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An experimental approach is used to assess the effect of vegetation on the thermal performance of
a vertical greening system, which comprised of turf-based vertical planting modules, on an elevated
facade wall of a public housing apartment. Despite temperature fluctuations in the various compart-
ments external and internal to a concrete wall, the vegetated cladding reduced interior temperatures and
delayed the transfer of solar heat, which consequently reduced power consumption in air-conditioning
compared with a building envelope with bare concrete. Vegetation cover led to a different pattern of
temperature fluctuations on wall surfaces, which may affect the comfort of occupants even after sunset.
The cooling effect which was closely associated with the area covered by living plants and moisture in
the growth medium, demonstrated the value of maintaining a healthy vegetation cover beyond visual
amenity. Marked variation in moisture distribution along the vertical profile of the growth medium
highlighted a concern rarely addressed in planting on ground. Substrate moisture measured at randomly
selected locations would underestimate the water stress in some plants and impair their survival.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hong Kong, like other metropolitan cities, is running out of
space for greening. The increase in building and paved surfaces
leads to the heat island effect characterized by higher humidity and
night time temperature, polluted air and increased concentrations
of particulates because on restricted airflow [1]. With the increasing
concern on limited ground area for planting, there is a pressing need
for an innovative way of greenery to overcome the constraints of
open space deficit in urban housing development. The beneficial
values of roof gardens have drawn substantial attention since the
late 1990s. A vegetation cover on the rooftop provides a cooler
interior environment [2e5] and a milder microclimate under the
urban canyon [6]. Unfortunately, land scarcity and dense population
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have sent the residential buildings to go high rise, which limited the
effectiveness of roof garden as an urban greening measure. Large
proportion of rooftop is occupied by devices such as water tank,
elevatormachinery and solar panels, resulting in very little space for
greening. Recently, the popularity of vertical greenery is growing in
the context of urban landscaping because of its smaller footprint,
aesthetic value and heat island mitigation impact. Vertical planting
is certainly an alternative to roof greenery in a city composed of
tower blocks which have high wall to roof ratio, and consequently
large potential surface area for greening. Moreover, facade walls,
unlike rooftops, usually have no insulation layer against solar heat.
The community will benefit if a vegetated cladding on building can
exhibit the efficacy of a green roof.

Empirical data on the thermal performance of green wall are
scarce, though emerging. A metropolitan scale survey in Tokyo
suggests temperature reduction by 5e8 �C at facade wall surface
[7]. Eumorfopoulou and Kontoleon [8] even reported a better
cooling effect of up to 10.8 �C in another study under Mediterra-
nean climate. Some manufacturers of proprietary products
demonstrated a cooling capability of about 10 �C [9]. However, not
much is known about the functionality of the vegetation layer. Most
research focuses on the engineering aspects of the system and their
contribution to cooling and energy saving. The role of plants on
their thermal performance is rarely addressed. Thermal and energy
datawere obtained by computer simulation [6,10], but the situation
on facade wall is much more complicated compared with roof
garden as aspect and height seem to have marked influence on
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sunlight interception. The paucity of available information about
vertical greening makes its effectiveness hardly quantifiable and
accountable.

The present study which comprised of two experiments evalu-
ated the feasibility of establishing a vertical vegetation cover as
a supplement to ground area exploited for public housing devel-
opment, and assessed the thermal effects of the vertical greening
system on the indoor environment. In contrast to more common
methods of spraying and flood-and-drain irrigation on flat ground,
vertical planting relies much more on gravity for distributing
moisture in the growth media. The first experiment investigated
the effects of watering regime on vegetation performance and
moisture distribution of the vertical profile. It also provided
preliminary data on the cooling capability and the role of plant and
soil moisture on thermal performance. The second experiment
used a vertical green cladding on a housing apartment to study its
potential to capture solar heat. The plants were subject to a more
hostile condition such as strong gust and prolonged sunshine on
a southwesterly-facing wall surface. It is anticipated that vertical
planting will be more popular in urban greening, with the devel-
opment of new proprietary systems by the landscaping industry. It
is hoped that the complex requirements of the vertical vegetation
to be functional could be unveiled, and performance and main-
tainability of the plant cover and the total vertical greening system
could be benchmarked to allow design and operational improve-
ment in the future.

2. Materials and methods

The prefabricated external cladding (Fig. 1) was composed of
100 � 50 � 7.5 cm3 aluminum module with slabs of Grodan�

hydroponic medium, which enables easy on-site installation and
Fig. 1. The vertical green panel mod
maintenance. Zoysia japonica, a warm-season grass, was estab-
lished in the modules by laying the turf on the medium and then
grown to a desired coverage in the nursery before being assembled
on vertical surfaces. In addition to providing a uniform plant cover,
the grass has excellent tolerance to high temperature, drought and
wearing, and medium tolerance to shade [11]. The grass was
mowed 4 weeks before the experiments to renew the vegetation
cover. Water-soluble fertilizer (Lawn Food with chelated iron,
Schultz, Bridgeton, MO) was applied with the irrigation water after
diluting to 480 mg N L�1 according to the manufacturer's instruc-
tion once per week thereafter until the experiment commenced.
Two experiments were conducted in the late summer in Hong Kong
(22.32N,114.17E) when theweather remained hot but dry to reduce
interference of rain storms. The weather condition was summa-
rized in Fig. 2, the details of which are available online at the Hong
Kong Observatory (http://www.weather.gov.hk) [12].

2.1. Experiment 1 vegetation performance and water use efficiency
of panel clusters

The modules were stacked into three configurations of 3e5
panels. The 5-panel cluster was designed on the basis of the floor
height (2700 mm) of local public housing apartment. Two smaller
clusters of 3 and 4 panels were also tested as alternatives to the
5-panel configuration. Two stands of each cluster size were
mounted westerly-facing (270�) to receive maximum sunlight in
the afternoon.

On the top of each cluster was a reservoir calibrated to a capacity
with respect to the configuration; the 3-panel cluster, for instance,
received 3 L of water in each irrigation (equivalent to 1 L or 0.2 mm
per panel) via a perforated PVC pipe along the length of the panel.
Irrigation water was fed through the topmost panel twice a day at
ule used in the present study.

http://www.weather.gov.hk


Fig. 2. Weather of September and October 2008. Arrow lines highlight the period of the two experiments.
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0800 and 1400 h and allowed to drip to the lower panels by gravity.
Drainage was collected by a gutter at the bottom daily for volume
determination.

In each panel module a DS1921G sensors (Dallas Semi-
conductors, Sunnyvale) was installed for temperature monitoring.
Photographs of the vegetation coverage were taken weekly for
monitoring plant health. Area covered with green and healthy
vegetation was separated from those wilted and bare substrate by
the color deconvolution algorithm of Berger et al. [13] followed
by threshold and area determination by ImageJ developed by
Abramoff et al. [14]. The moisture content in the growth medium
was measured every day for ten weeks by inserting MP406 soil
moisture sensors (ICT International, Armidale, Australia) at four
different positions. The soil moisture was measured 3 h after irri-
gation in the morning to allow the establishment of equilibrium
within cluster after irrigation.

2.2. Experiment 2 thermal performance of green cladding on
concrete facade wall

Two 30 cm thick concrete facade walls with elevations of 40.2
and 42.9 mwere chosen for this experiment. The wall surfaces had
no shading at solar Azimuth of 158e338� and Zenith of 0e90�.
Their westesouthwest (248�) orientation allowed them to receive
maximum afternoon sunlight in summer. At the interior side of
each wall was a room of 233 � 158 � 254 cm3, where the ambient
temperature was controlled at 25.5 �C by a 9000 BTH h�1 air-
conditioner (Fortress FSA10CB8, Hong Kong).

Two 5-panel clusters were mounted side by side at the lower
wall surface while the facade wall one storey above was left bare as
a control (Fig. 3). A 45 mm thick iron mounting frame was installed
between the concrete surface and the panels. Irrigation water was
applied through a pressure compensated pipe installed at the top of
each cluster. Since moisture level had strong correlation with the
cooling effect in Experiment 1, the substrate was restored to field
capacity by irrigating 3.2 L per panel, compared with 2 L in
Experiment 1, at 0900 h every morning and draining the surplus
water at the bottom. The moisture level varied between 20 and 45%
v/v throughout the experiment, as recorded by four ECH2O-5
dielectric moisture sensors (Decagon Devices Inc., Pullman, WA).
Table 1 summarizes the placement of sensors in the experi-
mental setup. Temperature sensors (DS18B20, Dallas Semi-
conductors) were installed in the panels and on the surfaces of the
walls. Heat flux into the indoor spacewasmeasured byWYP-II Heat
Flux Gauges (JT Science & Technology Co. Ltd., Beijing) installed on
the interior side of thewalls. The signal was transduced by aMaxim
DS2762AE with external sensor resistor configuration. All the
measurements were coordinated by a Parallax BS2P40 micro-
controller with reference to a Maxim DS1302 real-time clock. Data
were taken at 10-min intervals for computing an hourly average.
The power consumption of the air-conditioners in the rooms
behind the bare and vegetated walls were measured by two single
phase kWh meters (DD28, Zhiming Electrical Co., Yueqing).
3. Results and discussion

3.1. Vegetation

Sustaining a green plant cover is the major criterion for a good
panel cluster configuration and water distribution. Deterioration in
green coverage was not observed (Table 2). Instead the clusters
showed remarkable increase in vegetation cover ranging from 17.6
to 64.3% of the initial coverage (Fig. 4). The cover was renewed by
mowing four weeks before the experiment. The zoysia grass took
about 2 weeks for the new growth to be apparent and covered
about half of the area with substrate exposed between leaf gaps.
The substrate condition seemed favorable as the growth continued
even after being mounted vertically. Green coverage increased
when more bare substrates were filled by the interlacing leaves.
The different cluster configurations seem to perform equally well in
supporting plant growth as the increase in their green coveragewas
not significantly different (p > 0.05) regardless of the number of
panels in the cluster.
3.2. Moisture distribution along vertical profile

The moisture content varied between the 5% and 95% percen-
tiles of 14.2e50.4% at different positions (Table 3). The substrate
was charged up to their capacity of 50% v/v when irrigated, which



Fig. 3. Installation of green panels at the facade wall of a housing apartment.
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was gradually dried up by plant absorption, gravity and evapora-
tion, but retained about 20% of moisture until the next irrigation.

Gravity plays a major role in shaping the moisture distribution
within the growth medium. When comparing within a panel
module, there was significant difference between the moisture
level at the upper and the lower part (t479 ¼ 117, p < 0.0005).
Moisture at the top was only a half of that at the bottom. Such
a large vertical variation along soil profiles may be common in
a horizontal soil but will inevitably lead to wrong estimation of the
irrigation volume to vertically planted vegetation. An even distri-
bution of irrigation water on flat ground can be achieved by
adjusting the position and range of spray nozzles. However, option
for irrigation to vertical greenery is limited as water can only
be given at the top. When the front of irrigation water passes, the
plants at the upper part of panel rely on the water held in
the substrate until it is recharged. The upper part dried up first
in the rest of the day. The moisture would be overestimated when
measurement is taken at the centre or the lower part of the panel.
Wilting would begin from the top and propagate downward.

Sharing irrigation points among greening modules may greatly
reduce the cost of plumbing but uneven water distribution among
Table 1
Physical monitoring of substrate and concrete wall (number of sensors for each
measurement in parentheses).

Parameter Type Position

Temperature DS18B20
temperature sensor

Embedded 1 cm beneath the
exterior side of wall (4)
On the interior side of wall (4)
On grass surface (4)
Embedded in substrate (4)

Air temperature
and humidity

DS1923 Hygrochron
i-button

Inside a radiation shield
mounted on concrete wall (1)

Substrate moisture ECH2O-5 soil
moisture sensor

Inside substrate (4)

Heat flux WYP-II heat flux gauge On the interior side of wall (2)
the module should bring to attention when designing irrigation
schedule. When compared among different panels in the same
cluster configuration, the moisture contents were significantly
different (p < 0.001) only in the lower part of the panel (Table 3).
The topmost panel was the wettest regardless the configuration
and the bottommost panel was the driest for the clusters of 4 and 5
panels. The amount of irrigation to cluster was determined by the
optimal volume (1 L) to a single panel multiplied by the number of
panels in cluster. It is based on an assumption that the upper panel
would take an amount of water that it needs and passes the entire
surplus to lower panels. However, other factors are involved in the
actual downward movement of irrigation water. When water runs
through the irrigation pipe, the topmost panel module received
water first and drained the surplus to the second one after filling
the substrate to its water holding capacity. As drip irrigation usually
takes hours to complete, the topmost panel is exposed to irrigation
water for a much longer period, resulting in the highest moisture
content. The substrate moisture at the topmost module would be
kept at field capacity until the reservoir was emptied. However,
lower panels only take the surplus from the preceding ones. The
resultant water exploitation was apparent in summer when there
Table 2
Plant performance and water use efficiency of vertical greening panel clusters of
different configurations.

Cluster configuration

3 panels 4 panels 5 panels

Increase in green
coverage (%)

21.8 � 2.08 17.6 � 7.36 64.3 � 22.8

Drainage (% of irrigation
volume)

11.8 � 16.0 b 27.4 � 19.2 a 10.4 � 11.9 b

Correlation between drainage
and 4-day SMA1 of total
evaporation (r, p)

�0.559, 0.003 �0.503, 0.009 �0.492, 0.011

When compared within season, values with same letter were not significantly
different at level p ¼ 0.05.

1 Simple moving average.



Fig. 4. Changes in green coverage of the different panel cluster sizes in Experiment 1.
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was a greater water demand. Lower panels were drier as the left-
over reduced.

The bottommost panel seems to be vulnerable towater stress and
the risk is likely to exacerbate with increasing number of panels.
Significant difference (p< 0.05) inmoisture content at the lower part
of the bottommost panels was observed among cluster size. The
moisture level reduced from42.2 to 24.1%whencluster size increased
from3 to5panels.Watering regimedeterminedby simplyadding the
water requirement of individual panels may fail to guarantee
adequate irrigation of the lower panels. Effects of water use by upper
panels and leakage amplified along the vertical gradient, leading to
very limited water supply to the bottommost one.

The watering regime implemented in the present study seems
capable to sustain the vegetation cover on cluster configuration of
3e5 panels by maintaining the moisture level at�15% v/v. Although
the 5-panel cluster (2.5m) best suits the floor height ofmost housing
apartment, vertical green claddings of any height can be pieced
together by the configurations tested in this study. For example, a 12-
row panels on a 6 m tall feature wall can be configured into four
3-panel clusters or three 4-panel clusters. A design of smaller
number of clusters is preferred as it reduces the complexity of irri-
gation system. However, when there are options with the same
number of panel, for example 4 þ 4 and 5 þ 3 configurations for
making a 4m (8 rowof panels) tall structure, a solutionwhich evenly
distributes panels into cluster seems to be better as smaller cluster
retains more moisture, especially under hot weather.
Table 3
Moisture (% v/v) in the substrate measured at different positions of panels. The 1st
panel was the topmost panel with irrigation pipe installed.

Panel Position Cluster configuration

3 panels 4 panels 5 panels

1st Upper 15.8 � 1.90A I 14.8 � 1.14A I 16.6 � 2.08A I

Lower 40.8 � 9.63a k 44.6 � 8.72a i 42.6 � 7.56a j

2nd Upper 16.1 � 1.32A 15.1 � 1.10A 15.8 � 1.03A
Lower 35.5 � 10.2b 37.5 � 13.1b 34.0 � 10.1d

3rd Upper 15.6 � 1.28A 16.0 � 1.69A 16.4 � 2.49A
Lower 42.2 � 11.2a i 32.3 � 12.7c 39.3 � 10.4b

4th Upper 16.1 � 1.41A 15.2 � 1.17A
Lower 31.4 � 10.5c j 36.5 � 8.29c

5th Upper 14.7 � 2.91A
Lower 24.1 � 10.5e k

Capital letters denote comparisons between data measured at the upper part of
substrate and small letters denote those from the lower part.
Letters ‘A’e‘C’ or ‘a’e‘c’ indicate groupings within a configuration; values followed
by the same letter were not significantly different at level p ¼ 0.05.
Letters ‘I’e‘J’ or ‘i’e‘k’ indicate groupings among the topmost or bottommost panel
of different configurations; values followed by the same letter were not significantly
different at level p ¼ 0.05.
3.3. Drainage from panels

An effective watering regime should provide a safe margin of
some excess irrigation and at the same time minimize water
wastage in drainage. The drainage volume (Table 2) is affected by
the water transpired and the pre-irrigation moisture level. Awetter
substrate takes up less water and results in greater drainage.
Weather plays an important role in determining the portion of
surplus moisture to the volume applied. The time series of drainage
data had significant correlation with the simple moving average
(SMA) of the evaporation loss in the past 3 days, indicating the
cumulative effect of evaporation on the drainage from clusters.

Drainage may serve as an indicator for the water use efficiency
of the clusters. The greater the volume, the lower is the water use
efficiency. On the average, less than 28% of water was drained,
indicating a low margin of excessive irrigation. However, there
were 27% of the days without drainage in at least 2 clusters,
implying mere sufficiency or even deficiency. Plants rely on the
water reserve in substrate when the water input fails to keep pace
with the demand in hot dry weather. The substrate will be moist-
ened in the next irrigation but may not be fully recharged, espe-
cially when the upper panel is also subject to water shortage.
Problems brought about by prolonged insufficient watering should
not be overlooked as moisture reserve in substrate would be
exhausted eventually when there is a continuous water deficit in
hot weather. Moisture sensors can provide a feedback about the
substrate moisture status for fine tuning the watering regime and
detect early stage of dehydration. Alternatively, giving a surge of
larger amount of water can quench the water shortage by
refreshing the substrate to field capacity. Controller for adaptive
irrigation on field is available in themarket but a system tailored for
wall planting may require further research as thin substrate and
vertical variability in moisture may limit the use of commercial
controllers in vertical greening.
3.4. Role of vegetation vitality and substrate moisture in
temperature reduction

Vertically planted vegetation is as effective as that on green roof
in temperature regulation (Table 4). The average temperature of the
greening module was lower than the average ambient temperature
(p < 0.05) in all cluster size (Table 4). Large cluster had a lower
temperature which may be attributed to larger thermal mass and
ratio of vegetated area compared to the exposed lateral surface of
aluminum planting frame that could be heated up quickly under
sunlight.

The cooling effect at a given time was expressed in terms of
temperature difference between substrate and ambient air. The
three cluster configuration performed equally well in thermal
reduction, as the temperature differences between their substrate
and ambient air were not significant when compared among
configurations. Although the substrate was only cooler than the
ambient air by an average of 1 �C, the difference can be as large as
14 �C in some afternoons. On the other hand, the substrate was
about 2 �C warmer than the ambient air during night fall
(1700e2000 h). The green panels cooled down more slowly as the
fibrous substrate filled with moisture and air insulated the panels
from heat loss. Analysis using Pearson correlation further reveals
the temporal change of the thermal performance in a day. The
temperature difference between air and substrate had significant
correlation with the air temperature (p < 0.005, Table 4). This
suggests that remarkable thermal performance was only exhibited
at times with high air temperature. The hotter the days, the better
was the cooling effect by vertical greenery. The thermal effect of



Table 4
Temperature reduction by different cluster sizes of vertical greening module.

Cluster configuration Ambient
temperature

3 panels 4 panels 5 panels

Temperature (�C) 25.2 � 2.37 b 25.2 � 1.71 bc 25.0 � 1.66 c 26.4 � 1.56 a
Difference to ambient temperature (�C)1

Mean 1.32 � 2.28 1.20 � 2.21 1.18 � 2.24
Maximum 14.5 14.1 14.1
Minimum �2.56 �2.69 �3.11
Correlation between temperature difference and ambient temperature2 0.750 0.737 0.728

When compared with correlated measures ANOVA, values with same letter were not significantly different at level p ¼ 0.05.
1 Positive number indicates a higher ambient air temperature.
2 Difference between ambient temperature and temperature in vertical green panels. All correlations have significance at level p < 0.005.
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vertical greening on a building and its temporal pattern will be
further discussed with the results of Experiment 2.

Whether the temperature difference is solely contributed by the
shading effect of the panel rather than the thermal mass of the
vertical greening system and the ecophysiological processes of the
vegetation can be assessed using plant health which is quantified
by green coverage, that is the proportion of area with live vegeta-
tion, and substrate moisture which determines if the physiology of
the plants is limited by water stress.

The temperature difference had significant association with
both green coverage (r ¼ 0.640, n ¼ 30, p < 0.0005) and moisture
(r ¼ 0.639, n ¼ 24, p ¼ 0.001) implying that maintaining a healthy
plant cover and providing adequate water is crucial for optimizing
the cooling effect. The cooling effect (DT, expressed in tempera-
ture difference between ambient air and substrate) was strongly
associated with green coverage and substrate moisture. Multiple
regression suggests substrate moisture in combination with air
temperature as good predictors for the cooling effect. Green
coverage also has significant association with the cooling effect
disregarding the air temperature. The relationships demonstrated
not only the importance of a reliable water delivery system which
Fig. 5. Heat flux from the interior side of wall to indoor air. Numbers in circle indicate the ev
Data on the days of system maintenance are not shown.
is crucial to the daily caring of vertical greening, but also the
cautions needed for experiments on thermal performance to
prevent water stress in the plants. Monitoring of physiological
indices such as green coverage, transpiration rate and substrate
moisture would also be useful for data comparison among
studies.

DT ¼ 0:062�Moistureþ 0:853� Amb� 21:6�
F2;27 ¼ 1340; R2 ¼ 0:989; p < 0:0005

�

DT ¼ 0:200� Coverageþ 1:63�
F1;28 ¼ 40:9;R2 ¼ 0:770; p < 0:0005

�

3.5. Effect of vegetation on the heat transfer in concrete wall

In Experiment 2, solar radiation on concrete surface served as
the major heat source. A green cover on the facade wall intercepted
the solar radiation originally struck on the bare concrete surface.
Heat flux of the bare wall was highest in the afternoon. Peaks
ents of (1) typhoon Hagupit, (2) tropical storm Higos and (3) a cold front moving across.



Table 5
Pearson correlation analysis of the thermal and weather parameters.

HfB Pc PB Amb Cloud1 Sunshine1 Rad1 Wind1

HfC 0.151 0.675** 0.870** 0.660** �0.197 0.019 0.013 �0.369*

HfB 0.342* 0.219 0.456** �0.537** 0.350* 0.381* �0.398*

Pc 0.842** 0.856** �0.275 0.047 0.055 �0.264
PB 0.816** �0.390* 0.086 0.068 �0.457*

Amb �0.463** 0.285 0.319 �0.526**

Cloud �0.765** �0.652** 0.687**

Sunshine 0.951** �0.635**

Rad �0.591**

**Correlation is significant at p ¼ 0.01 level (2-tailed).
*Correlation is significant at p ¼ 0.05 level (2-tailed).

1 Weather data from Hong Kong Observatory [13].
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exceeding 40 W m�2 were recorded, which were higher than the
heat flux from a bare roof observed in a roof garden study in Canada
[14e17]. Lower latitude of Hong Kong, more intense solar radiation
on westerly-facing surface and the lack of an insulation layer on
facade wall all attributed to the higher heat flux. Fig. 5 presents the
heat flux at the interface between interior wall surface and indoor
air. With the air-conditioning on, both the bare and the panel-
covered walls exhibited inflow of heat and the rate fluctuated
diurnally. Bare wall had higher heat fluxes except in days that had
no bright sunshine. Over the experimental period, the daily total
heat flux from the vegetated wall (182.2 � 83.0 Wh m�2) were
significantly smaller (t(66) ¼ 9.12, p < 0.0005) than that from the
bare wall (595 � 201Whm�2). In the presence of vegetated panels,
the heat flux only fluctuated below 10 W m�2 throughout the
experiment. Lower heat inflow significantly reduced the daily
power consumption by 1.45 � 1.85 kWh in a small room of 9.35 m3

behind a wall with green cladding (t(66) ¼ 4.28, p < 0.0005).
Weather affects heat flux and power consumption. Outdoor

temperature had a significant relationship with heat flux and
power consumption (p < 0.01) regardless of the presence of green
panels (Table 5). On the other hand, green panels affected the heat
flow in response to other weather parameters. In contrast to
vegetated wall, only the heat flux from bare wall was correlated
with solar radiation (r ¼ 0.381, p < 0.05) and the duration of
sunshine (r ¼ 0.350, p < 0.05, Table 5), implying the buffering
capacity of the vegetation cover against temperature change under
solar radiation. It is interesting that wind speed correlated nega-
tively with heat flux, which suggests heat dissipation by air current,
but the degrees of association were similar in both bare and panel-
mounted walls.

3.6. Temporal and spatial variations of thermal data

The temperature in general fluctuated daily but time lags were
observed in the temperature at different positions, which was
Table 6
Cross-correlation matrix of temperature and heat flux data, with the lag yielding the hig

ExtB IntC IntB Veg S

ExtC �5 (0.565) 4 (0.980) 0 (0.855) �4 (0.709) �
ExtB 10 (0.522) 6 (0.682) 0 (0.937)
IntC �4 (0.828) �9 (0.669) �
IntB �6 (0.703) �
Veg
Sub
HfC
HfB
Soil moisture

Time lag in hours is presented with cross-correlation coefficient in parentheses. All the
Positive number indicates that the variable in column lag the variable in row. For examp
temperature of the corresponding interior surface by 6 h.
related to the time needed for heat transfer. A cross-correlation
analysis suggests the direction and relationship between the time
series of temperature and heat flux parameters (Table 6).

The thermal data of Days 6e9, the hottest days during the
experiment [12], are highlighted in Fig. 6 for discussion. The wall
was hottest in the afternoon and cooled down before dawn. Intense
solar radiation on bare concrete raised the temperature to over
44 �C, nearly 10 �C higher than ambient air. The bare wall could be
16 �C higher than the covered one in hot afternoon and a difference
of 1.30 �C remained between ExtB and ExtC at night. However, the
heating process was slower when covered with green panels, as
reflected by a 4 h delay in the elevation of temperature of the
exterior surface of panel-covered wall (ExtC) when compared with
that of the grass (Veg). Paired sample t-test shows a significant
difference between ExtB and ExtC(þ5) (t(1748) ¼ 29.2, p < 0.0005)
even when time lag is taken into account. Besides maintaining
a cooler concrete surface, vegetation cover buffered the tempera-
ture fluctuation of the facade wall, which in turn minimized cracks
and weathering by thermal expansion. When walls were covered
by green panels, the temperature of the exterior surface only fluc-
tuated within a narrower range of 27.9e29.5 �C.

For the temperature change on the wall, the bare exterior side
(ExtB) led the bare interior side (IntB) by 6 h owing to the thermal
mass of the 30 cm thick concrete. The bare exterior surface became
very hot in the afternoon but cooled gradually after sunset, whereas
the increment in IntB continued and peaked at night. The greatest
heat flux from wall to indoor air was also found to be 6 h after the
peak of ExtB, implying the continuous inflow of heat at night. Delay
in heat transfer may lead to excessive load to air-conditioning as
residents usually use it when they stay indoors in the evening.

Although the rooms were kept at 25.7 � 1.72 �C (behind bare
wall) and 26.1 � 1.60 �C (with green panels) by air-conditioners,
green panel resulted in lower temperature in the interior side of
wall. The interior surface of wall receiving direct sunlight (IntB) was
hotter when compared with IntC, with a lag of 4 h (IntC(þ4))
hest association between time series listed.

ub HfC HfB Soil moisture Amb

3 (0.807) 7 (0.694) 1 (0.553) 1 (�0.679) �14 (0.462)
1 (0.868) 15 (0.358) 6 (0.738) 9 (�0.361) 0 (0.806)
8 (0.768) 1 (0.686) �3 (0.515) �1 (�0.600) �10 (0.666)
4 (0.766) 8 (0.761) 0 (0.515) �25 (�0.338) �7 (0.717)
1 (0.972) 13 (0.407) 6 (0.718) 7 (�0.396) �1 (0.841)

12 (0.473) 4 (0.734) 5 (�0.454) �2 (0.845)
�9 (0.196) 1 (�0.679) �14 (0.462)

�1 (�0.367) �7 (0.592)
�8 (�0.392)

pairs had significant correlation at level p < 0.0005.
le, in ExtB, IntB(þ6) pair, the temperature variation of bare exterior surface leads the



Fig. 6. Temperature of wall and green panel recorded on Days 6e9 and the heat flux data at the corresponding time.
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(t(1750) ¼ 37.9, p < 0.0005). A temperature difference of over 2 �C
was maintained even late at night. Heat radiated from the barewall
may cause discomfort to residents sleeping in hot summer nights.
In contrast, wall with panels had a more pleasant temperature of
26.6e27.3 �C at the interior side.

The temperature of the bare wall (ExtB) and grass surface (Veg)
changed almost in phase with each other, and there was a small
time lag of 1 h between Veg and Sub. A plant cover, like that in
Experiment 1, cooled the building envelope by doingmore than just
a sunlight shield. The grass surface remained cooler even it received
the same amount of sunlight as the bare wall (ExtB,Veg(þ0),
t(1762) ¼ 39.5, p < 0.0005). A temperature difference of
3.60� 2.09 �C was mediated by the evapotranspiration of the grass.
The automatic irrigation systemmaintained the substrate moisture
at 20e50%. Energy of 2260 kJ can be transformed to latent heat
when 1 L of water is vaporized via evapotranspiration and cools
a tonne of concrete by 2.56 �C [18]. Transpiration also led to a cooler
grass surface compared with the substrate (Veg, Sub(þ1),
t(1756) ¼ 18.7, p < 0.0005).

In addition, there was a 14 h lag between the outdoor ambient
temperature and the exterior surface temperature of the covered
wall (ExtC), but this was not the case when the wall was left
exposed. Green panels not only reduced solar heat transfer to the
wall, but also kept the wall warm at midnight by buffering and
delaying the heat transfer through the facade wall. A further study
in winter may help assess the benefits of reduced power
consumption for heating as the air gap and substrate may serve as
an effective insulator of heat loss in cold weather.
4. Conclusions

The collaborating parties endeavored to keep the vertical
greening system simple and robust which could provide the basis
for benchmarking so as to encourage research and development of
the vertical planting technology. In addition to creating visual
comfort and mitigating urban heat island effect, a vertical vegeta-
tion cover could lower the temperature of a facade wall and buff-
ered its fluctuation with time, leading to reduced power load in
air-conditioning. Time lag in temperature increase reflected that
a vegetated cladding could mitigate the potential impact of solar
heat that continued to affect the indoor space after sunset. With
a vigorous green cover on a facade wall, residents could be
benefited by a cooler flat and cheaper electricity bill in addition to
the ecological merits of the vertical green panels.

Strong associations between the moisture in growth media,
vegetation coverage and cooling effect demonstrate the importance
of maintaining a healthy plant cover and a hospitable substrate. The
cooling effect mediated by transpiration relies on the presence of
a healthy plant cover sustained by adequate irrigation. Further-
more, landscaping practitioners should be aware of the marked
variation in the vertical distribution of moisture when deploying an
unattended irrigation system. The moisture sensor should be
placed at a point most vulnerable to water stress to provide
a prompt alarm.
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