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A B S T R A C T   

Different growth parameters and thermal performances of selected plant species grown on vertical system 
modules in urban tropical climate have been investigated under the study. Further, outdoor thermal comfort 
simulation has been modeled by ENVI-met 4.4.5 to investigate the applicability of selected plant species in three 
different tropical conditions (Colombo Sethsiripaya administrative complex, Matara urban council building and 
Kandy Urban council building). Sample modular vertical green living wall panels were fabricated by using timber 
frames (60 × 40 × 5 cm) packed with cocopeat medium with a depth of 3.8 cm. Nine plant species; such as 
Desmodium triflorum, Roheo spathacea, Centella asiatica, Axonopus fissifoliu, Axonopus compressus, Elusine indica, 
Dieffenbachiae spp, Tectaria spp, and Bigonia spp were selected for the study. Plant survival percentages, plant 
height and leaf area index (LAI) were recorded for 8 weeks. Thermal performances were evaluated by consid
ering temperatures at (a) 20 cm distance in front of the green wall, (b) substrate surface of the green wall 
modules and (c) inside the green wall compared to (d) adjacent bare wall (Control). The highest LAI was 
recorded from Roheo spp (3.99) followed by Axonopus f. (3.20) and Elusine spp (2.21). Axonopus f. exhibited the 
highest coverage on the living wall due to high LAI (>1). The highest temperature reduction (5.06 ◦C) was 
displayed by Axonopus f. compared to the other species as it covers large extent of the wall. The simulation study 
of the green walls developed with Axonopus f. signified a possible maximum temperature reduction of 2.07 ◦C, 
3.29 ◦C and 2.03 ◦C in Colombo Sethsiripaya administrative complex, Matara urban council building and Kandy 
urban council building, respectively. Hence, modelling vertical greening with Axonopus f. can effectively enhance 
the thermal performance in urban context due to their LAI values and the thermal performances.   

1. Introduction 

As a critical factor of earth ecosystems, vegetation plays a major role 
in mitigating climate change. Inserting vegetation to the urban envi
ronment will enable metropolitan areas become more comfortable, 
cooler and unobtrusive (Morabito et al., 2020; Xu et al., 2018). Green 
walls offer very significant social, environmental and economic benefits 
such as mitigating Urban Heat Island (UHI) effect, reducing energy 
related carbon dioxide emissions (over air conditioners), advance citi
zens’ wellbeing and productivity (aesthetic and noise control), and 
providing habitat for organisms (Liu et al., 2019; Ulpiani, 2020). 

The demand for green living walls is escalating expeditiously due to 
the benefits that they offer and the aim is to improve existing wall 

systems with vegetation (Sharma et al., 2016). High density plantings 
can be established through intensive management and by using modular 
green living walls (Perkins and Joyce, 2012). Vegetation can help to 
diminish the urban heat island (UHI) effect by masking the surfaces of 
buildings by plants, deflecting radiation from the sun, and releasing 
moisture into the atmosphere (Manso and Castro, 2015; Pan and Kao, 
2021). Embedding vegetation on walls similarly increases evapotrans
piration and it can support to reduce heat accumulation in buildings 
(Flatbud, 2017; Jillian, 2016). Most green living walls are complex 
configurations that are having supportive structures with different at
tachments (Anderson, 2016; Mazzali et al., 2013). An impermeable 
assistance is required to separate the green living wall from the building 
in order to evade complications associated with moisture. Different 
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supportive structures can be used in vertical green living walls as double 
skin envelops (Manso and Castro, 2015; Perini and Rosasco, 2013). This 
is creating an air gap between building wall and the living wall and 
improves subsequent ventilation (Sheweka and Mohamed, 2012). An 
irrigation system is indispensable for watering and fertigation practices 
(Charoenkit and Yiemwattana, 2016). Both organic and inorganic sub
strates (soilless or hydroponics) along with mineral nutrients can be 
used to grow plants on vertical greenery systems, (Anderson, 2016). In 
addition, variable materials, structures and wide variety of plant species 
have been using in green living walls (Rizwan et al., 2008). Initially, 
epiphytic plants grown in tropical rain forests were used in green living 
walls. With the time, it has been found that a wide range of plant species 
have the potential of been used and raised properly on vertical green 
living walls (Weerakkody et al., 2017). Epiphytes, lithophytes (growing 
on other plants and on rocks by deriving nutrition from atmosphere) 
ferns, succulents, shrubs, and herbaceous or climbing plants are the 
different types of plants that can be used in green living walls (Chen 
et al., 2013). 

Plant species which can be used for green living walls vary according 
to microclimatic conditions (sun exposure, wind exposure, height) 
(Mazzali et al., 2013) and its aesthetic values and gardening structures 
around the building (Chen et al., 2020; Koyama et al., 2013; Pérez et al., 
2017). Therefore, selecting the best suitable plant species for green 
living walls is a key aspect to achieve maximum thermal comfort in the 
building. As vegetation coverage can be estimated according to the leaf 
area indices and plant height in green living walls, this study will 
appraise the plant thermal performances through LAI and plant height. 
Further, as a preliminary study, it will assess the possibility to alleviate 
the UHI through precise plant installation by computer simulation with 
the adaptive use of a numerical simulation model software known as 
ENVI-met (LEONARDO) (Galagoda et al., 2018; Herath et al., 2017; 
Perera et al., 2021). The ENVI-met model is one of the most commonly 
used dynamic simulation tools for microclimate modeling. ENVI-met 
measures the microclimate and air quality in metropolitan areas and 
its physical fundamentals are based on fluid mechanics and thermody
namics (Tsoka et al., 2018). 

A number of European researchers have studied green living wall 
systems (Irga et al., 2017; Masi et al., 2016) and information about their 
positive effects and novel trends are available (Alexandri and Phil, 2008; 
Marzluff et al., 2008; Malys et al., 2014). But studies in the tropical 
climate, have not much been conducted. Therefore, the present study 
was conducted: (a) to select the most suitable plant types to grow on 
cocopeat medium on vertical green living wall panels (b) to investigate 
the different plant growth and development parameters (i.e., LAI, 
average leaf dimensions, and plant growth rates) of the plants and 
thermal performance (c) to envisage the feasibility of ENVI-met software 
in different tropical regions with selected green living wall systems. 

2. Materials and methodology 

2.1. Plant selection study (Phase 01) 

2.1.1. Experimental site 
The experimental site selected for the research study was the 

Department of Civil Engineering Faculty of Engineering, University of 
Moratuwa, Sri Lanka (6.7969◦N, 79.9018◦E). The green living wall 
modules were fixed on the front wall of a building of the Department of 
Civil Engineering as it received direct sunlight during the day and away 
from environmental impacts and easily accessible. Large cement walls 
were selected to fix the sample green living wall modules to achieve 
maximum performances. A 10 cm air space was allowed between the 
building and the green living wall panel during the installation of green 
modules on the wall, 

2.1.2. Fabrication of the sample green living wall modules 
The fabricated modular green living wall system consists of separate 

parts which can be assembled and planted ex-situ and later fixed into the 
building wall vertically. Green living wall panels and the frames were 
prepared by using timber (60 × 40 × 5 cm) and the thickness of the 
wooden panel was 3.8 cm. Two coatings of wood care sealer were 
applied with thinner solvent to improve the water resistance and the 
durability. Each panel was divided into two parts by adding a barrier 
across the panel horizontally to increase the stability of the green ver
tical wall, 

Cocopeat was used as the growing medium due to its light weight, 
high water holding capacity and its binding ability (Abad et al., 2002; 
Awang et al., 2009; Iasiah and Khanif, 2004). The pH, electrical con
ductivity (EC) and water holding capacity values of selected cocopeat 
were 5.3, l.9 dSm− l and 34% (w/w), respectively. Further, cation ex
change capacity was 94.6 cmol (c) kg− 1 and the carbon: nitrogen ratio 
was 186:1. To be a productive growing medium, it should consist of a 
good physical structure with the ability to obtain a successful balance 
between water and air in the medium during and after the irrigation. 
Cocopeat layer was fixed to the panels by using a wire mesh. Thickness 
of the substrate layer was 3.8 cm. 

2.1.3. Selection of plant types 
Selection of plant species has been undertaken according to their 

growth form, growing medium and their adaptability to the vertical 
environment. In addition, selected plants can be withstand with shallow 
soil, high winds, intermittent flooding and drought (Cameron et al., 
2014). 

Plant selection matrix developed by Perkins and Joyce (2012), was 
used to analyze the relevance of each plant species to the context of 
tropical climate. The selection matrices were structured by using a 
question-and-answer approach where plant species are considered as a) 
potentially suitable, b) potentially suitable under certain circumstances, 
c) unsuitable. According to the plant selection matrix, selection criteria 
for exterior green living walls were generated and applied to 20 tropical 
plant species to identify at least nine species putatively suited to vertical 
green living walls in tropical conditions (Fig. 1). 

Selected plants for the present study were obtained from plant sup
pliers and native plant nurseries according to following criteria (Table 1) 
and all plant types were authenticated by the expert committee of the 
Royal Botanical Gardens, Peradeniya, Sri Lanka. 

2.1.4. Irrigation and fertilizer application 
In the early stages of the plants, the panels were irrigated twice a 

week, early morning (9.00 am) by manual sprayers, until the entire 
growth medium getting wet. To avoid moisture loss and to retain enough 
heat, 0.5L of water was applied per each panel. Nutrient supply was not 
done for the plantlets until they produce true leaves. Therefore, the 
nutrient supply was gradually started when the leaves unfolded. 
Nutrient solution was prepared by dissolving 0.5 g of Albert’s mixture in 
500 mL of water for each panel and applied twice per week. The Albert’s 
solution covers a wide range of nutritional ratios and balanced with high 
nitrate nitrogen content, was chlorine free and dissolved instantly. 
Saplings of selected plant species were maintained under control con
ditions with equal care for each panel during the study period. 

2.1.5. Data collection and analysis 
Plant growth parameters (plant height, LAI) were measured for two 

months (Sept - Oct) at a regular interval (Weekly) of the time and 
September is still receives high temperature (28–30 ◦C) during the year. 
The heights of the plant and leaf dimensions were recorded on weekly 
basis by using a measuring tape. Total 48 leaves were selected from each 
species and leaf length and the width were measured. Percentages of 
thrived plants in the green living wall module were measured weekly to 
assess plant survival rates. Plant survival rate was calculated by count
ing the number of plants of each species that have survived, divide it by 
the number of plants originally planted of that species and multiply by 
100 to express as a percentage of survival (Macera et al., 2017). Visual 
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assessments of pest and disease incidence of the plants were also 
considered along with the measurements of plant height. LAI was 
measured according to the method described by Singh et al. (2018). 
Graph paper method was used to measure the LAI of broad leaf plants 
and following equation 1 was used to measure the LAI of linear leaf 
plants (Smith and Smith, 2015). 

LeafAreaIndex(LAI) =
LeafArea

GroundArea 

The experimental design used in the study was completely ran
domized design (CRD) with three replicates for each plant species. 

2.2. Plant thermal performances assessment (Phase 02) 

Six plant species were rejected due to failure in survival during the 
study period after investigating growth performances. Three plant spe
cies were identified as the most appropriate plant types in terms of 
survival and growth performances. Three prototype modular panels 
with selected three plant species were fixed to the building wall 
permitting 10 cm air gap in between building wall and the wooden 
panel. The selected wall was west facing and directly exposed to the 
solar radiation and temperature gauging points were determined ac
cording to Perini et al. (2011). 

Temperature measurements were taken at the internal wall, 20 cm 
above from the canopy level, substrate surface and in the air gap for each 
green living wall comparatively to the adjacent bare wall (control). Data 
collection was carried out during the day time on a clear sunny day by 
using data logger type Graphtec-midi GL820. Temperature measure
ment and clock accuracy were 23 ◦C ± 5 ◦C and ± 0.002% (approx. 50 s 
per month), respectively. Measurements were taken for 48 h in 10 min 
interval time at 1.5 m height from the ground level. 

2.3. Simulation study (Phase 03) 

According to the plant growth and plant thermal performances 
study, Axanopus fissifoliu was selected as the best suitable plant species 
for the vertical green living walls in tropical climate. 

The effect of Axanopus fissifoliu in temperature reduction was 
examined by modeling a selected building in urban microclimatic 
context within Sri Lanka. Sri Lanka can be categorized as tropical 
country as it locates within the tropics between 5◦ 55′ to 9◦ 51′ north 
latitude and between 79◦ 42′ to 81◦ 53′ east longitude. The average 
annual temperature in Sri Lanka is 27.0 ◦C and the maximum average 
temperature is 31 ◦C. Most of the urban cities experiencing excessive day 
time temperature during a year. 

Colombo Sethsiripaya Administrative complex (Fig. 2a), Matara 
Urban council Building (Fig. 2b) and Kandy Urban council building 
(Fig. 2c) [Af]1 were the selected locations to represent different agro 
climatic zones within the country. Further, these locations are highly 
populated during day time. Sethsiripaya building is a 14 storeyed 
building made up with concrete walls and concrete slabs located in 
western province of Sri Lanka. It lies on 14 m above sea level. There is a 
significant rainfall throughout the year in Colombo (WL4)2. The average 
annual temperature is 26 ◦C in Colombo. 

Matara urban council is located in southern province Sri Lanka be
longs to WL4. Matara lies on 11 m above sea level. The average annual 
temperature is 26.8 ◦C and average annual rainfall is 2147 mm. Matara 
urban council building was three storeyed made up with concrete and 
tile walls with terracotta roofing. 

Fig. 1. Selected Plant species for the study a) Desmodium triflorum, b) Roheo spathacea c) Centella asiatica, d) Axonopus fissifoliu, e) Axonopus compressus, f) Elusine 
indica, g) Dieffenbachiae spp, h) Tectaria spp, i) Bigonia spp. 

1 The Köppen Climate Classification subtype for Colombo, Matara and Kandy 
climate are "Af" (Tropical Rainforest Climate).  

2 WL4 Wet zone Low country 
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Kandy urban council located in central province Sri Lanka (WM3)3. 
The Kandy lies on 518 m above sea level and has a significant amount of 
rainfall during the year. The average annual temperature in Kandy is 
24.5 ◦C and annual rainfall 2083 mm. Building was made up with two 
storeyed and plaster bricks wall with corrugated asbestos roof. 

ENVI-met version 4.4.5 was used to create the 3D model of selected 
buildings with designed green living wall by using Axanopus fissifoliu 
plant spp. Herath et al. (2017), explained that ENVI-met software can be 
used for micro climatic simulation in tropical context. Therefore, Initial 
validation of the ENVI-met was done to test the feasibility of applying 
Axanopus fissifoliu by modelling the building in the premises of Civil 
Engineering Department, University of Moratuwa, Sri Lanka (6.7969◦N, 
79.9018◦E) (Fig. 3). 

New data base was created in the software for Axanopus fissifoliu to 
study the green living wall system (Table 2). Temperature variations 
were monitored by installing two temperature receptors at 1.5 m height. 

Temperature data were collected for 48 h in ten minutes intervals in 
warmest day during the study period. 

Sethsiripaya administrative complex (Colombo-Fig. 4a1, Matara 
Urban council Building (Fig. 4b1) and Kandy Urban council building 
(Fig. 4c1) were modeled to represent existing conditions in the selected 
sites (Table 3). 

Further, selected sites were modeled with vertical green living wall 
(a2, b2, c2) to compare the temperature reduction with existing condi
tions (Fig. 4). The used meteorological input data for the study were 
summarized in the Table 4. Hourly climatic data was collected during a 
day time on a clear sunny day by using data logger type Graphtec-midi 
GL820. 

In order to maintain the model resolution and to manage computa
tional capacity, small subsections were modeled from each particular 
built-up area. The models were created with the area input files (bitmap 
image files) and it was rotated from north direction by different angles 
(Colombo-a1 − 20◦, Matara Urban council Building (b1) − 22◦, Kandy 
Urban council building (c1) − 12◦ in order to align the grids with the 
main direction of the roads and constructions. Google earth images were 

Table 1 
Characteristics of selected plant species according to the plant selection matrix.  

Plant Species Root system Growth Habit Life cycle Tolerance to harsh 
weather 

Pest and diseases attack / 
Deficiencies and toxicities 

Effect to human 

Desmodium 
triflorum 
(Fabaceae) 

Shallow root 
system with woody 
taproot (Rahman 
et al., 2012) 

Stems are strongly branched up to 
50 cm length and frequently 
rooting at the nodes to form a mat. 
Creeping mat can provide good 
ground cover (Ahmad et al., 2011). 

Perennial ( 
Singh et al., 
2015) 

Well adapted to 
tropical and warm 
subtropical 
environments ( 
Rahman et al., 2012). 

No any significant 
information (Wong et al., 
1985). 

No any harmful 
effects (Singh, 
2015). 

Roheo spathacea 
(Commelinaceae) 

Roots regenerate 
easily when pulled 
up or broken ( 
Flatbud, 2017). 

Evergreen clump forming (Islam 
Shafrqul et al., 2003). Approximate 
growing height is 30–40 cm and 
width 40–50 cm. Blades broadly 
linear, sharp-tipped, and waxy, stiff 
forms dense ground cover and form 
clumps quickly (Ranker and 
Haufler, 2008). 

Perennial ( 
Gilman, 1999) 

Drought tolerant. 
Cultivated widely in 
the tropics (Gilman, 
1999). 

Less pest and diseases 
attack / Deficiencies and 
toxicities (Gilman, 1999). 
No any significant 
information  

Centella asiatica 
(Apiaceae) 

Shallow root 
system (Liu et al., 
2008). 

Maximum plant height 0.2 m. 
Maximum plant spread / crown 
width is 1 m plant with a creeping 
growth habit (Flora Fauna Web - 
Plant Detail - Centella asiatica, 
2013) 

Evergreen 
Perennial herb 
(Liu et al., 
2008) 

Well adapted ( 
Briargate Botanicals, 
2020). 

No any significant pest 
and diseases information 
(Liu et al., 2008). 

Medicinal plant 
(Islam Shafrqul 
et al., 2003) 

Axonopus fissifoliu 
(Poaceae) 

Shallow-rooted 
(>90% of roots in 
the 0–5 cm layer) ( 
Percy, 2000) 

Leaf blades 4–6 mm wide and 5–15 
cm long. Forms more slender culms 
and stolon, narrower and shorter 
leaves. Forms a dense mat with 
15–30 cm tall foliage (DEEDI, 
2016). 

Perennial ( 
Simon and 
Sharp, 2002) 

Drought tolerant ( 
Shouliang and Phillips, 
2006). 

It is not subjected to any 
major diseases or insect 
pests (Jagoe, 1940). 

No any 
significant 
information. 

Axonopus 
compressus 
(Poaceae) 

Shallow root 
system (Arunbabu 
et al., 2015) 

Forms a dense mat with foliage 
15–20 cm tall. Leaf blades shiny, 
flat or folded, 4–18 mm wide, and 
2–16 cm long, glabrous or hairy on 
the upper surface. Forming a thick 
mat (Shouliang and Phillips, 2006). 

Perennial ( 
Shouliang and 
Phillips, 2006) 

Withstands to dry 
weather better (Chin 
and Board, 2014). 

No any significant 
information  

Elusine indica 
(Poaceae) 

Shallow fibrous 
root system (Steed 
et al., 2016) 

Growing up to 0.5 m at a fast rate. 
Prefers well-drained soil (Steed 
et al., 2016). 

Annual / 
Perennial ( 
Steed et al., 
2016) 

Tropical and 
subtropical regions ( 
Steed et al., 2016).   

Dieffenbachiae spp 
(Araceae) 

dumb cane plant ( 
Ortiz and Croat, 
2017) 

Ranging from small dwarf type 
varieties to the large dark green 
mottled foliage. Ability to purify air 
(Roehrs and Gilman, 1999). 

Perennial ( 
Roehrs and 
Gilman, 1999) 

Tropical plant (Roehrs 
and Gilman, 1999). 

Usually not affected by 
pests (Roehrs and Gilman, 
1999) 

Can be toxic ( 
Aigbokhan, 
2015) 

Bigonia spp 
(Begoniaceae) 

Fibrous, tuberous 
or rhizomatous 
roots (Phutthai 
et al., 2012) 

Species range in size from a few 
inches to over 12 feet in height. The 
leaves are usually asymmetric and 
often have color variation (Phutthai 
and Sridith, 2010). 

Perennial ( 
Phutthai et al., 
2012) 

Native to moist 
subtropical and 
tropical climates (Maw 
et al., 2020) 

According to previous 
literature, susceptible 
than other 8 plant species 
(Maw et al., 2020; 
Phutthai and Sridith, 
2010). 

No any 
significant 
information. 

Tectaria spp 
(Polypodiaceae) 

Shallow root 
system (Maw et al., 
2020) 

Fern. Nonflowering vascular plants 
that possess true roots, stems, and 
complex leaves and that reproduce 
by spores. Always fibrous (Shi-Yong 
Dong et al., 2017) 

Perennial ( 
Patil et al., 
2019) 

Growing profusely in 
tropical areas (Patil 
et al., 2019) 

No any significant 
information.   

3 WM3 Wet zone mid country 
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used to model building facades and layout, ground surface and plants. 
The input domain size was 60 × 60 × 30 (x-y-z) with 5 nesting grids. 

3. Results 

3.1. Plant selection study (Phase 01) 

Plant survival rates over the research study period were 100% for 
Elusine indica, Axonopus fissifoliu and Rhoeo spathacea species. Reset of 
the species showed a decreasing survival rate from September to 
October. Centella asiatica displayed a comparatively slow growth rate 
and was not capable to survive in the vertical environment. Begonia spp 
did not show better growth and survival in vertical situation. Tectaria 
spp and Desmodium triflorum displayed a decreasing survival rate during 
the study period. Eventhough Dieffenbachia spp were not survived in the 
vertical environment, it has indicated that 100% survival rate in the 
horizontal environment over the trial period with an ideal LAI (2.45). 

Fig. 2. Selected buildings a) Colombo Sethsiripaya b) Matara urban council c) Kandy urban council.  

Fig. 3. Calibration Site a) Google earth image b) 2D Model ENVI-met.  

Table 2 
Created data base for new green living wall system.  

Plant type Axanopus fissifoliu 

LAI 3.20 
Leaf angle distribution 0.7 
Plant Thickness (m) 0.2 
Substrate layer 1 cocopeat 
Substrate layer 1 thickness (m) 0.038 
Emissivity substrate layer 1 0.85 
Albedo substrate layer 1 0.7 
Water coefficient of substrate layer 1 or plant 0.5 
Substrate layer 2 Wooden panel 
Substrate layer 2 thickness (m) 0.02 
Emissivity substrate layer 1 0.95 
Albedo substrate layer 1 0.9 
Water coefficient of substrate layer 1 or plant 0.5 
Air gap between wall and green living wall (m) 0.15  
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Although some plants showed minor bacterial blight spots on the leaves, 
plants were consistently heal their during the study period. Plant growth 
rates of each species varied according to the mean plant height (Fig. 5a) 
and the LAI (Fig. 5b). 

Rhoeo spathacea displayed the highest rate of spreading on the ver
tical panel surface (Fig. 6). The average height and the mean LAI of the 
plant during the study period were 8.21 cm and 3.21, respectively. 

The slower growth of Axonopus fissifoliu maintined a continuous 
steady rate of spread and it showed a mean plant height of 6.7 cm and 
the LAI was 3.20 throughout the experimental period. Most of the other 
trial species in this study reached heights between 10 and 15 cm. Elusine 
indica showed a significant growth in the vertical condition with 8.00 cm 
average plant height and the LAI of 2.21 when compared to other 

species. 

3.2. Plant thermal performances assessment (Phase 02) 

Plant species that showed the best growth performances were 
selected to the initial study of the thermal performance assessment. 
Selected plant species were Rhoeo spathacea, Axonopus fissifoliu and 
Elusine indica. These plant species were tested with the control wall 
panels which have no plant species (Bare wall). During the study period 
mean air temperature varied from 30 ◦C to 40 ◦C. 

According to Fig. 7a, selected plant species did not show a significant 
difference (p < 0.05) in the mean air temperature 20 cm away from the 
canopy level when compared to the control (P values of 0.927, 0.934 
and 0.493 for Rhoeo spathacea, Axonopus fissifoliu and Elusine indica, 
respectively). The difference between bare wall and the green living wall 
temperature at 20 cm in front of the walls were 0.65◦C for Rhoeo spa
thacea, 0.44◦C for Axonopus fissifoliu and 0.54◦C for Elusine indica, 
respectively. 

As shown in the Fig. 7b, mean temperature reduction of the substrate 
surface of Elusine indica wall panels were 0.89 ◦C and it was not signif
icantly different (P = 0.201) when compared with the control panel. 
Rhoeo spathacea and Axonopus fissifoliu recorded a significant difference 
(P = 0.007, 0.016) compared to control panel. It showed 2.49 ◦C and 
2.78 ◦C temperature reduction of the walls when compared to the con
trol, respectively. 

Mean temperatures of the panel back side recorded at different time 
intervals for a period of 24 h were significantly different [Rhoeo spa
thacea, (0.002), Axonopus fissifoliu (0.000), Elusine indica (0.019)] 
among the species. Maximum temperature reduction of panel back side 
in Rhoeo spathacea, Axonopus fissifoliu and Elusine indica were 5.06 ◦C, 
3.85 ◦C and 2.93 ◦C, respectively compared to control. The highest 
temperature reduction of 5.06 ◦C was recorded by the green living wall 
panel with Axonopus fissifoliu when compared to other species and the 
control (Fig. 7c). 

Different plant species showed different temperature reductions 
behind the panels according to Fig. 8. Among selected three species the 
highest temperature gradient through the wall was indicated by the 
Axonopus fissifoliu. 

3.3. Simulation study (Phase 03) 

Outdoor thermal environmental variations by incorporating a green 

Fig. 4. Models for each sites a1) Sethsiripaya administrative complex (Colombo), a2) Sethsiripaya administrative complex with vertical living wall b1) Matara Urban 
council Building b2) Matara Urban council Building with vertical living wall c1) Kandy Urban council building c2) Urban council building with vertical living wall. 

Table 3 
Characteristics of building environment.  

Model area Average 
height 
(m) 

Roof 
materials 

Roof 
type 

Wall 
materials 

Road 
materials 

Sethsiripaya 
administrative 
complex 
(Colombo) 

30 Concrete 
slab 

Flat plaster 
block 
walls 

Asphalt, 
light 
concrete 

Matara Urban 
council 
Building 

15 concrete slab 
and 
terracotta 
roofing 

Flat concrete 
and tile 
walls 

Asphalt, 
light 
concrete 

Kandy Urban 
council 
building 

12 Corrugated 
asbestos 
roof. 

Gable plaster 
bricks 
wall 

Asphalt, 
light 
concrete  

Table 4 
Details of initialization input parameters for the ENVI-met simulation.  

Condition Colombo Matara Kandy 

Simulating duration 24 h 24 h 24 h 
Start time 1900 h 1900 h 1900 h 
Wind speed (m/s) 2.2 5 0.2 
Wind direction 270◦ 270◦ 270◦

RH in 2 m (%) 75 75 75 
Specific humidity at model top 9 9 9 
Roughness length at the measuring site 0.1 0.1 0.1 
Initial temperature 28 ◦C 28 ◦C 28 ◦C  
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living wall with Axanopus fissifoliu to the building envelope were 
simulated. 3D model of the selected government administrative build
ings of Colombo, Matara and Kandy cities were created in the software 
with and without green living walls. Validation of the ENVI-met to test 
the feasibility of applying Axanopus fissifoliu showed a 0.78 of R2 value 
for the simulated temperature from the software and actual measured 
data. It can be realistic to apply in microclimatic simulations with 
Axanopus fissifoliu green living walls since in this simulation model R2 

value was more or less equal to 1. 

3.3.1. Site modeling results 
Sethsiripaya administrative complex - Colombo existing building 

model results, average temperature between 26.98 ◦C and 33.71 ◦C 
while the highest temperature value of 33.71 ◦C at 11.00 h. After 
enclosing the building with Axanopus fissifoliu vertical green living wall, 
2.07 ◦C of maximum temperature reduction has been recorded. With the 
Axanopus fissifoliu green living wall average temperature was varied 
between 26.96 ◦C and 31.99 ◦C where maximum temperature was 
31.99 ◦C at 11.00 h (Fig. 9a). 

Existing building model of Matara municipal council showed average 
temperature between 26.61 ◦C and 31.91 ◦C while the highest 

Fig. 5. Variations in plant growth parameters off selected plant species a) Mean plant height b) Mean LAI.  

Fig. 6. Growth rate of selected species a) Rhoeo spathacea b) Axonopus fissifoliu.  
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temperature value of 31.91 ◦C has been recorded at 11.00 h. With the 
Axanopus fissifoliu green living wall, average temperature varied be
tween 26.16 ◦C and 30.53 ◦C where maximum temperature value of 
30.53 ◦C has been recorded at 13.00 h (Fig. 9b). 

Kandy municipal council building has been constructed mainly with 
concrete wall material and terracotta roofing material. Temperature of 
the Kandy municipal building varied between 24.85 ◦C and 32.37 ◦C in 
the existing building condition and varied between 25.04 ◦C and 
30.06 ◦C in the simulated green living wall condition. Maximum tem
perature reduction was due to Axanopus fissifoliu green living wall and it 
was 2.03 ◦C at 12.00 h (Fig. 9c). 

Temperature fluctuation in the study sites have been depicted by 
temperature contour maps developed with LEONARDO visualized tool 
in ENVI-met (Fig. 10). It showed the clear color comparison between 

existing conditions of the site with the simulated green living wall 
conditions. 

4. Discussion 

4.1. Plant selection study (Phase 01) 

Integrating ecosystem and biodiversity values into metropolitan 
planning and development processes is one of the major sustainable 
development goals (SDG 15.9) under the sustainable development goals- 
2030 agenda and pronounced target to mitigate impacts of climate 
change such as UHI effect (Sustainable Development Goals | UNDP, 
2021). Inserting vegetation as vertical green living walls into the urban 
ecosystems is a crucial factor in this aspect and plant growth and thermal 
performances are precisely significant to consider. The appropriate 
vegetation depends on (a) climatic conditions, (b) the building envelope 
characteristics and (c) the surrounding atmospheric conditions, in which 
the green living wall is implanted. According to this study the best 
suitable plant species for vertical green living walls in the tropical region 
were Axonopus fissifoliu, Rhoeo spathacea and Elusine indica which have 
shown better growth and thermal performances. 

Among the selected nine plant species, Dieffenbachia spp, Bigonia spp 
and Tectaria spp formed tall stems that showed a tendency to grow 
downward and across the vertical green living wall panels. This short
coming restricted the capability of the plant to successfully grow in the 
vertical environment (Blanusa et al., 2012). The stems and the leaves 
were responsible to break with the high growing rate of the shrub. 
Therefore, it will cause to mechanical damages such as human handling, 
high wind velocities resulting in green living walls (Perini et al., 2011). 
Therefore, Dieffenbachia spp, Bigonia spp and Tectaria spp have not been 
survived in the vertical living environment. 

According to the Perkins and Joyce (2012), perennial species which 

Fig. 7. a) Mean air temperature 20 cm away from the canopy level b) Mean temperature of the substrate surface c) Mean temperature of the backside of the panel 
(the different letters are significantly differ according to Duncan multiple range test. P > 0.05, n = 5). 

Fig. 8. Temperature reduction of each species behind the panel.  
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spreaded by forming a mat or with dense clump plants were considered 
as the best for long-term coverage for extensive green living walls. 
Therefore, Axonopus fissifoliu, Elusine indica and Rhoeo spathacea (dense 
clumping) can be incorporated into the green living walls with the best 
growing ability to cover the total surface within a short time period, 
accordingly. 

The dense canopy of variegated foliage also make Rhoeo spathacea an 
attractive option for vertical green living walls (Badrulzaman et al., 
2015). Thick foliage layers can create an immobile air layer amongst the 
leaves and diverse foliage layers creates different shading effects. Due to 
material properties of the verticle module, the moisture retention ca
pacity of the system can also be varied (Wu et al., 2009). Plant leaves 
perform as solar filters which can absorb solar heat and that absorbed 
heat can be used for the chemical reactions occurred inside the plants 
(Weinmaste, 2020). Therefore, growing plants with higher LAI near 
buildings evade solar heat absoption by building walls hence it will 
reduce the inside temperature (Larsen et al., 2014; Perini and Ottelé, 
2012). During the present research study period LAI of Rhoeo spathacea, 
Axonopus fissifoliu and Elusine indica were 3.21, 3.20 and 2.21, respec
tively. According to Megan Kanaga (2020), the LAI values over 1 is 
indicated as a total ground coverage by the vegetation. Therefore, Rhoeo 
spathacea, Axonopus fissifoliu and Elusine indica have the potential to 
cover optimum surface area and apparently decrease the temperature 
through the leaf canopy. 

Plants such as Rhoeo spathacea have wider surfaces and dark green 
leaves which have a greater surface area with maximum quantity of 
chlorophyll and therefore they can apprehened elevated amount of 
carbon dioxide from the atmoshphere (Mohamed et al., 2018). The in
fluence of green living wall over carbon sequestration or carbon sinking, 
correspondingly makes a substantial approach for UHI effect mitigation 
(Mohamed et al., 2018). According to a study of Tamási and Dobszay 
(2016), one tonnes of CO2 extent can be saved by 22 m2 plant leaf area. A 
study conducted in Beijing, China has showed that 3.33 × 1012 kJ of 

heat absorbed by urban vegetation and it disclosed that 60% of energy 
usage reduction for air conditioners. Simultaneously carbon emission 
has been reduced by 243,000 tons of CO2 per summer season (Mohamed 
et al., 2018). 

According to a study conducted by Manso and Castro (2015), the 
ideal height range for vertical green living walls were 10 to 15 cm where 
small plants have a tendency to less wind damage and better mainte
nance capability (Sunakorn and Yimprayoon, 2011). Rhoeo spathacea, 
Elusine indica and Axonopus fissifoliu showed ideal plant heights sup
porting to the findings of Manso and Castro (2015) where the plant 
height of each species were below 15 cm. 

In this study plant species showed less pest and disease damage 
during the study period. Further, less pest and disease damages will 
reduce maintenance cost due to less applications of pesticides (Timur 
and Karaca, 2013). There were no visible signs of water deficit and 
wilting or leaf abscission during the trial period. This shows that a 60 ×
40 × 5 cm wall panel in tropical climate may be satisfactorily main
tained with an irrigation system that delivers 1.08 L/m2 /week. 

4.2. Plant thermal performances assessment (Phase 02) 

Temperature reduction in each plant species varied during the study 
period. Axonopus fissifoliu showed the highest temperature reduction 
and Elusine indica showed the lowest temperature reduction amongst 
selected species. Rhoeo spathacea also showed a significant amount of 
temperature reduction (5.06 ◦C) in this study. Thermal performance of a 
vertical green living walls were mainly depend on plant coverage and 
the density (Radić et al., 2019). Increasing the number of layers of the 
green living wall system (plant density, plant container, supportive 
structure, substrate, air gap between wall and the panel) would assist in 
temperature reduction inside the wall. This can be due to the blocking 
direct solar radiation which can be amplified by increasing the thickness 
of the wall structure (Perini et al., 2011). 
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Rhoeo spathacea, Axonopus fissifoliu and Elusine indica did not show a 
significant difference in temperature reduction at 20 cm away from the 
canopy level. According to the Perini et al. (2011), temperature reduc
tion at 1 m distance away from the canopy level in green living wall and 
green facades were not significant and it was 0.17 ◦C and 0.13 ◦C, 
respectively. 

Agreeing to Wong et al. (2010), higher cooling effect can be gained 
by having a higher foliage density and different vegetation colors. Ac
cording to Cameron et al. (2014), a maximum temperature reduction of 
20.8 ◦C in exterior wall and 7.7 ◦C in interior wall have been recorded by 
a green living wall system in China. The average temperature of the air 
layer between the wall and the vegetation was 3.1 ◦C cooler than that of 
the ambient air. 

During the study, the highest temperature reduction was recorded by 
the plants which have the highest foliage density and the highest LAI. 
The dense canopy of the Rhoeo spathacea and the highest coverage by 
Axonopus fissifoliu and Elusine indica make an attractive choice for green 
living walls as it helps to reduce temperature of the surrounding 

environment (Yeh, 2015). 
Green living walls have an ability to create an additional cooling 

effect by using moist growing media and it has a little impact on the 
microclimate of the wall (Susorova et al., 2013). Rhoeo spathacea have 
shown that a 3.11 ◦C temperature reduction in internal vertical green 
living wall surface (Rupasinghe and Halwatura, 2020). Different leaf 
cover patterns between the species, showed different cooling effects per 
unit area of leaf (Kosaka et al., 2013). Greater potential for total cooling 
could be observed as it has thicker canopy, great leaf area and leaf 
orientation (Cameron, 2014). The size of the leaf blades and the 
morphology can affect the thermal aspects of the green living walls 
(John and Unsworth, 2008; Raji et al., 2015). 

The rate of convection and conduction of heat from the leaf surface 
increases as the size of the leaf reduces (Tilley et al., 2014). Therefore, 
the cooling effect of Axonopus fissifoliu was greater than that of Rhoeo 
spathacea though it has smaller leaves. Furthermore, interactions be
tween leaf area, geometry of leaf, color of the leaf and other microcli
matic parameters such as solar radiation result differences in the cooling 

Fig. 10. Temperature profile in selected study sites by LEONARDO a1) Sethsiripaya administrative complex (Colombo) a2) Sethsiripaya administrative complex with 
vertical living wall b1) Matara Urban council Building b2) Matara Urban council Building with vertical living wall c1) Kandy Urban council building c2) Urban council 
building with vertical living wall. 
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efficiency (Azkorra et al., 2015; Giordano et al., 2015; Önder and Akay, 
2014). Proper selection and management of vegetation for vertical green 
walls can reduce temperature by 10◦C which ultimately save 20% en
ergy consumption (Haggag, 2010). According to Safikhani et al. (2014), 
condition of the plantings and the properties of the substrate reduce the 
temperature in green living walls better than the green façade. 

4.3. Simulation study (Phase 03) 

Previous studies have been done for validation in ENVI-met software 
for tropical climate (Ghaffarianhoseini and Berardi, 2015; Qaid and 
Ossen, 2015) and subtropical climate (Gusson and Duarte, 2016) and R2 

values were 0.96 and 0.69, respectively. Another study in Changwon, 
South Korea reported that R2 was 0.52 for urban context simulation and 
0.69 in Toronto for humid continental climate (Song and Park, 2015; 
Wang, 2016). Herath et al. (2017), showed that 0.78, 0.80 and 0.91 R2 

values for asphalt, cement and grass, respectively in 1.5 m height above 
ground in Sri Lanka. Therefore, ENVI-met software can be considered as 
the best suited software for this study. 

Selected study sites were situated in the city center and human 
gathering is conspicuous because those are government administrative 
centers. Therefore, high CO2 emission is creating high thermal uncom
forting conditions around the buildings (Nuruzzaman, 2015). According 
to Bousse (2009), emission of air pollutants due to automobile has 
increased air temperature as particulate matter absorbs solar radiation. 

Decorative concrete blocks have been used for pavements and floors 
in Kandy municipal council building. It may be a cause for high tem
perature around the building yet there was reasonable vegetation. 
Cooling effect by evapotranspiration and water infiltration can be 
obstructed by impermeable surfaces (Sailor, 2006). 

Further, Sethsiripaya is a 14-storey building and using high amount 
of air conditioners. Majority of the building wall consists with glass 
windows. It caused to block long solar wave and reflects them back to 
the environment. This resulted in high heat inside the building and extra 
use of air conditioners (Palomar et al., 2019). 

Albedo values of the construction materials of the building, pave
ments and the roads can trigger high temperature around these build
ings. All the building walls were constructed by concrete with terracotta 
roofing and concrete slabs. Use of asphalt roads, concrete, and bricks 
which have high albedo values absorb solar radiation and re-emit to the 
environment which caused to increased temperature (Huttner et al., 
2008). According to Takkanon and Chantarangul (2019), non-shaded 
asphalt surfaces showed a big difference in temperature range of 
39.00 ◦C–49.70 ◦C. With the green vegetation it had been dropped by 
3.80 ◦C in Bangkok. Few previous studies have been suggested that 
different materials for surfaces with low albedo values ranging from 
0.41 to 0.77 (Levinson and Akbari, 2002; Sailor, 2006). 

Multistory buildings create urban canopy by absorbing heat reflected 
by near buildings causes’ urban heat island effect (Masson, 2006; Wu 
et al., 2018). According to Priyadarsini et al. (2008), tall and densely 
located buildings affect the wind velocity and then reduced cooling ef
fect. Further, massive use of air conditioners caused increasing tem
perature in the environment as it absorbing indoor heat and releases it to 
outside (Okwen et al., 2011). 

Around the studied buildings there was less vegetation. Plant absorbs 
solar energy and CO2 then release water vapor to the environment 
during photosynthesis while helps to cool the atmosphere. Therefore, 
less amount of vegetation may results reducing cooling effect (Akbari 
et al., 2001). Addition of 10% of vegetation usually reduces temperature 
by 0.6 K (Theeuwes et al., 2017). 

5. Conclusion 

According to this study Roheo spathacea, Elusine indica and Axonopus 
fissifolius showed the highest rate of survival (100%) and coverage on 
the vertical green living wall. Desmodium triflorum, Centella asiatica, 

Axonopus compressus, Dieffenbachiae spp, Tectaria spp, and Bigonia spp 
have declining survival rates in the vertical green living walls. Growth 
rates of Roheo spathacea, Elusine indica and Axonopus fissifolius were 
higher than the expected and they achieved full coverage within 8 weeks 
of transplanting. Roheo spathacea, Elusine indica and Axonopus fissifolius 
reached up to ideal plant height (5–15 cm) for the green living walls 
within 8 weeks of transplanting. When considering the LAI, Roheo spa
thacea, Elusine indica, and Axonopus fissifolius showed the highest LAI 
(>1) and therefore, the cooling effect of the wall was significant. It can 
be concluded that the maximum temperature of the wall surface can be 
decreased by covering walls with vegetation. For the green living walls, 
heat changes up to 5.06 ◦C were detected. Axonopus fissifolius displayed 
the highest temperature reduction amongst other species. Software 
calibration has verified that the ENVI-met is realistic to use in tropical 
climatic simulations in urban contexts with Axonopus fissifolius with the 
results of R2 of simulated temperature values compared to measured 
actual ground values in equivalent location. According to the simulation 
phase possible maximum temperature reduction by using Axonopus fis
sifolius plant in vertical green living walls in tropical climate vary be
tween 2.03 ◦C and 3.29 ◦C. Sethsiripaya Administrative complex 
(Colombo), Matara urban council building and Kandy urban council 
building showed temperature reductions of 2.07 ◦C, 3.29 ◦C and 2.03 ◦C, 
respectively. Further studies on a broader range of plant species, sub
strate preparations and irrigation management is mandatory to assess 
for long-term usage in green infrastructure for Sri Lanka. It is necessary 
to determine the sustainability of green living wall plants and media in a 
tropical context, both with and without supplementary irrigation. 
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