green facad&é8an from the surface

76



c) Outer wall surface temperature

Reduction of theuter wall surface temperature compared to adjacent bare wall outer
surface temperatuid indirect green facads high during the peak temperature hours.
As depicted in thd=igure 416, the surface temperature readings obtained for each
indirect green facade case compared to adjacent barethefleaximum temperature
reductions were recoedas10.03°C for IGF1 at 1400h an®l96°C and 778°C for IGF2
andIGF3 at 1300h.
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Figure 4.16: Temperature readings ofdirect green facadésOuter wall surface

A similar result of insignificantemperature difference between VGS compared to bare
walls has been recorded as®@&nd 0.7C in direct and indirect systems at 1m distance

in a study done by Peiris et al., (2014hwever, as per the findings of Jefas and Silva
(2013)temperature diffeance can be zero in some situatiohscording toWong et

al., (2010a) at 0.6m distance from the green facade no temperature difference has been
identified.

The results of the study conducted in Netherlandshas/case@ similarreduction of
temperatureompared to bare wall contrat 10cm distance from greened surface as

0.17Cat living walls 0.12C at indirect green facades abh@2°C at direct green facade

s



(Perini et al.,2011a\Wong et.al., (2010a) reports a 11°68eduction of maximum
temperature by living walls in Singapore wheré°C-5.5°C temperature reduction has
been recorded in Netherlands and Mediterranean continent by living walls as per the
findings of Periniet al., 011a) and Perezt al., 011). Sinilarly, 9.°C maximum

temperature reduction has been recorded in Thailand (Sun&Ramprayoon, 2011).

The results ohiresearch conducted in Germany demonstrated surface temperature of
the shaded wafrom VGS as 25.%C compared to thibare wallsurfa@ temperaturef

31.C°C in summer condition highlighting the surface temperature regulation potential
of vertical greening.A similar result obtained by Wong et al., (2010a) further proves
that during the peak temperature hours the surface temperatxedr facades can

be regulated by vertical greening because from 1000h to 1800h time period the surface

temperature reduction due to vertical greening is significant.

The findings further suggest that thickness of the foliage, air circulation eftéottzer
external weather conditions as well as the orientation of the facade may influence the
effectiveness of the temperature reduction. The effectiveness of shading and the shield
of the vertical greenery systems in cutting off the direct solar gdetésmined by the
characteristics of the VGS and the facade orientation. Hoelscher et al., (2616)
highlight that evapotranspiration of the plants in VGS as well as the shading of the
plants influence the cooling and the reduction of temperature.

The air gap between the living wall system anddkeernal wall surface acts as an
insulation layer further reducing the heat conduction towards the facade. In direct
greening system where there is no air gap the surface temperature is comparatively high
further proving the influence of the air gap on surface temperature reduction. However,
at night time the surface temperature of the bare walls get cooler compared to the walls
shaded by the vertical greening as the bare walls are more exposed to gbolairni
Therefore, the temperature difference at nighttime is much less (Wong et al., 2010a:
Hoelscher et al., 20)6
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4.6 Relative humidity and COz measurementear existing vertical greenery

Research evidence suggests deviationRidfand CQ profiles rear vertical green
facades due to evapotranspiration and photosynthesis process ofTadentify the
RH and CQbehaviour near existing green facades field investigations were conducted.

4.61 Relative humidity near the existing VGS

Relative humidityincrement influenced by plants takes place in day time when the
humidity level in ambient air is leastS@nakorn& Yimprayoon, 2011).The
evapotranspiration and the wetness of the substrate in living walls contributes the
increment of the relative humidity of the surrounding As.expected the RH values
were comparatively high near the green walls compared to the bareBasksi orthe
readings obtained from the field measuremeritsvas observed that the relative
humidity values near all the three vertical greenery types were higher at evening than
the nom. At 10cm distance from the green wall surface in all three greenerydypes
average variation of the RH value compared to the bare walls were observed to be 1.6%
- 1.8%.Figure4.17 shows the RH measurements obtained during 0800h to 1700h at
the identified three VGS typedowever, based on statisticalculationghis variaton

was identified to bénsignificant. As Perez et al., (2014) too highlights the effect of
humidity, temperature and the air movement in thermal regulation emphasizing the
effect of RH value in regulating the thermal environment near the vertical ggeenin
systems specially in the air gap between the exterior wall surface and the vertical

greening.

The study by Chen et al., (2013) has recorded a 0.3% high mean relative humidity value
at the sealed air gap between the external wall surface and the grade. fahen et

al., (2013) has further stated that even though the microclimatic condition and heat
transfer is influenced by the living walkheir capability in increasing the humidity of

the air layer compared to the ambient value is much Aessaximum increment of

6.8% in RH value has been recorded which had slightly affected the thermal comfort
condition of the occupant{Sunakorn& Yimprayoon, 2011)The study by Sunakorn

& Yimprayoon (2011) has further highlighted that at night time the RH vabida a

closed room with leaves is less compared to the outdoor RH value.
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Figure 4.17: RH variationnear existing VGS types

4.6.2CO:2 profiles near the existing VGS

At daytime the recordedverage reduction of Gvas obtained as 0.63% for living
walls and indirect green facades and 0.15% for direct green facades. Further, the
readings reveal that theéO, concentration has been lower at the living walls and
indirect green facades compared to bare wall situaticughout the dawhere only

at direct green facade the g€ncentration near greenery has recorded to be high at
night time(Figure 4.18). Thiscan be due to the other microclimatic influenaad as

only point measurements have been recorded.

A study done by Li et al., (2010) records a 2% ob@uction in green vicinity during
day time highlighting that the effect of the photosynthesis prafgdants at day time
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and the high respiration of plants at night time influence this variation in CO
concentration around greeneAs stated by Li et al., (2010) plant type, wind condition
and solar intensity may influence the reduction o,€@ncentation. A simulation
study conducted by Marchi et al., (2014) has revealed that @8sa of vertical
greenery can capture an averagd®#1i 97.03 kg CO2eq O, flow annually. This
highlights the benefit of vertical greening in regulating the microdior@nditions.
Further such contribution directly helps in mitigating the urban heat island effects in
local urbaities.
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Figure 4.18: Carbon dioxide profiles for green wall types

4.7 Internal air temperature moderation through VGS

Following the stage one, stage two of the thermal investigation was carriedhenat
one caserepresentingeach vertical greening type was selededtudy further the
temperature reduction gradient from exteriorthe building interior Kigure 4.19).
Measurements of temperature was taken witk ®.002% clock accuracy and
measurement accuracy of°23+ 5°C. Temperature measurements were taken at 2m

height from the base level of the green vaallfoliage surface, in the air cavity (when
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applicable) and on the wall surface shaded from each vertical greening type and internal
wall surface directly behind the shaded wall. Further the internal temperature of the
built space in all cases too was measl. Same measurements were taken on an
adjacent bare wall surface exposed to same climatic conditions, on the internal surface
of the bare wall and also the internal temperature of the space with the bare wall. Each
type was measurddr 48 hours in reaime to obtain temperature measurements using

Graphtee midi GL820data logger with 10min interval.

Figure 4.19: Selected case studies for furthersite investigation (ALiving wall, B- Direct green facade
C- Indirect green facade)

Temperature data were measured for 48 hours using Graphtec midi Gai@Riyger
following the same procedure and measurement points mentioned at the stage one
thermal performance analysis of the existing vertical greesystems;on the wall

surface shaded from each modular panel type, internal wall surface directly behind and
the internal air temperature. Same measurements were taken on the adjacent bare wall

surface and the internal surface of the bare wall.

Findings of the field studyfor internal air temperature moderation through VGS

Similar to the results obtained at stage one as well as the reviewed literature the
temperature difference of the shaded wall outside and inside compared to the bare wall
control was consierably high recording a maximum temperature difference of
10.16C, 8.65C and 6.36C in external side of the walls whereas 8312.32C and

1.82C (Figure4.20 temperature difference in internal side of the walls in living wall

type, indirect green fade and direct green facade respectively comparedeto
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adjacent bare walls indicating a reduction of external thermal gain through the building
facade.Further the internal temperature measurements of the buildings incorporated
with all three VGStypes were less than the buildings with bare wall fagade at each
situation recording a maximum temperature difference 0f°€,21.82C and 0.68C
temperature difference compared to each bare wall situation in building interiors of

living wall type, indiret green facade and direct green fagade accordingly as shown in
Figure 4.20.
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Figure 4.20: Results of the thermal performancesite investigation of the existing vertical greening systems

4.8 Chapter summey

The chapter focused on identifying the existing situation of vertical greening in local
context, existing types and their performance. Three vertical greening types namely
living walls, direct green facades and indirect green facades were identifiexldacal
context where indirect green facades were more popular due to easy installation and
maintenanceThe results from thanalysis of VGS irexisting conditiorsignified that

all three existing vertical greening types are beneficial in reducing the surface
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temperature of buildings where living walls recorded the highest temperature
reduction of 10.1%C at the facade shaded by the living wislaximum of 7.48C ard
10.02C surface temperature reductions were recorded from direct green facades and
indirect green facades respectivdiyternal air temperature reduction was recorded

to be2.21°C, 1.82C and 0.66C by living wall, indirect green facade and direct green
facade Average relative humidity increment by 1.694.8% and an average GO
reduction by 0.63% were recorded at vertical greening systems compared to bare wall
control. The surface temperature reduction compared to the bare wall control which
were recoded to be significant in all three vertical greening types highlights the

potential temperature reduction to building interiors.

Findings of the international researdo highlights that vertical greenery systems can

be beneficial in thermal regulationautdoors up to 10cm from the fagade surfédcel

the evidence suggests the temperature variations recorded at 1m and 10cm were not
significant comparativelyHHowever, since the studies have quantified the temperature
variance based on point measuremeants, macro scale the effect of vertical greening

on thermal regulation may have a further effectiveness omnéacs.

Different layers in a living wall system such as the substrate, plants, growth medium,
supportive structure, plant container entribute in direct solar gain cut off resulting

a higher surface temperature reductidherefore, the effectiveness of living walls in
terms of thermal regulation is much higher than the other VGS types. This was evident
from the field investigation redts as well.Thus, in developing a vertical greening
system to obtain the best potential benefits in tropical context living wall is identified
as the best VGS type.
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5. PLANT SPECIES AND GROWTH MEDIA SELECTION FOR
THE PROPOSED MODULAR PANEL VERTICAL GREENING

SYSTEM

5.1Introduction to the chapter

With the findings on the existing VGSis evident that establishing vertical greenery
in local context can be beneficialterms of external and internal climate modification
in tropics.The evidence suggestsabtaining the best thermal benefit living wall type
is much beneficialTherefore, based on the findings tlesearch focus on developing
a modular living wall type vertical greening systemmhendeveloping avGS for the
tropical context, it is essentia tdentify a suitable plant species and a growth media
that is appropriate for the plant species and for the modular panels aehigethapter
presents the work carried oahd the results and evaluation of the field studies
conducted on plant selectidar the proposed modular green paaat the suitable

growth media

5.2 Selection of the plant species

Due to the numerous ecological benefits such as natural cooling, air purification and
etc. use of vegetation in building periphery is becoming a higbesideration in
modern building designs to i nPklantselect®en t he
for vertical greening can enhance the aesthetic aspect of the VGS while also influencing
the functionality and the thermal benefits as welithe ealy stages living walls have

been constructed witpiphyticplants that grow in tropical foregtisoska et al., 2013)

which eventually changed to wide plant varieties with adaptability to vertical living. By
today the plant collection for vertical greeniextends from epiphytes and lithophytes

to ferns, succulents, shrubs, herbaceous, climbing plants and etc. (Weerakkody et al.,
2017). According to the microclimate and location the plants useeftical greening

may vary Majority of the plant related studies for vertical greening has been conducted
in temperate regions. Therefore, effective reference for plant species to be used in

tropical context is very less.
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In addressing this gap and identify the mostappropriateplant species for the
proposed vertical greening system an experimental study was condlicgeglant
selection was conducted as a field study envisaged to identify the potential plant species
for the vertical greening system and utilization of selectedvtipn media to assess the
cooling effect To conduct the field study as the firgsishortlisting of potential plant
species wasonducted based on several factors. Height of the plant is a crucial factor
when utilizing for vertical greening and roofrtaces to enable them to withstand the
high wind velocities. From the findings of the research conducted by Snodgrass
Snodgrass (2006) and Perk#asloyce (2012) ideal plant height lies between 2.5¢cm
15cm. Further Snodgrass and Snodgrass highlightshthaate of plant spread over a
period of year should be between 15&% cm. Plants ability to grow in shallow, well
draining soil and even in nutrient poor soil too must be considered (Cameron et
al.,205: Johnstor& Johnston2004).Plants with shalle and dense root system with
stems that can root to thsubstrate toare attractive choices for vertical greening
(Dunnett& Kingsbury, 2008)

With expertadvice available literaturand observationgnthe plant species that were

already used in existg local vertical greening systentsvelve plant species were
shortlisted for the osite investigationAs Cameron et al, (2®) states when selecting

the plants for a vertical greening system factors such as high winds, shallow soils,
drought and interntient flooding, shortage of tree cover must be considered along with

the plantsd growt h f olhree replicales Wweneecreaged somi n g r
each plant type of which different plant physiological parameters including leaf area
index, average léadimensions, plant growth rate, plant height were tested and
comparedSample panels were created, and the saplings of selected plant types were
planted and maintained under controlled conditions till the plants achieve their

optimum height. Then the pdeavere tested for their survival ability and etc.

5.2.1Fabrication of green panels

Based on the findings of existing VGSodular panel livingwall system(which
comprisef selfcontained units planted ex situ and laiesembled anfixed on the
wall vertically) was selected as the VGS type for the resed?ahels for the plant

selection orsite investigation was prepared using timber asrthterial. The size of an
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individual panel was decided to BBOmm(width) x 600mm(height)and40mmtotal
thickness with the growth media laydro improve the durability by improving the
water resistangeéwo coats of wood care sealer with thinner solvent was applied to the
modules. Each panel was separated into two parts horizontally to improve the stability
of the panel as well as twld the growth media once the panels are kept vertically
(Figure 51). To allow excess water to drain out several holes were made at the bottom
of the wooden panelé west facing wall exposed to direct sunlight was selectéd to

the panels for the esite investigation.

5.2.2Selection of growth media

Since the panels are to be kept vertically and for easy handling of panels weight of the
growth media must be kept at a lower valBeing light weight with a high water
retairing capacity and binding ability coir fiber was identified to be ideal as the growth
media. Further, the physical structure of the coir fiber media with its ability to maintain
the balance between air and water in the medium while being irrigated anchedter

as well, make coir fiber a productive growth medidinerefore, based on the existing
literature and agricultural expert knowledge coir fiber was selected as the main
component of the growth media for the vertical greening systerce finalizing cai

fiber as the main growth medium componenindh thick layer of coir fiber was
layered in each timber pandltogether,thirty-six panels were created to plant the
selected twelve plant species in three replicates wheeh panel was fabricated

following the same prototypend only the plant species was changed.

Figure5.1: Creating the modular panel samples
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5.2.3lrrigation and fertilizer application

Manual irrigation using sprayers was practiceaniorning twice a week. Water was
applied till the growth medium become wetit applying too much excess water was
avoidedin the early stages of the plant saplingarther retaining heat and moisture
required for the plant growth too was highly consideF®r each panel, 0.5L of water

was applied through sprayers in the first month and afterwards panels were hand
watered from the top based on the water requirement of the plant to maintain the growth
and health.

Selected growth medium lacked the nutrietiiat needed for the plant growth.
Therefore, application ohutrients was required Since the plants do not require
nutrients until the appearance of true leawedy clean water was applied till then.
Once the true leaves started to unfold applicatibnutrient was started gradually.
Albert solution is commonly used as a wadeluble nutrient that is used in drip
irrigation and foliar spraying as the chlorine free formula consists of wide range of
essential nutrients for plant growth balanced witlratgt nitrogen and instantly
dissolves in water. Further the premium and balanced ingredients enriched with basic
chelated micronutrients has made the selected nutrient solution ideal for the fertilizer
application.0 . 5 g o f Soldibrowas disfolvech 500ml of water to prepare the

nutrient solution which was applied twice a week.

Rhoeo spathacea Desmodium triflorum spp Tectaria spp AXONOPUS CoMpressus
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Figure 5.2: Experimented twelve plant species
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As statedhbove the orsite investigation on plant selection was limiteth®shortlisted
and selected twelve plant speciEg(re 52). The sample panels were tested under the

prevailing climatic condition of the time period the investigation was carried out.

5.3 Plant selectionon-site investigation

Completelyrandomizeddesign method was adopted for the plant selectiositen
investigation. Each plant species of the selected twelve plants were replicated in three
panels and eight plants of each species were planted on each panel to investigate the
growth patterns, survivaand heights of the plants. Experiment on plants were
conducted forfour months where evaluation wasnducted monthlyHeight of the

plants were measured along with the development stages through visual assessment and
incidence of pests and diseases.pBrpaper method was used in measuring the leaf
length and widthA threepoint scale wastiized to evaluatethe plant health during

the time of investigation ak = thriving, 2 = alive, but with signs of pest, disease or
other stresses3 = dead Mini tab andstatistical analysisoftware packagewere

utilized to analyze the data obtained through the plant selection experiment. For each
evaluation time a separate analysis was
comparison test was conttad to compare when a significant difference was found

between two species.

5.3.1 Results of theplant behavior investigation

The result of the plant survival analysis is depicted byifpare 53. During the period

of observation, the survival of theelve-plant species significantly varied among each
species.Drought tolerance and lorgrm coverage (Ta& Sia, 20®: Dunnet&
Kingsbury, 2008: Perkin& Joyce, 2012) of plants become vital in selecting a plant
species for the vertical greening systdrarther ability of regenerating after stress
periods (Tan& Sia, 20@), adaptability to local climatic condition and existing
environmental conditions (Whi® Snodgrass, 2003: Chow et al., 20F8ng et al.,

201§ and the pl ant s 0 lityte survive iredireciesunlight ande r ms
strong windsselfsustainabilityand ability to withstand nutrient deficiencies (Cameron

et al.,, 205: Son et al. 2014) are essential characteristics the selected plant species.

However, the plants that survived had a consistently high health and the only
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observation was a minor bacteria blight spots during the last month of observation. As
resulted, over thérial periodvegetal survival rate was highest Rhoeo spathacea
specis whereag®\xonopusompressus, Ophiopogon japonicas, Portulaca grandiflora
Axonopus fissifoliand Elusine indicatoo showed a high survival abilitgoysia spp

too indicated a high survival and growth rate yet slightly lower than the best survived

plantspecies.
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Figure 5.3: Plant survival percentage during the trial period

Growth rate ofBegonia sppwas insignificantand the plant growth started declining
from the second weednd could not survive after thi@rd week.During the trial period
Desmodium tfiorum andCentella asiaticaspecies too displayed a decline in survival
from the third week and fourth week respectively and could not survive throughout the
period of obseration. Through observation it was identifid@cteraspecies had a slow
pace of growing and the capability of survival was also weak. Survival rate of
Diffenbachia sppvas high in horizontal surface, but thessibility of maintaining the

plantin vertical surface wadifficult therefore the survival rate too got lower

Similar to the survival capability, the plant growéte of the investigated plant species
too showed a significant variation during the experimented time period. From the
twelve-plantspeciedieffenbachia spplemonstrated a higher growth in terms of plant
height and leaf area index compared to the other pthmiag the firsthalf of the
observation periadAfter eight weeks, the panels were kept vertically to observe the

adaptability in vertical greeningSince theDieffenbachia spgtems which were taller
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had a tendency of downward growing across the vertical panel it restricted the outer
growth reducing the plantsdé compatibilit:
Further the high growth rate and the size of the plants too signified an unsuitability for
vertical greening. As Perkin& Joyce (2012) too highlights, similar circumstance in

vertical greening plants can cause mechanical unsettling of the vertical gregstiem

influencing the issues related to survival in high wind velocities as well as maintenance

and human handlind.ectaria sppwhich displayed a similar rapid growth in terms of

plant height too was indicated to be unsuitable for vertical greenitgnsysith a less

thickness in the modular panels.
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Figure 5.4: Plant height increment over the observed time period

Canopy structure of the plant including the horizontal leaf distribution, foliage density,
dense clumping or forming of mat, different coloured vegetation (Wong €04l0;

Barrio, 1998) is vital in selecting the plant for the vertical greening systempared

to the investigated twelve plarf®oeo spathacesignified the best outer growth and
highest rate of spread over the panel surface during the experimented time period.
Further, the high canopy density of tliegetated foliage oRhoeo spathacewas
identified as a positive fact in making the plant species an attractive choice for a vertical
greening systenfBadrulzaman et al., 2015)\xonopus compresstso was observed

with dense foliage and high rate of spreading with ti@tber plant species wdh were
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observed to be high in survival such@ghiopogon japonicug;ortulaca grandiflora
Zoysia Elusine indicareached 1415cm in height even though the spread of the plant
over the vertical surface watowerin Portulaca grandifloraspecies. Acording to
Snodgrass Snodgrass (2006jhis height range is ideal for vertical greening due to

the less tendency in wind damage and capability in easy maintenance.

Based on thgrowth performance and the survival capability of the shortlisted twelve
plant species, five plant species were selected for furtheit®@mvestigationsSelected

plant species werRhoeo spathacea, Axonopus compressus, Portulaca grandiflora,
Ophiopogon japonicas and Elusine indi¢ave replicates of each selected five plant
species were created and kept under exposed conditions for agfdmadmontts in
vertical plane. After the period of observation initial thermal performance measurement

was conducted.

5.32 Results of the pilot observation of sample panel thermal bekaur

On a selected day with a clear sky teenperature datéor 24 hourswere recorded
accordingly. Temperature measurements; substrate surface temperature, temperature

behind the panel and ambient temperaf2fem in front of the canopy surface were

recorded using a data logger GL 820 midi.

a) Axonopus compressus
b) Ophiopogon japonicas
¢) Elusine indica

d) Rhoeo spathacea,

e) Portulaca grandiflora

Figure5.5: Selected five plant species for thermal behavasservation
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a) Temperature a0 cm distance

Air temperature measurements at 20cm in front ofpiueels closely followed each
other recording no significant temperature difference throughout the study period.

Figure 56 depicts the temperature measurements recorded at the peak hour at 1300h.
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Figure5.6: Recorded temperature at 20 cm in front of the panels at 1300h

b) Substrate surface temperature

From the recordedubstratetemperature for the day it was evident based on the
coverage and the foliage density the surface temperature of each plarg speeit

At the peak temperature hour at 1300h the recorded temperature is giveRigutiee
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Figure5.7: Recordedsubstrateeemperature of the panels at 1300h
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Substrate temperature of the spedi®isnoeo spatheceand Axonopus compressus
closely followed each other as the foliage density of the species were higher than the
other three specie®hiopogan japonicuspecies which too had a high foliage density
recorded a lower substrate temperature ti@ncontrol and th&lusine indicaand
Portulaca grandiflora species.Similarly, in the study done by ameron 2015),
Jasminum officinalendLonicera sppwith thicker canopyhavebeen identified with

the highest potential for cooling’hen considering thieaf orientation and leaf area
Therefore, the morphology and the leaf blade size directly affect the thermal regulation

potential of the green walls (Raji et al., 2015).

As Tilly et al., (2014) suggests the convection and conduction rate from tharfaaks

is increased when the leaf size is reduced. This could have influenced the higher
reduction of substrate surface temperature of the panelsAxghopus compressus
which has smaller leaves yet high leaf density. According to Wong et al., (2010) higher
density of foliage and the variation in vegetation colour too influence the cooling effect.
Therefore, it can be assumed that tdodour variation of the plant speciesd the
density of the foliage has influencedbstrate surface temperature reduction of the

panels oRhoeo spathecespecies.

Similar to the recorded in the substrate temperature measurements the tempgrature
the backside of the panels too followeslimilar pattern. As predicted the temperature
recordings of all the panels were lower than the ambient temperature authstraite

surface temperature. Rhoeo spathacea panels and Axonopus compressus panels
recorded the highest temperature reductidms is due to the collective effect of the
foliage densityPerkins & Joyce, 2012gffect of shading by leaves (Wong et al.,2010)
together with the substrate thickness that lowers the heat conduction to the panel
backside Theinteractiondn leaf areas, gametryand colorof leaf and microclimatic
parametersuch assolar radiation too result imariancesin the cooling efficiency

(Perini & Oteele, 2012)

The onsite investigation conducted for ts@ortlistedfive specieselectedrom the
stage one of thelant selection experiment resulted in shortlisting the two species
Rhoeo spathaceand Axonopus compressues the best plants for the proposed

modular vertical greening system.

94



5.4 Extendedplant selection onsite investigation

On-site plant selection experiment was further extended where the shortlisted two
species were further observed for their performance in vertical plane in natural exposed

conditions.

Figure 5.8: On-site inwestigation of selected two plant species

Similar to the previous stage five prototypes of each plant species were fixed vertically
to a west facing wall and the observation was continued for two mdfithsd 5.8).

In evaluating the thermal performantemperature data were measured for 48 hours
using Graphtec midi GL82fataloggefollowing the same procedure and measurement
points mentioned at the stage one thermal performance analysis of the existing vertical
greening systemgn the wall surfacshaded from each modular panel type, internal
wall surface directly behind. Same measurements were taken on the adjacent bare wall

surface and the internal surface of the bare wall.
5.4.1Results of the extended plant selectiomvestigation

Both the planspeciefRhoeo spathacemndAxonopus compressaarvived well in the
exposed condition. Yet with the growlhoeo spathacespecies signified an issue in
maintenance with its increasing height and weight overtime. Comparaiixehopus
compressusgvas béter in survival as well as maintenance in terms of its limited height
and weight.

95



5.4.2Thermal performance of the investigated plant modules

The temperature difference on the foliage surface of two species was insignificant when
compared to each other. The recorded temperature difference of the wall surface
temperatures shaded by the modular panel types are shdign5rd. The maximum
tempeature difference of shaded external wall surfaces was recorded &8 a9y
10.08C in Rhoeo spathaceand Axonopus compressusodular panels respectively
compared to the bare wall control. In terms of internal surface temperature difference
(Figure 5.9 a maximum temperature difference of 3@ and 3.5°C were recorded
respectively inrRhoeo spathaceand Axonopus compressuasodular panels compared

to the bare wall control.

As stated byMazzali et al.(2013) plant selection for vertical greening must be done
considering not only the aesthetics but also the microclimatic condition, cultivation
system, exposure to the sun and etc. Safikhani et al., (2014) and Rayner et al., (2010)
further elaborates thate cycle, morphological characteristics, adaptability to climatic
condition, depth of the roots, space management, installation and maintenance too
become vital in the plant selection process. Based on the results of the extended plant
selection study anthe observation&\xonopus compressugs selected as the plant

species for the proposed modular panel vertical greening system.

Surface & internal temperature behaviour of Maximum temperature reductionropared to bare
walls shaded by indirect green facade wall control
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Figure5.9: Results of the thermal performancesite investigation of thprototype green panels

96



5.5 Selection of growth mediafor the green panels

Based on the literature and following thesite experiments done at early stages of the
research coir fiber was selected as the main component of the growth medium. Compost
and subsoil were mixed to coir fiber in 1:1/2: 1/4 coir: compost: soil propdctiemrich

the growth mediaSand was mixed to enhance the porosity thus the permeability of the
mix. Handful of crushed construction waste, remains of sieved sand too was used as a

sustainable solution to enhance the water permeability.
5.5.1Moisture content and dry densityof growth media

Different mix proportions of coir fiore and sand were tested in lab condition for
permeability, dry density and moisture content to select the best mix. Five mix samples
two samples representing each mix typere ceated with different coir: sand ratios
while keeping the compost and subsoil ratios constant. Each sample was saturated for
48 hours prior to obtain the weight of the wet mix. Consequently, the samples were
oven dried for 24 hours to obtain their dry weigJsing the collected data, the dry

density and the moisture content of the samples were calculated.

Weighing the saturated mix samples Weighing the dry mix samples

Figure 5.10: Measuring the wet weight and dry weight of the samples

Using the collected data, the ddgnsity and moisture content of the samples were
calculatedTable 5.1).
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Table5.1: Wet weight and dry weight of thestedsamples

Soil  Mix design Wet weight of Dry weight

sample (Sand: Coir) mix of mix
1 0:1 44.27 4.31
2 1:1 31.46 53.195
3 1:2 36.595 43.015
4 1:3 36.575 29.66
5 1:4 36.585 27.08

Equations 1 and 2 were employed to

-0 € QI DEIED QD QDO Q— (1)

01 Qi a6 (2)

Using the wet weighand dry weight of each samplge moisture content and the dry
density was calculate@able 5.2)which was used to draw the compactamve for

comparisor(Figure 5.11)

Table5.2: Calculated moistureontent and dry density of the tested samples

Soil  Mix design  Moisture _
sample (Sand: Coir)  content Dry density

1 0:1 7.692 0.0687
2 1:1 0.5914 0.6778
3 1:2 0.8506 0.5024
4 1:3 1.2325 0.368
5 1:4 1.369 0.2829

Since the moisture content was high and the dry density was very low the first
sample which contained no sand was not considered for the comparison. As per the
literature findings plants grow better in media which is soft enough to allow root
development yet sufficiently compactelfioaing a good roosoil contact. Here the

samples were tested at saturated level which gave the saturatioririome. the
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comparison sample 03 which was sand: coir 1:2 ratio displayed the intermediate

compaction compared to the other three samples.

0.8
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0.5 0.7 0.9 11 1.3 15

Dry density

Figure5.11: Compaction graph of the tested growth media samples

5.5.2Permeability of the samples

Following the dry density and moisture content test permeability test for the five mix
samples were carriealt in lab condition using the constant head permeability set up
(Figure5.12). Eight readings were taken for each sample at eight different heights.
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Figure5.12: Conducting the permeability test fitre growth media mix samples
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Table5.3: Collected data and calculated rate of flow of coir: sand 1:1 sample

SW  hy(cm) h (cm) ah (cm) Vem?  Time (sec) oo O FOY
1 73.3 100 26.7 100 50.6 1.976
2 71.4 97.5 26.1 100 51.8 1.930
3 69.4 95.3 25.9 100 52.47 1.905
4 67.3 92.7 25.7 100 52.78 1.894
5 65.2 90.3 25 100 53.57 1.866
6 62.7 87.4 24.7 100 53.91 1835
7 60.7 84.9 24.2 100 55.65 1.796
8 58.8 82.4 23.6 100 56.28 1.776

The graph of rate of flow then was obtained for each sample based on the calculation
Table 5.3 Using the collected data rate of flow for each reading was calculated which
was used taraw the graplffigure 5.13. The graph drawn was then used to calculate

the coefficient ofpermeability of each samplesing the equatioA.

0 — Q (3)
Where Q is the rate of flow, K is coefficient of permeability, A is cross sectional ar
the specimen, L is the length of the speciraed h is constant head causing flow.

A = 4.5364x16m? and L= 93x16m

27
26
e
S
€ 25
24
m = y/X
23 y
1.75 1.8 1.85 1.9 1.95 2

Rate of Flow cri's

Figure5.13: The graph ofyh and rate of flow for sample coir: sand 1:1
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Accordingly, the permeability of the five mix samples were calculated which is given

in theTable5.4.

Table5.4: Permeability othe fivemix samples

Soil Mix design Permeability
sample (Sand: Coir) (cm/s)
1 1.0 0.117145
2 11 0.143505
3 2:1 0.196
4 3:1 0.17083
5 4:1 0.1177
0.25
» 0.2
IS
L
2
E
$0.15
=
(0]
Q
0.1
0 1 2 3 4 5 6
Sample mix

Figure5.14: Permeability of théive mixsamples

From the tested five misamples, sample 03 which contained coir: sand in 2:1
proportion displayed the best permeabi(f§jgure 5.14. Permeability is a vital factor

in deciding the growth media. Since coir which was selected as the main component of
the growth media has a higbater retaining capacity, excessive water retention can
cause deterioration of the roots therefore the plant health. Therefore, it was decided to
select the sample mix with the best permeabiltgnsidering the permeability, dry
density, moisture conteriulk weight 2:1 coir: sand sample was selected as the growth

media.
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5.6 Chapter summery

This chapter focused on the plant selection and the growth media selection for the
proposed modular panel vertical greening system. Plant selection for a vertical greening
system needs to be considered withfdwots such as plant life cycle, adaptabitdythe
vertical living in exposed conditions, root systesurvival and etc.Moreover, when
developing an economical vertical greening systavailability of the plant species,
easy access and less cost a@s#vital considerations. Thefore,on-site experiments

and observations were carried out &ght monthsto select the best suitable plant
species for the proposed vertical greening system out cfetleeted and shortlisted
twelve plant species which were less costly, readily available. Fronetdesfudies

and observation&xonopus compresgsspecies was selected as the baged plant for

the proposed modular panel vertical greening system.

When developing a modular panel system for vertical greegiogyth media to be

used too become highly important. In different vertical greesyaepms, different
growth media has been used. Substrate for vertical greening can be both organic and
inorganic with mineral nutrients. Some systems may be developedllasssor as
hydroponics. The proposed modutenelvertical greening system is to be developed

to use organic growth medium as the substrate. Maintaining a lower weight for each
panel is needed for the maintenance and easy handling of the paeetfoe, having

a substrate which is low in weight and less costly is required while fulfilling all the
other requirements @f substrate. Literature and pilot surveys identifies coir fiber as the
best main component for the growth media mixed with compossarsbil in 1: %2: ¥4

ratio. Plant roots which grow in compacted sailay transverse the impenetrable soil

by thebio poresand cracksFurther for plants to grow in best condition intermediate
bulk density is appropriate which is soft enough to enablerlretté development yet
compact enough to enable the contact between soil and roof. Thenafong, of soil

to the growth media was importantimprove the compactness and permeability of the
growth mediaThrough field studies and laboratory testihgvas identified 2:1 coir:

sand ratio was the best mix ratio for the proposed vertical greening system.
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6. DEVELOPING A GREEN PANEL AS A MODULE OF A
SUSTAINABLE EXTERNAL GREEN SKIN IN TROPICAL

CONTEXT

6.1 Introduction to the chapter

Use of double skin envagbois still a developing design intervention in all over the
world. However, increasing number of buildings and urban density which cause the
declination of greenery urge the need of promoting vertical greenery in the city.
Unawareness and the lack of teglogy has led to less use of vertical greening. The
proposed green wall panel system will be a sustainable solution as a double skin
intervention that adopt novel green concepts while promoting indoor comfort as well
as improving outdoor environment. Modul panel system will allow for easy

replacement and maintenance of the external green skin.

Green walls systems have the disadvantage of being expensive and hard to maintain.
The proposed green wall is designed as a modular panel system, which allows easy
handling and maintenance, which also is possible to install this external envelop even
to existing single leaf wall. Further the proposed system is advantageous as the walling
system can be easily introduced to existing structures and requires lesssexperti
terms of technical aspects. The proposed wall panel system is supported by a steel
framework, which is easy to fix and the panels that can be handled separately allows
easy installation and minimum technical support while allowing easy replacement of

panels when required.

6.2 Development of the modular panel

The modular panel development stage was done as an experimental study at the
university premises. Durabilitygasy handling and thermal behaviour were the main
considerations in designing and eé®ping the modular panelfhe vegetated green

panel modular wall system was designed to be installed separately as an external double
skin using a steel framework without any disturbance to the existing structure. The

weight of a fullygrown wall panel wa planned to be less than 20kg making it possible
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to be handled easily with less labor force. A strong durable material like fiber is
appropriate for the construction of the wall panel considering its strength, water

resistance and durability.

Figure 6.1: Designed modular panel for the proposed vertical greening system

The size of basic a panel was decittede600mm(width) x 900mm(heigh) as shown

in Figure 62. Anti-slip projections were created two intermediate levels with the
intention of holding the lightweight growing medium. Water inlets and outlets were
created at top and bottom of the panel for irrigation purposes whereas a projected tray
at the bottom backside was designed to collecesx water dripped from the panel
(Figure6.2).
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Figure 6.2: Details of the proposed panel
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As per the design first a prototype panel was made out of modeling board. Following
that the actual scalaodels were then prepared using fiber as the material based on the

strength, durability and water resistartEgure6.3).

Figure 6.3: Making of the actual modular panel
6.2.1 Preparation of the vegetated panels

The selectedpblant specie®Axonopus compressugas grown in controlled conditions
till the rooting was properly done and well linked with the growing medikigure
6.4). Once the plants were well establishi panels were kept in exposed condition

for two weeks to check the survival and tolerance.

Figure 6.4: Development of the vegetated panels
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6.2.2 Pilot thermal performance analysis of thandividual panels

Experimental study was done at the civil engineering department premises using actual
mini scale house models constructed for previous research as shéwgura6.5.
Temperature measurement points are shovigure 6.6.

Figure 6.5: Thermal performance analysis of the panels

Thermal performance of the panels was measured for 48hrs on a clear day using
Graphtec midi GL82@atalogger following the same procedure and measurement

points asn the previous stages
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Figure 6.6: Temperature measurement points
Results ofthe pilot thermal performance analysis of the individual panels

Thetemperature difference of the shaded wall outside andeiesichpared to the bare

wall control was considerably high recording a maximum temperature difference of
14.1°C in external side of the walls where@$65°C (Figure 6.7 temperature
difference in internal side of the walls. Internal air temperature inside the space shaded
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from the vertical green wall was recorded as qD.®hich was 2.ZC lower than the
shaded outside ambient air temperatiiteough the findings it wasvident that the

green wall panels were able to maintain a lower surface temperature and lower internal
temperature at the peak hours of the day helping to reduce the thermal discomfort
caused by the higher temperatures.
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Figure 6.7: Results othe thermal performance analysis of the individual panels

6.3 Developnent of the vertical green wall system

Following the development of the panels the design and development of the walling
system in actual scaleas initiated.The vegetated green panel modular wall system is
designed to be installed separately as an external double skin using a steel framework
without any disturbance to the existing structure as showkigure 6.8. Once the
individual panels areeady theycan befixed as an external skin to the wall using the
steel framework. The inbuilt hooks at the rear side of the panels are used to hang the
panels separately to the steel framework.
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Figure 6.8: Proposed modular panel green wall system

Considering all the above facts the actual scaled model of the proposed modular panel
vertical greenery system was set up at the university premises for further studies.
developing the system, it is needed to separate the living wall and the building wall to
avoid potential issues related to moistdreis air gap also helps in further minimising

the heat transfer towards the building interidowever, the air gap maained in
between the facade and the vertical greening has to be maintained at an optimum
distance to achieve this thermal benefit. Therefore, for this study the gap was

maintained as five inches.

Figure 6.9: Setting ughe modular panel green wall system

Once the panels were established in vertical plane as aewdlstep was to identify

the irrigation requirement for the proposed vertical greening system.
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6.31 Investigating the irrigation sequence

Next step was to identify a proper irrigation sequence for the vertical greening system.
The field capacity of the growth media svaalculated using the volume basis lab
testing. The test results indicated the field capacity of the selected growth media to be
59% on volume basis where the moisture content at field capacity was calculated as
0.8506. Following the field capacity testoisture content of the growth mix at the
permanent wilting point was calculated based on the weight of dry mix and wet mix.
Nine sample panels were created for the testing using the selected growth media mix
and the plant speci¢Bigure6.10. Until the plants are well established the panels were
equally irrigated. One panel was kept as the control. Other eight panels were subjected

to four different irrigations sequences. Each panel was irrigated until the whole panel

was completely wet.

Figure 6.10: Field tests conducted for permeant wilting point investigation

Teded irrigation sequences;
T1- Irrigation once in 02 days
T2- Irrigation once in 04 days
T3- Irrigation once in 06 days
T4- Irrigation once in 08 days

Three sampleBom the panel which was at the permanent wilting point was taken to
measure the dry weighnd the wet weight to calculate the average moisture content
at permanent wilting point.

109



Table6.1: Measured wet and dry weight for permanent wilting point test

Sample  weight of wet mix weight of dry mix
1 130.9 129.05
2 105.09 104.09
3 106.05 104.69

Accordingly, moisture contematt permanent wilting poiwas calculated as 0.0122. As

per the agricultural recommendation plants should be irrigated at or before the moisture
content reaches 50%-between the field capacity moisture content and permanent
wilting point. Based on the findings the average moisture content must be maintained
at 0.4192. Hence, under normal weather conditions irrigating the panels once in eight
days till the panels rea the field capacity auld be required.

6.32 Developing the irrigation system

Several factors were considered in selecting the irrigation type for the proposed vertical

greening system. Since the main aim of the research was to derelogn@mical and

user friendly vertical green wall least costly method of irrigation was needed to be

established.

Irrigation system selection consideration

- Economical availability of pipes and other equipment

- Convenience in fixing, operating anthintaining

- Durability and minimum wastage

Watering system considerations

- Type ofplant, plant life cycleandcoverage

- Gravitational capacity of plants

- Growth media mix and thickness

- Water supply frequencgndefficiency
- Panel angle and lgth
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From the available and commonly used watering system types such as drip irrigation,
sprinklers, sub surface and surface irrigation systems drip irrigation was selected as the

suitable watering system for the green wall considering the above aspects.

6.3.3 Investigating the panel water requirement

Once selecting the watering system and the irrigation sequeegé the water
requirement for a single panel was investigated. Each panel was watered using the drip
irrigation method where each individual ghrnvas watered using five drip outlets so

the total panel would equally get watered. The time and amount of water needed until
the total panel is fully wet was measured whereas the excess water quantity that dripped

out from the panel too was measuredrithen to avoid excessive waterirfgdure6.11).

Figure 6.11: Measuring the water requirement of a single panel

The below data were measured through the field study;
Amount of water required for a single panel to reach saturated G%8L
Time taken to reach saturated levE8 minutes 02 seconds
Amount of water dripped as exce8s85L
Thus, the amount of actual water requirement of a par#iL

Time period to spply required amount of water to an individual panémints.

Oncethe actual scale panels were fixed vertically and were irrigated until the saturated
conditions a single panel absorbed 6.12L in 18 minutes and 02 secdmals.

gravitational wateiquantity was collected and measured as 3.85L. Accordingly, the
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total water requirement of a panel to reach field capacity was identified?ds 2.
Therefore, whensing the selected drip irrigation, the panels needed to be irrigated for

7 minutes.

6.4 Thermal performance evaluation of theproposedvertical greening system

Once the field data required were gathered and analyzed the modular panel green wall
was established at a west facing facade to observe its performance in actual situation.
The thermal perfonance was measured following the same procedure as early stages
(Figure6.12).

Figure 6.12. Experimental setup of the vertical modular panel green wall system

Similar to the results obtained in perviaugi scale house model thermal evaluation
thetemperature difference of the shaded wall outside and inside compared to the bare
wall control was considerably high recording a maximum temperature difference of
17.26°C in external side of the walls wherea8%°C (fig. 6.13 temperature difference

in internal side of the walldnternal air temperature inside the space shaded from the
vertical green wall was recorded as 30@4vhich was 2.8% lower than the shaded

outside ambient air temperature.

Similarto the results obtained in the experimented context?@@Bexterior and 7°C
in interior surface temperature reduction wherea¥3ré&duction in air temperature in
the air layer between the wall and the vertical greening compared to ambient air
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tempeature has been recorded by a living wall system during a study conducted in
China (Cameron et al, 2014). Therefore, findings confirmed that the proposed vertical
greening system has the ability to maintain a lower surface temperature and lower
internal tenperature at the peak hours of the day helping to reduce the thermal

discomfort caused by the higher temperatures.
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Figure 6.13: Thermal performance of th@oposedyreen wall system

6.5 Chapter summery

With the rising requirement ireducing the increment of air temperature and cooling
load energy consumption parallel to the global environmental and energy crisis,
building related solutions to address this need is experimented in global context. As
identfied through the literature the potential of surface temperature reduction and the
internal air temperature reduction by integrating vertical greenery is directly helping in

reducing cooling energy requirement in the buildings.

Many of the available living walls are complex and expensive structures that consists
of a supportive structure and attachments. In developing ssy$temi|t is needed to

separate the living wall and the building wall to avoid potensialies relatedot
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moisture. Planting option isitu after constructing the structure or plantineséy and
fixing pre-vegetated plantCharoenkit& Yiemwattana, 2016anda proper irrigation

system (mazzali et al., 2013) must be worked out.

This chapter presented tlegperimental studies conducted to design isthll the
proposed modular vertical greening system, designing of irrigati@tem and
irrigation sequence and the potential surface and indoor air temperature reduction by
integrating the proposed systeihe results of the experimerggnify the potentiad

of thedevelogdmodular vertical greening system asegonomic VGS system which

has a high thermal benefit in terms of reducing the energy consumption of buildings for

cooling purpose.
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7. PERFORMANCE EVALUATION OF VERTICAL GREENING

IMPLEMENTATION IN MICRO AND MACRO CONTEXTS

7.1 Introduction to the chapter

Maintaining the indoor and outdoor thermal comfort and the mean temperature levels
is of vital importance for the human wellbeing due to the curgtwival issue of
temperature rise, especially in urban contexts. In terms of building scale improving the
thermal performance of the building envelop to reduce the external gain has the
potential to make buildings energy efficient by reducing the opegdticosts for
cooling and heating purposes while also minimizing the building associated negative
environmental impacts. On the other hand, in urban scale minimising the UHI effect
has a greater impact on mitigating the temperature rise in urban contbuts. T
investigating and improving the thermal performance of the proposed vertical greening
integration is required to compare the advantage of such integration.

In this contextmodelling and simulating using different software facilitate identifying
thepositive and negative impacts of different design integrations done in building scale

as wel |l as urban scale on the urban temp
Design builder and Emwnet are such two software which enable simulating and
calculaing different parameters in buildings and urbasitiehis chapter brings out the

results of experimental simulation studies conducted using the two software.

7.2 Evaluating the benefits of the proposedVGS in building context

To investigate and explore deeply about vertical green walls and their thermal benefits
microclimatic models can be applied for simulation studies. As per the findings by
Janicke et al. (2015) the slight deviation between the simulations and observagions a
almost negligible thus enabling to come to conclusions using the simulation outcome.
In this study, vertical greening was introducedhe buildingfacade as an external
layer to the building fagade. For simulations layers and the properties of émevgak
system was given as input data for the newly introduced layer to the building model to

represent the vertical greening system.
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7.2.1Simulation software: Design builder

Design builder which is one of the most comprehensive user interfaces foy Phesg
dynamic thermal simulation engine (Rahneml, 2010) is used for the simulation for
the study to identify the potential energy saving with integration of vertical greening in
local context. Design builder can be introduced as a simulation sefgragram

widely used in present day to conduct energy consumption calculations of buildings.

This software enables simulating range of environmental performance data namely
comfort conditions, energy consumption, carbon emission, day light luminane&and
Design builder wutilizes the dynamic si mul
performance data of the buildings. The software has limitations in terms of inputting
geometry of complex nature. Nevertheless, this is regarded as one of thevansedd

simulation software prograsrwhich provides a greater opportunity to investigate

energy consumption data in depth with relevance to existing actual data.

7.2.2Pilot study using Design builder software

As the pilot study of the design builder sintida, the civil engineering building of the
university of Moratuwa was selected as the base(€agpare7.1). To ensure the model
created for study is properly modelled and detailed model validation is required
(Rahman et al., 2010)

Figure 7.1: Pilot study in building scale

Results of the pilot study

The selectecbuilding was modeled using the software and was calibrated to validate
the simulation by matching the actual thermal data takesit@and the calibrated data.

Keeping this as the base case the building was again simulated with the introduction of
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vertical greening to each facadg an external layer to the building facddsyers and
the properties of the green wall system was gageimput data for the newly introduced

layer to the building model to represent the vertical greening system.

The building was simulated with addition of vertical greening to the facades to obtain
the total cooling energy requirement for the building apen throughout a year. The
results of the simulated cases were compared to the cooling energy requirement of the
base case scenaridlso, the thermal behaviour of a typical day was compared in each

simulated case.

Cooling energy reduction with introduction of vertical

greening
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Figure 7.2: Results of theifot study in building scale
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As shown in thd=igure 7.2 the simulation results signified a greater reduction in total
cooling load requirement throughout the year as well as the internal air temperature
behaviour in a typical day with the addition of vertical greening gradually to the
building facades. This indicated a higher potential of the proposed vertical greening
system to be integrated as a sustainable design solution to overcome the high cooling

loadrequirement of buildings in tropical contexts.

7.2.3 Thermal and energy performancein building context

Following the pilot study two separate simulation studies were conducted to identify
the internal air temperature reduction under-amrconditionedbuilding operation
mode and cooling load reduction undera@nditioned building operation mode with

vertical greening integration.
a) Simulation of building 01;air temperature behaviour in norair-conditionedmode

A generic office type buildingonsisting four stories with a 1163mas selected as the
first case for the simulation study. Existing building was modelled using the design
builder simulation software and was kept as the base case scéhmioffice area
representing all the officepaces in the building was selected to be simulated with
vertical greening. Model was validated by calibrating the thermal measurement with
actual thermal measurements. Once validateddahee model was introduced with the
proposed vertical greening systeas a second layer to the outmvelopeof the
building to obtain the temperature behavittupughouthe day(Figure7.3).

Figure 7.3: Simulated office building for thermal regulation witartical greening

As shown in theFigure 7.4 with the addition of vertical greening the indoor air
temperature behaviour of the simulated office space recorded a lower air temperature
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during the peak temperature hours with 4&imconditioning mode. Theyace with the
vertical greening recorded an averdgdoor air temperaturef 28C whereas the
building in existing condition without vertical greenery recorded an aveafige
temperaturef 30.£C. Average indoor temperature reduction with vertical gneeise
therefore 2.2C. The recorded highest temperature at 1330hrs with no vertical greening
is 37.3C whereas with vertical greenery the peak indoor temperature was recorded only
as30.8C at 1500hrs which depicts the temperature reduction and the gringtgered

by the vertical greening.
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Figure 7.4: Indoor air temperature behaviour of the simulated office space

b) Simulation of building @®; energy consumptiorin air-conditionedmode

A building in highly urban Colombo context was selected for the energy consumption
simulation study. The same building was previously investigated with different double
skin interventions to identify best double skin envelop stra(@yypasinghe, 2015)
Therefore the ame building was selected compare the energy saving potential of
integrating vertical greenery as the external skin of the double skin envelop. Weather
data for the simulated dates were obtained from the Colombo meteorological
department and the actuialergy consumption data which was monitored and recorded

were obtained from the building administration.

Thebuilding was modelled using the software and the collected data were given as the

input for the simulation stud{Figure 7.5). The model was simulated to obtain the
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energy consumption of the modelled building and was compared with the actual energy
consumption data for the model validatidrhe actual energy consumption for the
simulated day was recorded as 789.85 kWh and thelaied model recorded the
energy consumption as 776.23kWh. Therefore, it was assumed that the base case model
has credible evidence as a valid model for the simulation with vertical greening

integration.

Temperatures, Heat Gains and Energy Consumption - CECB- Existing building, Building 1

EnergyPlus Qutput 13 Feb - 13 Feb, Daily Evalustion
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Figure 7.5: Modeled building for energy consumption simulation

Keeping the input data constdatadedesign was changed as double skin envelop with
vertical greening as the external skin of the double skin envelop. Internal skin was kept
as it isin the existing condition. The resultant energy performance improvement and

cooling load reduction of the simulated model whtainedFigure 7.5).

Results of the energy consumption simulation study

The previous study has resulted blind brick wall as the best design intervention as a
double skin envelop for passive cooling and cooling load reduction. Therefore, the
results of the simulation with integrating vertical greening as double skin envelop was

compared with the energy reduction potential of blind brick wall. With blind brick wall

120




































































































































































































































