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a b s t r a c t
Adequate light provision for plants is essential when designing for indoor greenery, but there is a lack
of knowledge with regards to lighting levels required for ornamental plants in the indoor environment.
In practice, guidelines such as a lighting threshold of 1000 lx for indoor vegetated surfaces may result in
over or under-compensation of lighting for plants. The objective of this study is to quantify the impact
of growth light provision on indoor greenery. Field measurement was conducted in a building with
extensive indoor greenery. A growth chamber study was also conducted to measure the whole-plant light
compensation point (LCP) of two species of plants (Philodendron erubescens and Dracaena surculosa) used
in the indoor greenery design. Results showed that LCP for both P. erubescens and D. surculosa was between
0.50 mol m−2 day−1 to 1.00 mol m−2 day−1 . Onsite measurements of Photosynthetically Active Radiation
(PAR) from 09:00 h to 18:00 h showed an excess of PAR arising from the combination of daylight and
supplementary lighting, resulting in lighting over-compensation of approximately 0.56 mol m−2 day−1 .
However, this was not factored into the supplementary lighting plan, which speciﬁed a minimum lighting
level of 1000 lx. Since electricity consumption is highly correlated with whole-plant LCP (R2 = 0.9989),
signiﬁcant savings in energy can be achieved by (1) determining actual lighting requirements for each
plant and (2) measuring daylight availability onsite before installing greenery in the indoor environment.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Greenery can improve the indoor environment in many ways.
Besides improving building interior aesthetics, plants can also help
reduce volatile organic compounds (VOCs) found in the air [1,2].
Several studies have also pointed to the psychological beneﬁts of
plants in indoor workplace settings [3,4]. The amount and type of
greenery that is provided within the indoor environment varies
according to the function of the building: hospitals may prefer to
have plants that may facilitate patient recovery while plants may be
allocated in an ofﬁce setting to aid in cognitive functions [5–7]. As
a result, the species, quantity and maintenance requirements for
indoor landscape designs may differ signiﬁcantly. Generally, factors such as irrigation supply and temperature do not pose a risk to
plant health as ambient conditions within the indoor environment
can be controlled to a high degree of precision. Some examples
include precision drip irrigation, pressure compensated nozzles
and moisture-activated automatic irrigation systems. Indoor air
temperature can be regulated via air conditioning systems. As a
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result, it is uncommon for plants to be exposed to ﬂuctuating or
extreme temperatures in the indoor setting. Most plants allocated
inside buildings are also shielded from adverse weather conditions
such as strong winds. However, depending on their exact location within the building premise, indoor plants may receive little
or no natural daylight. This will hinder the process of photosynthesis and may adversely affect plant health. More importantly,
there is a paucity of information on lighting requirements in both
indoor and outdoor spaces [8,9]. One method of mitigating the lack
of access to natural daylight is to provide supplementary lighting. Artiﬁcial lighting has shown to be effective in promoting plant
growth [10–12]. Some common luminaires that are used as growth
lights include ﬂuorescent, incandescent and metal halide lamps
[13]. Luminaires such as Light-Emitting Diodes (LED) can provide
light levels comparable to incandescent lamps with signiﬁcantly
lower radiant heat output and have shown to be as adequate in
ensuring plant growth [14]. As the luminescence spectrum of LEDs
can be customised to produce wavelengths of light that are speciﬁc
for plant growth, a sizable amount of energy is reduced to power
LED growth lamps. Most studies on plant lighting tend to focus on
providing adequate lighting for optimising crop yield. Research of
such nature tend to focus on speciﬁc wavelengths that can promote plant growth at different stages of development [15–17].
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Fig. 1. Photograph, plan and sectional illustration of measured site.

However, lighting requirements for indoor landscape plants differ
signiﬁcantly from horticultural production systems because plant
production or yield is not a priority in the former. It is common for
ornamental plants in buildings to receive supplementary lighting
by conventional lighting ﬁxtures such as ﬂuorescence and metal
halide lamps, as they are readily available in the market and often
function simultaneously as common luminaires for work spaces or
pedestrial zones.
One factor that signiﬁcantly affects plant growth is the availability of photosynthetically active radiation (PAR). Unlike factors such
as irrigation and ambient temperature which can be controlled to
a reasonably high degree of precision in the indoor environment,
PAR values at the same spot may vary signiﬁcantly throughout the
day or year due to prevailing sun paths and weather conditions. In

areas totally void of natural daylight, available PAR is wholly dependent on the supplementary lighting schedule. The total amount of
PAR received by a plant per unit day can be quantiﬁed as the daily
light integral (DLI), which is a function of light intensity as well
as duration of exposure. Korczynski et al. [18] estimated average
outdoor DLI values to be in the range of 5–60 mol m−2 day−1 . The
DLI concept has also been recently used to assess adequacy of PAR
for urban greening under shaded conditions in the urban environment [9]. DLI levels in the indoor environment are understandably
lower and a limiting factor to plant growth. This leads to a limit to
the type of ornamental plants that can survive in the indoor environment. From a physiological perspective, a plants’ threshold to
shade can be deﬁned as its whole-plant light compensation point
(LCP), where net carbon gained by the plant is the same as the total
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carbon required for metabolic activities [19]. It is also an indicator
of the minimum lighting intensity under which a plant can survive [20]. The value of LCP for plants can differ signiﬁcantly, owing
to a myriad of physiological and environment factors [21–23]. LCP
values for shade tolerant plants are generally lower, as more photosynthate is allocated for carbohydrate storage, enabling them to
survive long periods of low carbon gain and slow growth [24,25].
While shade tolerance of outdoor plants has been studied
[26,27], little is known about the performance of indoor ornamental plants under varying light conditions in indoor environment.
As an increasing number of cities seek to improve urban liveability through the extensive use of greenery [28,29], it is important
to consider the implications of having greenery in indoor and
semi-outdoor settings. In particular, ornamental greenery situated
in the indoor environment has implications to energy consumption due to possible supplementary lighting requirements. It is
therefore important to ascertain lighting requirements for indoor
ornamental plants so as to minimise the occurrence of lighting
over-compensation.
Although indoor greenery is getting more prevalent in the urban
environment, there is still very little understanding on optimal light
provision for indoor landscapes. In practice, light provision is based
on a generalised speciﬁcation of providing at least 1000 lx of illuminance for areas with indoor greenery. This is also done without any
consideration of access to natural daylight from windows or skylights. As a result, chances of lighting over or under-compensation
may be high. Instead of a generalised standard of 1000 lx for all
indoor plants, the aim of this study is to recommend a lighting provision standard which considers the requirement of each speciﬁc
plant species and to evaluate how this can be used to assess light
provision, as well as its implications on plant growth and energy in
an actual installation. This is achieved by a thorough site survey to
determine available daylighting. Concurrent measurements of air
and mean radiant temperature are also made to determine if the
extensive indoor greenery can reduce temperature and inﬂuence
energy consumption.
Since light growth requirement is not possible to be evaluated
satisfactorily on-site (The full variation of light levels to understand
how whole plants are affected cannot be controlled onsite and
are inﬂuenced by changing weather conditions as well as anthropogenic activities), a controlled study using customised growth
chambers is undertaken with the objective of determining the lighting levels required by plants in greater detail.
2. Methodology
The study was conducted in 2 parts; ﬁeld measurement in a
commercial building in Singapore with extensive indoor greenery,
followed by a growth chamber study conducted at the National
University of Singapore.
2.1. Field measurement at 158 Cecil Street
The ﬁrst part of this study consisted of ﬁeld measurement conducted at 158 Cecil Street, Singapore (1◦ 16 47.1 N 103◦ 50 53.1 E).
The subject is an ofﬁce building located in Singapore’s Central
Business District. The original building consisted of 10 levels and
was completed in 1984. In October 2010, it underwent further
development with the addition of 4 more ﬂoors to maximise
gross ﬂoor area. A layered façade integrated with green wall system was also constructed to enhance the aesthetics of the atrium
(Fig. 1). The green walls do not receive direct sunlight and requires
supplementary lighting for plants in the area. These conditions presented a unique green wall system in terms of daylight access and
supplementary lighting provision. Two systems of lighting were
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programmed; growth lightings and accent lightings. Growth lightings consisted of 103 pieces of ﬂoodlights and 53 pieces of linear
ﬂuorescent lamps and was operational from 08:00 h to 18:30 h
daily. Accent lightings consisted of 40 spotlights, 12 pieces of linear
ﬂuorescent lamps, 90 pieces of linear LED ﬁxtures and 536 pieces of
individual LED nodes and was operational from 18:50 h to 22:00 h.
An illuminance level of 1000 lx was set as the minimum growth
lighting threshold. Photosynthetically Active Radiation (PAR) sensors were placed on the 4th , 6th and 8th levels of the building.
Sensors were positioned approximately 0.1 m away from the green
walls. To evaluate the effects of vertical greenery in an indoor environment, sensors were placed along the catwalks at levels 2, 4 and 8
of the building. Measurements of air and mean radiant temperature
were made on Levels 4, 6 and 8. (Fig. 1). Mean radiant temperature
was estimated using the equation below [30]:


Tmrt =

4
(Tg + 273.15) +

2.20 × 108 Va0.119
× (Tg − Ta)
εD0.4

0.25
− 273.15

(1)

tg = Globe temperature (◦ C), Va = Air velocity (ms−1 ), ta = Air temperature (◦ C), D = Globe diameter (m), ε = Globe emissivity.
Details of measured variables and instruments used are shown
in Table 1.

2.2. Growth chamber study
In the second part of this study, two species of plants (Philodendron erubescens and Dracaena surculosa) which were used in
the green wall design palette were subjected to controlled lighting
exposure. Six different lighting scenarios were set up in customised growth chambers for the plants and four replicates of
each plant were used for each lighting condition. The growth
chambers measured 1.8 m wide, 2.1 m high and 0.9 m deep. Each
growth chamber had two separate compartments for accommodating plants (1.78 m wide, 0.78 m high and 0.58 m deep). Each
compartment was equipped with four 18 W tubular ﬂuorescent
lamps. Plants were randomly assigned to different lighting level
treatments. Manually assigned Daily Light Integral (DLI) values
used to determine total lighting received by each plant per day
was derived using Eq. (2). The maximum DLI was capped below
5 mol m−2 day−1 so as to retain consistency with indoor lighting
conditions [18]. A total of six different DLI values were tested
(Table 2). Light exposure duration was controlled by a timer which
was connected to an electric meter. Leaf length and chlorophyll
level were measured periodically throughout the course of experiment. Towards the end of the experiment, dry mass of all plants was
obtained and compared with dry mass of plants measured prior to
the start of the experiment for the purpose of ascertaining plant
growth. Concurrent measurements of soil moisture were made to
ensure that plants were not experiencing any water stress during
the experiment. Plants were watered manually (twice per week).
Plant growth was measured using Eq. (3). The list of equipment
used for this part of the study are shown in Table 1.
=

DLI
PAR × 3600

(2)

Where,  = Duration of exposure (h), DLI = Target Daily Light
Integral (mol m−2 day−1 ), PAR = Photosynthetically Active Radiation (mol m−2 s−1 )
GN = MF − MI

(3)

Where, GN = Net growth (kg), MF = Final dry mass (kg), MI = Initial
dry mass (kg)
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Table 1
Measured variables and equipment.
Variable

Instrument

Measurement range

Accuracy

Air temperature

−20 ◦ C to 70 ◦ C

±0.35 ◦ C from 0–50 ◦ C, to a maximum of ±3.5%

−200 ◦ C to 100 ◦ C

±1.5 ◦ C

0–45 m s−1

Solar Irradiance

HOBO Thermocouple Data Logger,
U12-014
HOBO Thermocouple Data Logger,
U12-014
HOBO Wind Speed Smart Sensor,
S-WSA-M003
HOBO Silicon Pyranometer S-LIB-M003

±1.1 m s−1 or ±4% of reading, whichever is
greater
±10 W/m2 or ±5%, whichever is greater in
sunlight. Additional temperature induced error
±0.38 W/m2 /◦ C from 25 ◦ C (0.21 W/m2 /◦ F from
77 ◦ F)

PAR
Stomatal conductance
Soil moisture content

HOBO (PAR) Smart Sensor S-LIA-M003
Decagon SC-1 Leaf Porometer
Decagon 10HS Soil Moisture Sensor

Dry mass
Leaf growth rate
Leaf Chlorophyll level
Electrical consumption

Mettler PM4000
Metre rule
SPAD 502 Plus
Electric meter

Globe temperature
Wind speed

0 to 1280 W/m2

0 to 2500 mol/m2 /s
0 to 1000 mmol m−2 s−1
Apparent dielectric permittivity (a): ±0.5
from a of 2 to 10, ±2.5 from a of 10 to 50
0.01 g to 4100 g
0 mm to 1000 m
−9.9 to 199.9 SPAD unit
0 kW h to 9999 kW h

10% of measurement
a: 1 (air) to 50
±0.02 g of measurement
–
±0.3 SPAD unit
±2.5% of measurement

Table 2
Daily light integrals for plant growth chambers.
Growth chamber

Unit

1

2

3

4

5

6

Lux level
PAR
Duration of exposure
Daily Light Integral

lx
mol m−2 s−1
h
mol m−2 day−1

5100
69
16.0
4.00

3850
52
10.7
2.00

2000
27
10.3
1.00

2000
27
5.1
0.50

2000
27
2.6
0.25

0
0
0
0

Table 3
Measurement period.
Measurement period

No. of days used for analysis

Days used for analysis

04/03/2013to08/05/2013

14

14/03/2013
15/03/2013
16/03/2013
18/03/2013
20/04/2013
22/04/2013
24/04/2013

3. Results and analysis
3.1. Field measurement at 158 Cecil Street
Data was collected from 4th March 2013 to 8th May 2013. Of the
56 days recorded, data from 14 days identiﬁed as days with clear
sky conditions were used for analysis. A typical day with clear sky
conditions is deﬁned as a day in which diurnal solar irradiance proﬁle was normally distributed and peaked above 300 W m−2 . Days
used for analysis are shown in Table 3.
Fig. 2a–c show the average diurnal air temperature (ta ) proﬁles
for Levels 4, 6 and 8. In general, ta was similar for all levels in the
absence of sunlight. During daytime, signiﬁcant differences in ta
could be observed for all levels, with higher values of ta recorded
by sensors closer to the façade. At peak ta (11:45 h), the maximum
difference between the highest (37.4 ◦ C at 6c) and lowest (30.0 ◦ C
at 4a) recorded temperature was 7.4 ◦ C. Similar trends could be
observed for mean radiant temperature (tmrt ) (Fig. 2d–f). This is
most likely due to increased exposure to direct solar radiation for
sensors closer to the façade. Lower values of ta and tmrt recorded
by sensors closer to the building interior may have been due to
proximity to air-conditioned ofﬁce spaces as well as self-shading
from upper ﬂoor levels.
Fig. 3a shows the average diurnal Photosynthetically Active
Radiation (PAR) proﬁle for Levels 4, 6 and 8. From 18:30 h to 08:00 h,
PAR values for all levels remained constant at 1.2 mol m−2 s−1 .
PAR values started to ﬂuctuate from 08:00 h to 18:30 h, when

25/04/2013
29/04/2013
30/04/2013
04/05/2013
05/05/2013
06/05/2013
08/05/2013

growth lights were operational. While their proﬁles were similar,
it could be observed that the highest PAR levels were observed at
Level 6. This may be due to exposure to higher levels of direct solar
radiation, as evident from concurrent measurements of tmrt . Measurements from 09:00 h to 18:00 h showed an over-compensation
of PAR arising from the combination of daylight and supplementary lighting (Grey portion in Fig. 3b). Average PAR for all sensors
peaked between 10:30 h to 10:55 h, followed by a general decline
in average PAR until approximately 18:30 h.

3.2. Growth chamber study
To ascertain the transpiration behaviour of P. erubescens and D.
surculosa, measurements of stomatal conductance were made for
5 consecutive days from 12th August 2013 to 16th August 2013.
Fig. 4a shows the average stomatal conductance and PAR for both
plants over 5 days.
Generally, P. erubescens experienced highest rates of gas
exchange between 10:00 h to 16:00 h. Stomatal conductance was
in the range of 10.4 mmol m−2 s−1 to 73.8 mmol m−2 s−1 for P.
erubescens and 13.1 mmol m−2 s−1 to 21.2 mmol m−2 s−1 for D. surculosa. Since the proﬁles of PAR and stomatal conductance for P.
erubescens were very similar, it could be inferred that transpiration activity took place in the day for P. erubescens. The proﬁle for
D. surculosa, however, did not provide conclusive information with
regards to its transpiration behaviour. Therefore, further testing
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Fig. 2. Average diurnal proﬁles of air and mean radiant temperature for Levels 4, 6 and 8.

was conducted for D. surculosa on 25th August 2016 for a period of
24 h.
Fig. 4b shows the diurnal PAR and stomatal conductance of D.
surculosa. It can be observed that there was no signiﬁcant increase
in stomatal conductance in the absence of daylight. A minimal level
of gas exchange takes place throughout the day. Instead of a proﬁle that steadily increases until it reaches a peak during midday
(such as the stomatal conductance proﬁle of P. erubescens), the
stomatal conductance proﬁle for D. surculosa ﬂuctuated between
10 mmol m−2 s−1 to 20 mmol m−2 s−1 throughout the day. Stomatal conductance for D. surculosa did not increase signiﬁcantly in the
absence of daylight.
Soil moisture was assessed at regular intervals to ensure that
plants were subjected to similar levels of moisture content and not
under water stress. Fig. 5 shows that soil moisture content for plants

in all growth chambers were similar throughout the duration of the
experiment and that changes in leaf and plant growth would not
have been due to variations in water availability.
Average net growth for P. erubescens in all six growth chambers is shown in Fig. 6a. It can be observed that plants in
growth chambers under 0.00 mol m−2 day−1 , 0.25 mol m−2 day−1
and 0.50 mol m−2 day−1 DLIs experienced mostly negative growth
while plants in growth chambers under 1.00 mol m−2 day−1 ,
2.00 mol m−2 day−1 and 4.00 mol m−2 day−1 DLIs experienced net
positive growth. Average leaf growth for P. erubescens in all six
growth chambers is shown in Fig. 6b. Measurement was taken
from three leaves of every plant using a metre rule. Leaf growth
was close to 0 m for growth chambers under 0.50 mol m−2 day−1 ,
1.00 mol m−2 day−1 , 2.00 mol m−2 day−1 and 4.00 mol m−2 day−1
DLIs and below 0 m for 0.00 mol m−2 day−1 and 0.25 mol m−2 day−1
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Fig. 3. Average diurnal PAR proﬁle.

Fig. 4. Stomatal conductance proﬁles of Philodendron erubescens and Dracaena surculosa.

Leaves under at least 0.50 mol m−2 day−1 were observed to be a
healthy green colour.
Average net growth for D. surculosa in all six growth chambers is shown in Fig. 6d. It can be observed that plants in
growth chambers under 0.00 mol m−2 day−1 , 0.25 mol m−2 day−1
and 0.50 mol m−2 day−1 DLIs experienced mostly negative growth
while plants in growth chambers under 1.00 mol m−2 day−1 ,
2.00 mol m−2 day−1 and 4.00 mol m−2 day−1 DLIs experienced net
positive growth. It can be inferred that plants required at least
1.00 mol m−2 day−1 for net positive growth. Average leaf growth
for D. surculosa in all six growth chambers is shown in Fig. 6e.
Leaf growth was close to 0 m for all growth chambers except
0.00 mol m−2 day−1 DLI. While Fig. 6f shows that leaf chlorophyll
measurements were similar for all growth chambers, photographic
records show that leaves under 1.00 mol m−2 day−1 DLIs experienced signiﬁcant discolouration.

Fig. 5. Average soil moisture measurement of plants during experiment.

DLIs. Fig. 6c shows that leaf chlorophyll measurements were positive for growth chambers under 0.50 mol m−2 day−1 DLI onwards.

3.3. Light compensation point (LCP) for Philodendron
erubescens and Dracaena surculosa
To statistically determine the LCPs of P. erubescens and D.
surculosa, Analyses of Variance (ANOVA) were conducted using
net growth data derived from the growth chamber experiment
(Table 4).
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Fig. 6. Average net growth, leaf growth and leaf chlorophyll level of Philodendron erubescens and Dracaena surculosa after treatment.

A one-way (ANOVA) was conducted to evaluate the null
hypothesis that there was no difference between net growth of P.
erubescens plants under all lighting conditions (N = 24). The independent variable, DLI, included six groups: 0.00 mol m−2 day−1
(Mean = −0.002515, SD = 0.001569, n = 4), 0.25 mol m−2 day−1
(Mean = −0.000813, SD = 0.001231, n = 4), 0.50 mol m−2 day−1
(Mean = −0.000103, SD = 0.001560, n = 4), 1.00 mol m−2 day−1
(Mean = 0.002770, SD = 0.001026, n = 4), 2.00 mol m−2 day−1 ,
(Mean = 0.003223, SD = 0.001652, n = 4) and 4.00 mol m−2 day−1
(Mean = 0.003563, SD = 0.001526, n = 4). The assumption of homogeneity of variances was tested and found tenable using Levene’s
Test, F (5, 18) = .42, p = .83. The ANOVA was signiﬁcant, F (5,
18) = 12.075, p = .000, eta-squared = 0.77. Thus, there was signiﬁ-

cant evidence to reject the null hypothesis and conclude that there
was signiﬁcant difference between net plant growth and DLI levels. Post hoc comparisons to evaluate pairwise differences among
group means were conducted with the use of Tukey HSD test since
equal variances were tenable. Results showed signiﬁcant pairwise
differences between the mean net growth of plants under DLIs of
(1) 0.00 mol m−2 day−1 , 0.25 mol m−2 day−1 , 0.50 mol m−2 day−1 ,
p < .05, (2) 0.50 mol m−2 day−1 , 1.00 mol m−2 day−1 , p < .05 and
(3) 1.00 mol m−2 day−1 , 2.00 mol m−2 day−1 , 4.00 mol m−2 day−1 ,
p < .05. Based on the above results as well as information gathered
from Fig. 6, it was concluded that the LCP for P. erubescens was
between 0.50 mol m−2 day−1 to 1.00 mol m−2 day−1 .
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Table 4
One way ANOVA for DLI of Philodendron erubescens and Dracaena surculosa.
Philodendron erubescens
Levene statistic

df1

df2

Sig.

.421

5

18

.828

ANOVA

Sum of squares

df

Mean square

F

Sig.

Between Groups
Within Groups
Total
Tukey HSD homogeneous subsets
DLI
0.00
0.25
0.50
1.00
2.00
4.00
Sig.
Dracaena surculosa
Levene Statistic
1.669
ANOVA
Between Groups
Within Groups
Total
Tukey HSD homogeneous subsets
DLI
0.25
0.00
0.50
1.00
2.00
4.00
Sig.

125.968
37.555
163.523

5
18
23
Subset for alpha = 0.05
1
−2.5150
−0.8125
−0.1025

25.194
2.086

12.075

.000

2

3

N
4
4
4
4
4
4

df1
5
Sum of squares
1710.004
1013.903
2723.907
N
4
4
3
4
4
4

−0.1025
2.7700

.221

.101

df2
17
df
5
17
22
Subset for alpha = 0.05
1
−8.92
−8.76
−1.76
2.33
8.86

Sig.
.196
Mean square
342.001
59.641

.053

2.7700
3.2225
3.5625
.968

F
5.734

Sig.
.003

2

−1.76
2.33
8.86
13.84
.110

Values in grams.

A one-way (ANOVA) was also conducted to evaluate the null
hypothesis that there was no difference between net growth of D.
surculosa plants under all lighting conditions (N = 23). The independent variable, DLI, included six groups: 0.00 mol m−2 day−1
(Mean = −0.008760, SD = 0.003272, n = 4), 0.25 mol m−2 day−1
(Mean = −0.008920, SD = 0.003576, n = 4), 0.50 mol m−2 day−1
(Mean = −0.001760, SD = 0.007167, n = 3), 1.00 mol m−2 day−1
(Mean = 0.002330, SD = 0.009463, n = 4), 2.00 mol m−2 day−1 ,
(Mean = 0.008860, SD = 0.009575, n = 4) and 4.00 mol m−2 day−1
(Mean = 0.013840, SD = 0.009950, n = 4). The assumption of homogeneity of variances was tested and found tenable using Levene’s
Test, F (5, 17) = 1.67, p = .20. The ANOVA was signiﬁcant, F (5,
17) = 5.734, p = .003, eta-squared = 0.63. Thus, there was signiﬁcant
evidence to reject the null hypothesis and conclude that there was
a signiﬁcant difference between net plant growth and DLI levels.
Post hoc comparisons to evaluate pairwise differences among
group means were conducted with the use of Tukey HSD test since
equal variances were tenable. Results showed signiﬁcant pairwise
differences between mean net growth of plants under DLIs of (1)
0.00 mol m−2 day−1 , 0.25 mol m−2 day−1 , 0.50 mol m−2 day−1 ,
2.00 mol m−2 day−1 ,
p < .05
and
(2)
1.00 mol m−2 day−1 ,
0.50 mol m−2 day−1 , 1.00 mol m−2 day−1 , 2.00 mol m−2 day−1 ,
4.00 mol m−2 day−1 , p < .05.
Similar to P. erubescens, it was concluded that the LCP for D.
surculosa was between 0.50 mol m−2 day−1 to 1.00 mol m−2 day−1 .
4. Discussion
4.1. Impact of indoor greenery on ambient environment
Field measurement results did show any signiﬁcant inﬂuence
on ta and tmrt due to the presence of indoor greenery. In fact, temperature closer to the façade was notably higher due to increased

exposure to solar irradiance (Fig. 2). While many studies have
observed signiﬁcant reduction in temperature due to the presence of greenery, they tend to focus more on how plants placed
on the building exterior can reduce heat transmission into buildings [31–33]. Such studies often incorporate functions of shade
and plant evapotranspiration into their heat transfer model that
serve to lower overall thermal transfer value for the building surface [34–36]. In evaluating the thermal impact of indoor greenery,
shade and plant evapotranspiration may have played a less signiﬁcant role in this case study, as there was notably lesser direct
exposure to incident solar radiation for the plants. Although the
presence of plants may not have directly resulted in lower temperature, it is important to note that by having the large indoor green
space, a signiﬁcant buffer between the building façade and air conditioned ofﬁce space was established (Fig. 1). This has resulted in
considerable reductions in ta and tmrt and would have led to eventual savings in building cooling load. In addition, the presence of
indoor greenery has signiﬁcantly improved the aesthetic quality of
the building interior. Low [37] conducted a qualitative survey with
tenants from this building and noted the atrium with its extensive
greenery to be very well received and made the workplace environment more pleasant. Such feedback is consistent with reviewed
literature, which suggests that having greenery in the workplace
can have signiﬁcant psychological beneﬁts for its occupants [3]. The
extensive plant coverage (approximately 450 m2 ), which consisted
of plants such as D. surculosa, P. erubescens, Tradescantia zebrina and
Peperomia serpens ‘Variegata’ would also have served to improve air
quality within the indoor area [2].
One important consideration in the design and implementation
of indoor greenery is daylight availability. Manaker [38] noted that
the amount of natural light that enters a building is inﬂuenced by
factors such as building orientation, fenestration location, physical
obstructions such as adjacent buildings and glass shading coefﬁ-
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cient. Within the building, overall lighting exposure can be affected
by items such as furniture, curtains and surface ﬁnishes. In general,
supplementary lighting may not be required if plants situated in the
indoor environment are of high shade tolerance and have access to
sufﬁcient daylight. Measurements of PAR at 158 Cecil Street has
shown that the indoor greenery area receives signiﬁcant daylight
exposure throughout the day. This is mainly due to the fact that
a large portion of the façade is comprised of double-layered glass
panels and that the façade faces East with direct exposure to the
morning sun (Plan view of Fig. 1). Fig. 3b shows that in addition to
PAR provided by supplementary lighting, natural light accounted
for approximately 17% of total inbound PAR (shaded region). As
such, it may be argued that the intensity of supplementary lighting
may be reduced during the period when they are operational. This
would have led to signiﬁcant savings in lighting energy.
4.2. Impact of indoor greenery on light provision
Light provision is an important criteria for indoor landscaping. Supplementary lighting has to be provided for plants without
access to sufﬁcient natural light and this will inadvertently lead to
an increase in building energy consumption. Therefore, by determining the lighting requirement of plants to a high precision,
over-compensation of supplementary lighting can be minimised.
Currently, lighting requirements for common ornamental plants
tend to be loosely categorised into (1) full sun, (2) semi-shade and
(3) full shade plants [39]. Such classiﬁcations are useful for landscape practitioners and the average layperson, but do not provide
sufﬁcient information for plant lighting design. Using plant LCP as
a criterion for determining DLI in the supplementary lighting plan
provides a considerably higher degree of precision for planners to
design with, minimising lighting energy wastage.
In this study, lighting required by plants was assessed by deducing their LCPs via exposure to different DLI levels. Plant LCP was
determined by assessing overall dry mass, leaf growth and chlorophyll level. While dry mass is one commonly used indicator [40,41],
many studies have found that concurrent measurements of plant
functional attributes such as leaf length and chlorophyll level can
help to derive more deﬁnitive conclusions on plant growth [42,43].
Customised growth chambers were used to ascertain the
LCPs of P. erubescens and D. surculosa. Results from this study
showed that LCP for both plants fell between 0.50 mol m−2 day−1
to 1.00 mol m−2 day−1 , which is in the range of results observed
from reviewed literature [44]. In order to determine the exact
LCP of each plant species, further study using DLI levels ranging
from 0.50 mol m−2 day−1 to 1.00 mol m−2 day−1 in increments of
0.10 mol m−2 day−1 is recommended.
In the lighting assessment exercise commissioned by the owner
of 158 Cecil Street prior to construction, the minimum lighting
threshold was set to 1000 lx. An illuminance level of 1000 lx was
deemed to be equivalent to overcast sky conditions and deemed
suitable for full-shade plants. Using lux level as plant lighting
criteria raises a point of contention: luminous ﬂux is a photometric measure of light intensity perceived by the human eye
and does not fully account for radiation that plants require to
engage in photosynthesis [45]. Runkle and Bugbee [46] noted
that describing light intensity for greenery using lux may not be
appropriate for plant growth, as light spectra such as red and
blue which are more photosynthetically efﬁcient tend to appear
as dim to the human eye. Taking an illuminance of 1000 lx to
be equivalent to 18 mol m−2 s−1 [47], the resultant DLI incident on all plant covered surfaces in 158 Cecil Street would have
been 1.56 mol m2 day−1 . Through the growth chamber study, LCPs
of P. erubescens and D. surculosa were shown to be between
0.50 mol m−2 day−1 to 1.00 mol m−2 day−1 . Assuming actual LCP
values of the two plant species to be 1.00 mol m−2 day−1 , sup-

Fig. 7. Average electricity consumption for growth chamber study.

plementary lighting provided at 1.56 mol m−2 day−1 would have
resulted in an over-compensation of 0.56 mol m−2 day−1 . Hypothetically, up to one third of energy used to power the growth lights
may have been superﬂuous. Tan and Ismail [48] estimated 1000 lx
to be equivalent to 21 mol m−2 s−1 under sky conditions representative of the climate in Singapore, which suggests that actual
over-compensation of supplementary lighting may have been signiﬁcantly higher (0.81 mol m−2 day−1 ). In this study, only two out of
eight plant species used in the indoor greenery design were tested
for their LCP. In order to determine the overall DLI required for
the entire indoor greenery space, further study of the LCP for the
remaining six plant species is recommended.
Fig. 7 shows average monthly electricity consumption for all
growth chambers used in this study. It can be observed that electricity consumption had a positive linear relationship with DLI
level. In the planning of supplementary lighting for 158 Cecil Street,
103 ﬂoodlights and 53 ﬂuorescent lamps were installed as growth
lights. This would have inadvertently resulted in signiﬁcant electricity consumption. Barringer [49] noted that the cost of electricity
to power growth lights for plants will contributed signiﬁcantly to
its life cycle cost. In general, the cost of owning and maintaining indoor greenery is greater than that of outdoor greenery as
the latter normally does not require supplementary lighting. More
importantly, this may serve to discourage building owners from
installing greenery within their building premises.
One common cause of growth lighting over-compensation is
due to the lack of information available on lighting requirements
for shade tolerant ornamental plants. A review of existing literature suggests that research into plant lighting tend to be focused
on crops [50,51]. This is understandable, as plant growth has a
direct impact on crop yield (and eventually, revenue). However,
results of such studies are difﬁcult to be used directly for indoor
greenery design, as the type of growth lights used may be blue or
red in colour and unsuitable for ofﬁce conditions. Egea et al. [13]
noted that lighting for maximising crop yield is different from lighting for indoor greenery as the latter has the added requirement of
providing light that (1) has to give plants a perceived naturalistic
appearance by on-lookers, (2) avoid excessive plant growth in order
to minimise maintenance and (3) cover a wide spectrum so that a
large variety of plant species can be considered for use in the landscape design palette. As indoor greenery becomes more prevalent
in highly urbanised areas, further study into lighting requirements
for ornamental plants are recommended.
Results from this study have shown that supplementary lighting provided for the plants in 158 Cecil Street may have been
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signiﬁcantly over-compensated. More importantly, plant access to
daylighting was not considered in the initial supplementary lighting plan. This alone may further reduce supplementary lighting
provision. Measurements of PAR have shown that there was an
abundance of natural daylight available for plants during the earlier
part of the day. During this period, supplementary lighting may be
substantially reduced, saving even more energy.
This study has shown that in order to minimise growth light
over-compensation, a thorough survey of the site is recommended
for the purpose of ascertaining the potential for daylight access.
Thereafter, only plants that respond well to ambient lighting conditions onsite are deemed to be appropriate and can be selected
for the landscape design palette. Finally, supplementary lighting is
installed only for areas which do not have sufﬁcient daylight access
for adequate plant growth. In this manner, over-compensation of
artiﬁcial lighting may be minimised.
5. Conclusion
Although greenery can bring about numerous beneﬁts to the
urban environment, it is important to ensure that they do not
require excessive effort or cost for their maintenance. By adopting the proposed landscape design framework, building owners
can signiﬁcantly reduce the need for maintaining both plants and
lighting ﬁxtures.
The objective of this study was to quantify the impact of indoor
greenery on the ambient environment as well as its impact on
growth light provision.
Results show the importance of conducting a site survey prior
to installation. By utilising available daylight, supplementary lighting can be minimised. This study has also shown that lighting lux
level, which is essentially a standard of measurement used to determine perception of brightness for anthropogenic activity, is not an
adequate representation of plant lighting requirement. Instead, the
use of PAR and duration of exposure to determine the lighting level
of any given space is highly recommended. Results of this experiment can be used to determine minimum lighting levels needed
for plants, so as to optimise usage of artiﬁcial lighting. Adoption
of a proper landscape design framework can help improve indoor
landscape quality for facilities managers and building owners.
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[31] T. Šuklje, S. Medved, C. Arkar, On detailed thermal response modeling of
vertical greenery systems as cooling measure for buildings and cities in
summer conditions, Energy 115 (2016) 1055–1068, Part 1,
doi:http://dx.doi.org/10.1016/j.energy.2016.08.095.
[32] C.L. Tan, N.H. Wong, S.K. Jusuf, Effects of vertical greenery on mean radiant
temperature in the tropical urban environment, Landsc. Urban Plan. 127
(2014) 52–64, doi:http://dx.doi.org/10.1016/j.landurbplan.2014.04.005.
[33] N.H. Wong, A.Y.K. Tan, Y. Chen, K. Sekar, P.Y. Tan, D. Chan, N.C. Wong, Thermal
evaluation of vertical greenery systems for building walls, Build. Environ. 45
(3) (2010) 663–672.
[34] H. He, C.Y. Jim, Simulation of thermodynamic transmission in green roof
ecosystem, Ecol. Model. 221 (24) (2010) 2949–2958,
doi:http://dx.doi.org/10.1016/j.ecolmodel.2010.09.002.
[35] C.Y. Jim, H. He, Estimating heat ﬂux transmission of vertical greenery
ecosystem, Ecol. Eng. 37 (8) (2011) 1112–1122,
doi:http://dx.doi.org/10.1016/j.ecoleng.2011.02.005.
[36] N.H. Wong, A.Y.K. Tan, P.Y. Tan, N.C. Wong, Energy simulation of vertical
greenery systems, Energy Build. 41 (12) (2009) 1401–1408,
doi:http://dx.doi.org/10.1016/j.enbuild.2009.08.010.
[37] W. Low, Vertical Greenery Retroﬁts in Singapore, National University of
Singapore, Singapore, 2013, Dissertation.
[38] G.H. Manaker, Interior Plantscapes: Installation, Maintenance, and
Management, Prentice Hall, United States of America, 1996.
[39] C.M. Boo, S.Y.J. Chew, J.W.H. Yong, Plants in Tropical Cities, 1st ed., Uvaria
Tide, Singapore, 2014.
[40] P.S. Naik, J.M. Widholm, Comparison of tissue culture and whole plant
responses to salinity in potato, Plant Cell Tissue Organ Culture 33 (3) (1993)
273–280.

C.L. Tan et al. / Energy and Buildings 144 (2017) 207–217
[41] S. Takio, C. Akita, V.W. Ngumi, S. Takami, Photosynthetic ability in dark-grown
Reboulia hemisphaerica and Barbula unguiculata cells in suspension culture,
Plant Cell Rep. 8 (10) (1990) 575–578.
[42] Y.Y. Cho, S. Oh, M.M. Oh, J.E. Son, Estimation of individual leaf area, fresh
weight, and dry weight of hydroponically grown cucumbers (Cucumis sativus
L.) using leaf length, width, and SPAD value, Sci. Hortic. 111 (4) (2007)
330–334.
[43] L. Williams, T.E. Martinson, Nondestructive leaf area estimation of
‘Niagara’and ‘DeChaunac’grapevines, Sci. Hortic. 98 (4) (2003) 493–498.
[44] R. Pass, D. Hartley, Net photosynthesis of three foliage plants under low
irradiation levels [light compensation point, acclimatization, Brassaia
actinophylla, Nephrolepis exaltata, Epipremnum aureum], J. Am. Soc. Hortic.
Sci. 104 (1979) 745–748.
[45] ISO 23539, Photometry—The CIE System of Physical Photometry CIE S
010/E:2004 Standard, CIE Central Bureau, Vienna, 2005.
[46] E. Runkle, B. Bugbee, Problems with foot-candles, lux and lumens, Greenh.
Prod. News (2013) 78.

217

[47] K.J. McCree, Test of current deﬁnitions of photosynthetically active radiation
against leaf photosynthesis data, Agric. Meteorol. 10 (1972) 443–453.
[48] P.Y. Tan, M.R.B. Ismail, Photosynthetically active radiation and comparison of
methods for its estimation in equatorial Singapore, Theor. Appl. Climatol. 123
(3–4) (2016) 873–883.
[49] H.P. Barringer, A life cycle cost summary, in: Paper presented at the
International Conference on Maintenance Societies, Perth, Australia, May
2003.
[50] G.D. Goins, N. Yorio, M. Sanwo, C. Brown, Photomorphogenesis,
photosynthesis, and seed yield of wheat plants grown under red
light-emitting diodes (LEDs) with and without supplemental blue lighting, J.
Exp. Bot. 48 (7) (1997) 1407–1413.
[51] H.H. Kim, G.D. Goins, R.M. Wheeler, J.C. Sager, Stomatal conductance of
lettuce grown under or exposed to different light qualities, Ann. Bot. 94 (5)
(2004) 691–697.

