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Thermal and visual comfort are important for the health and productivity of occupants in office buildings. In this
paper, we present a simulation-aided approach in analyzing and optimizing lighting and thermal conditions in
building interiors, encompassing the modelling of the interior space in virtual facilities, ray-tracing simulations
for illumination prediction, and computational fluid dynamics/heat transport simulations for airflow and
ambient temperature predictions. This is carried out with the aim of optimizing visual-thermal comfort in an
indoor environment while adhering to comfort and safety guidelines. We demonstrate the methodology on a realworld case study on an office building in Singapore, improving lighting and thermal conditions greatly through
passive daylight fixtures and the reconfiguration of climate-control air supply vents within the office space. A
significant reduction of energy consumption was simultaneously achieved, amounting to >7% in lighting and
cooling expenditure. The presented methodology allows rapid iteration and evaluation over plausible designs in
enhancing indoor environmental quality and building energy performance, especially relevant when perfor
mance and sustainability goals have to be balanced.

1. Introduction
Office building occupants typically spend a minimum of 8 h daily in
indoor spaces for work purposes [1]. Consequent of such sustained
long-hour residence, the suitability of ambient thermal and visual con
ditions are vastly important, both for long-term workplace safety and
the physical comfort of occupants [2–6]. The relevance of ambient in
door conditions is further promoted by the large number of corporate
employees (typically > 200) occupying modern office blocks, presenting
a significant demographic should health and safety problems arise.
Existing literature have also indicated significant productivity re
ductions of 10% or more [7] when indoor environmental conditions are
sub-optimal for comfort, suggesting immediate organizational in
centives for remedying measures [8,9] on an economic basis alone.
The importance of visual-thermal comfort in workplaces has seen
numerous studies conducted on appropriate illumination and ambient

thermal conditions [10–14], and numerous case studies on real-world
environments [15–18], especially in modern-age green buildings. The
advancement of computational modelling and analysis tools has driven
increasing digitalization of the design and engineering process of
buildings and their interiors, oftentimes enabling more efficient evalu
ation of design merits and flaws. On the interdisciplinary frontier of
engineering and computer science, machine learning and evolutionary
algorithms have enabled new structural designs with enhanced prop
erties, and continue to support rapid engineering innovations [19–22]. It
is the goal of our study to apply computational tools in the context of
environmental control in building interiors.
In this study, we present a simulation-based approach in improving
lighting and thermal conditions within office buildings, trivially gener
alizable to residential and community blocks. The approach encom
passes the modelling of building interiors into virtual environments, on
which ray-tracing, computational fluid dynamics (CFD), and heat
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transport simulations are run to determine ambient illuminance, tem
perature, and airflow. Rapid evaluation against comfort and safety
guidelines, and optimization via the virtual installation of mitigation
measures or reconfiguration of infrastructural elements, is then made
possible. We demonstrate the methodology on a real-world case study of
an office block located in Singapore, experiencing warm-humid tropical
climate and significant sunshine throughout the year. With new high rise
buildings being built at a rapid pace, finding low-cost and efficient
methods to address lighting and thermal conditions will be a recurring
concern. The traditional solution is to install lighting fixtures to increase
luminosity indoors; to reduce room temperature in daylight, blinds are
installed to block the radiative heat from windows, which further de
creases luminosity and increases energy consumption. This runs counter
to what we propose here. Our proposal is to consider and demonstrate
the possibility of utilizing natural daylight, while reducing indoor
temperature. The plausible implementation of passive light installations
and the reconfiguration of climate-control elements within the office
space were assessed via simulations, and shown to be highly effective at
improving lighting and thermal conditions, at the same time yielding
significant reductions in building energy consumption.

will reflect off the horizontal surfaces and scatter into the indoor space
(Fig. 1(a)). The shape and angle of the reflective surface is tuned for an
even distribution of light, and when properly installed, light shelves can
significantly reduce the need for artificial lighting and therefore build
ing energy consumption. The shelves can also be designed to block
incoming daylight glare during early mornings and late evenings,
especially on east- and west-facing sides of office spaces.
Light shelves may be classified as internal or external, the former
mounted on the inward-facing side of windows within the indoor space,
and the latter mounted outside the building, overhanging the building
facade. Exterior light shelves are superior in their reflective and thermal
properties, for they can in general be designed larger than their internal
counterparts, and they will not radiate heat directly into the indoor
space, therefore reducing cooling loads within the building. This is,
however, at the expense of ease of maintenance and increased engi
neering difficulty, especially in weather-proofing the construct. As the
case-studied office in Singapore is located high above ground (above the
20th floor), maintenance considerations led to a preference of internal
shelves over external ones.
2.1.2. Daylight trough
An alternative method to introduce natural daylight into indoor
spaces is to guide incident light from the building exterior through
reflective light pipes to appropriate illuminating locations on the indoor
ceiling (Fig. 1(b))—the light pipe assembly is known as a daylight
trough. In typical implementations, an external glass inlet is installed
level with the building facade or otherwise in a position receiving heavy
solar irradiance, and a glass outlet is installed where lighting is desired,
potentially in direct replacement of artificial light fixtures, and an in
ternal duct connects the two. When appropriately utilized, daylight
troughs can reduce artificial lighting energy consumption by an esti
mated 20% in typical office buildings.
There are, however, important engineering considerations. Firstly,
the length of daylight troughs cannot be excessively long, for the in
ternal reflectance of the light transport duct is physically limited, and
light intensity will diminish as the duct length is increased. This there
fore poses an optimization problem in the utilization of daylight troughs,

2. Technical review
We first provide an overview of the key principles and engineering
considerations of thermal-visual conditions within office spaces. A broad
technical review is discussed, alongside a specific real-world application
to an office building as a case study. It is on this example that the pro
posed simulation-aided methodology is demonstrated in later sections
(Section 3).
2.1. Indoor lighting options
A substantial number of modern-day office buildings in Southeast
Asia extends more than 20 storeys in height. This presents excellent
opportunities to exploit natural lighting within indoor spaces, as the
height advantage minimizes daylight blockage from adjacent buildings.
In addition, Southeast Asian countries, such as Singapore [23] and
Malaysia, typically receive very significant solar irradiance (120 W =m2
monthly average) in the day, with little fluctuation on sunshine hours
and average intensity throughout the year [24,25]. These factors indi
cate exceeding suitability of introducing natural daylight as passive
illumination, which amongst yielding good colour temperature and
rendition to the human eye, may also aid in reducing building power
consumption in the day.
A further justification for natural daylight within office spaces lies in
convenience and maintenance considerations—passive illumination
does not require manual toggling by occupants, and require minimal
maintenance in comparison to powered counterparts, which necessitate
periodic bulb replacements. It is easily conceived, and indeed observed
in our case study, that building occupants may routinely forget to power
on ceiling lights in their offices when starting work. In these cases,
insufficient ambient lighting may culminate in eyestrain and general
discomfort, and visual impairment in the long-term, to the detriment of
the health of the occupants [3,4,26]. Passive fixtures do not pose such
problems. A combination of adequate natural lighting and good outdoor
views from office spaces has also been shown to improve physical and
psychological health, and reduce sick leave rates amongst workers [8,
27–31].
We therefore focus on the improvement of indoor lighting conditions
through passive means, via the conduit of natural daylight. This can be
accomplished through two methods—the implementation of light
shelves and daylight troughs [32–35].

Fig. 1. (a) Illustration of an internal light shelf, reflecting incident daylight
illumination deeper into the interior space. (b) Schematic of a daylight trough,
typically installed above false ceilings, with an external glass pane to receive
incident natural light from the exterior of a building, an internal reflective duct
to guide incident light, and an internal glass pane to project the transported
light into the interior space.

2.1.1. Light shelves
Light shelves are passive width-spanning architectural devices
installed at a suitable height near windows, such that incoming sunlight
2
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where ducting plans need to be as short as possible, and a balance needs
to struck between trough-enabled passive lighting and other illumina
tion sources, such that the intensity fall-off is appropriately compen
sated. Secondly, the indoor false ceiling height has to be sufficient to
accommodate the light transport duct, and ducting runs must be ar
ranged to avoid clashes with other components such as electrical ca
bling, plumbing, and air handling unit (AHU) conduits similarly sharing
the ceiling space. In the case-studied office building, ceiling plans are
such that the installation of daylight troughs is readily feasible.

Table 1
Summary of SS554 guidelines for thermal comfort within building
spaces [37].

In our case-study, original thermal conditions were sufficiently bad
for a calculated PPD score of 100% total dissatisfaction amongst all
occupants. The Green Mark for Existing Non-Residential Buildings guide
lines stipulated by the Building and Construction Authority (BCA) of
Singapore requires a PMV within the range of 0:5 to 0.5 with a PPD of
not more than 10% [42], and we therefore seek to meet these guidelines.
3. Simulation-aided methodology
The simulation-aided design methodology adopted consists of three
primary stages in each iteration—first, the modelling of the indoor space
into a virtual environment or otherwise the virtual implementation of
proposed mitigation measures, second, light transport simulations to
determine lighting conditions through the indoor space (Section 3.1),
and third, computational fluid dynamics (CFD) simulations with heat
transport to determine thermal conditions (Section 3.2). Steady-state
conditions are considered in all simulations. While the presented
methodology is demonstratively applied to an office building in
Singapore, the same can be utilized for other buildings to achieve the
same effect. In the current implementation, the office layout was
modelled in Sketchup and AutoCAD computer-aided design software,
based on floor plans for architectural and infrastructural elements and
on-site surveys for furniture and occupant seating arrangements. The
completed geometry of the modelled office is shown in Fig. 3 (a)–(c). In
general, modelling work can be done on general software through any
survey methodology, so long as accuracy is preserved.

2.3. Thermal metrics
Thermal comfort can be assessed through two primary metrics, the
predicted mean vote (PMV), and the predicted percentage dissatisfied
(PPD) [39–41]. The PMV predicts the mean response of building occu
pants based on the ASHRAE thermal sensation scale ranging from a
value of 3 to þ 3, corresponding to cold and hot relative to the comfort
optimum, and can be expressed through the empirical relation
5:7

24–26 � C
<65% (new buildings)
<70% (existing buildings)
0.1–0.3 m=s

velocity (m =s), and Tmrt is the mean radiant temperature (� C). The PPD,
on the other hand, predicts the proportion of occupants dissatisfied with
the specified thermal conditions, and is expressed via the empirical
relation
�
(2)
PPD ¼ 100 95exp
0:2179PMV2 0:3353PMV4

A multitude of existing studies have shown thermal conditions in
office spaces to be paramount to productivity and occupant welfare. For
instance, results by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) have found working performance
to diminish below 85% of optimal [7] when ambient air temperature is
not appropriately controlled (Fig. 2). Both too low and too high an
ambient temperature were revealed to negatively impact productivity.
The World Green Building Council have also reported working perfor
mance reductions of 6% or more when appropriate indoor thermal
conditions are not achieved [36].
Building thermal condition guidelines in Singapore are stipulated in
the Singapore Standards (SS) 554, as summarized in Table 1. A com
parable set of guidelines from the authority [38] stipulates a slightly
broader range of recommended thermal parameters, with an
acceptable air temperature range of approximately 22.5–25.5 � C and a
maximum air flow speed of 0.25 m =s. Among all factors that affect
thermal comfort, it is only feasible to have direct control of indoor
environmental parameters, namely operative temperature, relative hu
midity and air velocity—we therefore focus on these. Airflow rate and
patterns in typical interior spaces, inclusive of the office space in our
case study, are primarily controlled by supply air grilles (SAGs) and
return air grilles (RAGs), the former injecting fresh conditioned air, and
the latter removing stale heated air from the building premises.

1:5727u1=2 þ 0:0957Tmrt

Acceptable Limit (8 Hours)

Operative temperature
Relative humidity
Air movement

2.2. Indoor thermal control

PMV ¼ 0:2447T

Parameter

3.1. Lighting simulations

(1)

Daylight illumination simulations were carried out in Radiance IESVE based on the surveyed digital models of the office space, to evaluate
plausible solutions in enhancing illumination through passive light shelf
and daylight trough fixtures. The simulation suite utilizes ray-tracing
techniques to produce a physically accurate representation of light dis
tribution throughout the office space, and allows sky and weather con
ditions, geographical position of the simulated building, time of the day,
and material optical properties to be fully accounted for. Optical pa
rameters for the simulation are summarized in Table 2. The overcast sky
condition was used as a worst-case lighting scenario, and the two panes
of the double-glazed windows installed on the studied office building
were separately modelled for accuracy in light transport. These pa
rameters represent typical values in real-world materials, and are
consistent with those of the studied building.
The addition of light shelves into the office model is shown in Fig. 3
(d)–(e), illustrating the mounting positions and span of the various shelf
segments. The reflectance of the light shelve surface material was set to
be effectively 100%, representing a reasonable ideal case comparable to
metallic mirror surfaces, and the geometrical profile of the light shelves

where T is the dry-bulb air temperature (� C), u is the ambient airflow

Fig. 2. Trend of relative working performance against relative ambient tem
perature centered around the optimum Topt , adapted from ASHRAE Handbook
Fundamentals [7].
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Fig. 3. (a) A generic floor plan of the office building, illustrating the areas of interest; (b) solid rendering with details of slanted windows; (c) transparent schematic
of the digitally-modelled office layout; (d) integration of light shelves into the office model; (e) schematic of light shelf; (f) schematic of daylight trough.

was modelled to be approximately consistent with typical real-world
implementations. In particular, the expected standing height of occu
pants and available mounting positions suggest a segment dimension of
approximately 2:1m in height and 1:0m in width. A schematic of the
daylight trough is also shown in Fig. 3(f).

3.2. Thermal simulations
Computational fluid dynamics (CFD) simulations with heat transport
were run on ANSYS Fluent based on the virtual office space model to
determine air flow and ambient air temperature, with heat sources, heat
loss through architectural elements, and radiant heat flux from natural
and artificial illumination as computed from the lighting simulations
fully accounted for. This enables the baseline thermal conditions within
4
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Table 2
Optical parameters for lighting simulations.
Component

Reflectance

Visual Colour

Exterior walls
Interior walls
Internal partitions
Floor
Ceiling

0.60
0.80
0.80
0.25
0.90

Brown
Light brown
Light brown
Black
White

Windows

Transmittance

Visual Colour

External glazing
Internal glazing

0.80
0.90

Clear
Clear

Daylight Trough

Transmittance

Visual Colour

External glass
Internal glass
Internal duct

0.80
0.80
1.00

Clear
Clear
Clear

Others

Specifications

Operation hours
Sky conditions
Surroundings

8am–6pm
CIE overcast sky
No obstruction from adjacent buildings

where i 2 f1; 2; 3g, u is the air velocity and ui are its components, ρ is the
local air density, p is the local air pressure, U is the local air internal
energy, T is the local air temperature, Q_ is the incident heat flux, f is
externally applied volumetric force, τ is the stress tensor, and xi are the
Cartesian coordinate basis. Above, Eq. (3) and Eq. (4) can be interpreted
as the conservation of momentum and energy respectively. Meshing was
performed automatically by the software with sufficiently high resolu
tion to capture the geometric details of corners and sharp edges present
in the office space.
3.3. Constraints
In the process of optimizing visual and thermal conditions within the
office space, there are important limiting constraints that must be
complied with. One of these constraints concern the range of SAGs and
RAGs allowable within floor premises, so that the centralized cooling
system of the building is not overwhelmed by excessive imposed air
movement. Too large a number of SAGs, for instance, will draw too
much cooled air and set too high a cooling load. We have therefore
performed guiding calculations on the maximum feasible number of
SAGs placeable. Relevant parameters of the studied office space are
presented in Table 4. Partition walls were not considered as heat transfer
between different office sections is likely negligible, due to the relative
homogeneity of indoor ambient temperature in those sections of the
office space, and we have also assumed that heat flux from the airconditioned lift lobby immediately adjacent to the office space is
negligible for a simplistic estimate.
Utilizing the Hourly Analysis Program heating, ventilation, and air
conditioning (HVAC) system design software, supply and outdoorbound lost airflow estimates for such an office space were computed
to be Rsup ¼ 6532L=s and Rout ¼ 1056L=s respectively, and the return air
flow was therefore the difference at Rret ¼ 5476L=s. The lowest rec
ommended static pressure for the 200mm by 200mm air grille diffusers
installed is 33Pa—dropping below this recommended value will add
additional air circulation load on HVAC fans. The corresponding rec
ommended flow rate per air grille is r ¼ 120L=s, and the maximum

the studied office space to be accurately computed, and plausible
improvement measures to be assessed in a virtual setting.
An overview of key parameters for the CFD simulation is presented in
Table 3. Some of these parameters, such as the airflow speed and air
temperature at SAG and RAG openings, were characterized empirically
during on-site surveys of the studied office space. Non-characterized
parameters were set at reasonable values consistent with real-world
expectations.
To sufficiently model potential turbulent airflow within the indoor
space, especially around furniture and heat sources where air currents
are irregular in velocity, the k–ε turbulence model [43] was employed in
the CFD simulations. A finite volume method was utilized to obtain
numerical solutions. In such an implementation, the system of equations
can be expressed [44].

∂t ðρui Þ þ r⋅ðρui uÞ ¼ ∂xi p þ

3
X

(3)

∂xj τji þ ρfi

j¼1

� �

� �

∂t ρU þ ρu2 2 þ r⋅ ρU þ ρu2 2 u ¼ ρQ_ þ kr2 T

3
X

∂xi ðui pÞ þ

i¼1

3 X
3
X
i¼1

�

j¼1

number of SAGs and RAGs were therefore estimated to be
NSAG ¼ Rsup =r � 54 and NRAG ¼ Rret =r � 46 respectively.

Table 3
Parameters for the computational fluid dynamics/heat
transport simulations. Symbols uair and Tair represent air
speed and air temperature at the grille surface, their pre
sented values determined through empirical measurements
performed at an on-site survey. Symbols Tsur and Psur
represent surface temperature and surface thermal power
density respectively, and are taken to be consistent with
typical values in the real-world.
Installation

Attributes

SAG Injected Air

uair ¼ 0:25m=s

4. Results & discussion
In this section we detail lighting and thermal simulation results,
Table 4
Relevant parameters for determining the range of allowable SAGs within office
floor premises. Air volume requirement for building occupants is taken to be
consistent with the Singapore Standard (SS) 530 [45].

Tair ¼ 14� C

RAG Egested Air
Light Fixtures

uair ¼ 0:10m=s
Tair ¼ 30� C

Tsur ¼ 40� C

Printers

Tsur ¼ 70� C

Computers

Tsur ¼ 56� C

Occupants

Psur ¼ 62W=m2

(4)

∂xi uj τij þ ρf⋅u

5

Parameter

Value

Total floor area

937:90m2

Number of building occupants
Fresh air requirement

192
5:5L =s=person

Total office lighting wattage

32W � 420 ¼ 13400W

Total electrical wattage

200W � 192 ¼ 38400W

Overall U-value of windows

5:6W =ðm2 ⋅KÞ

Overall shade coefficient

0.87
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Fig. 4. Baseline natural illumination simulation results, evaluated against (a) the sDA300/50% standard and (b) the useful daylight illuminance (UDI) [46] standard
at 3000lx to assess compliance with minimum and maximum glare-free illumination levels respectively. (c) Thermal simulation results, showing ambient temperature
across the office space. Results reveal insufficient illuminance across the majority of office area, and unacceptable heat for occupants near the windows.

starting with baseline results on the office space without improvement
measures in Section 4.1, followed by improved conditions in Sections
4.2 and 4.3, and energy consumption estimates in Section 4.4.

Furthermore, CFD and heat transport simulations reveal similarly
unsatisfactory thermal conditions within the studied office space (Fig. 4
(c)). In particular, ambient temperatures are extremely hot (> 30� C) for
occupants seating near the windows, and significant temperature vari
ations throughout the office space also yields regions of cold ambient
temperature that are sub-optimal. The PPD score of the office space was
computed to be 100%, indicating dissatisfaction amongst virtually all
occupants, and PMV was similarly unacceptable at approximately 4.02.
The installation of passive light fixtures in the form of light shelves
and daylight troughs is a plausible solution to the insufficient lighting in
the office space, and by redistributing incident solar irradiance more
evenly throughout the floor area, can also reduce temperatures near the
windows and suppress the observed hot-cold temperature variations.
Furthermore, the re-positioning of existing SAGs and RAGs, and the
introduction of new ones at strategic locations, can aid in achieving
reasonable thermal comfort levels, especially for the hot window-facing

4.1. Baseline visual-thermal conditions
Lighting simulations conducted on the modelled office space without
improvement measures revealed poor natural lighting conditions (Fig. 4
(a)–(b)), with a large majority of floor space failing a spatial daylight
autonomy sDA300/50% analysis [47], measuring indoor positions at
which illumination levels exceed 300lx more than 50% of the time. The
chosen 300lx minimum lighting threshold is consistent with the SS531
guidelines [48] for indoor office spaces. Only 12.83% of the office space
area satisfy minimum illumination requirements, amounting to
approximately 147 m2 out of a total area of 1143 m2 . The office space
can be considered almost entirely unusable without artificial lighting.
6
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Fig. 5. Comparison between (a) baseline natural daylight illumination levels without improvement measures and (b) natural daylight illumination levels with light
shelves installed, as seen through virtual reality (VR) goggles. Isolines of different illumination levels are drawn.

regions. The simulation process allows quick iteration over possible
configurations, and can be accelerated further by automated parameter
sweeps and optimization algorithms; we do not detail the iteration
process for brevity. The best solution configuration found through this
simulational approach is presented in the following subsections.

lighting level of 300lx, daylight-only lighting conditions remain largely
unsatisfactory (approximately 50lx average throughout the room) even
with the addition of light shelves, and it is therefore clear that light
shelves alone is not a viable solution, and otherwise must be com
plemented with daylight troughs or artificial lighting to achieve
acceptable illumination. The unsatisfactory performance of light shelves
in the studied office is attributed to the pitch angles of the interior walls,
which are not conducive for distributing incident illumination from the
windows and light shelves.
With daylight troughs incorporated instead, the natural lighting
conditions within the office space are greatly improved (Fig. 6), with an
approximate 20% increase of office area with acceptable lighting levels
as evaluated against the sDA300/50% threshold. This implies that

4.2. Improved lighting conditions
Lighting simulation results with light shelves installed are presented
in Fig. 5, revealing that the light shelves can direct incident natural
daylight to achieve an estimated 10% increase of illumination in the
deepest regions of the office, in an ideal case without light blockage from
furniture and equipment in the office space. With a minimum allowable

Fig. 6. Natural daylight simulation results after the virtual installation of daylight troughs, evaluated against (a) the sDA300/50% standard and (b) the UDI 3000lx
threshold to assess compliance with minimum and maximum glare-free illumination levels respectively.
7
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Fig. 7. Optimized placements of (a) SAGs and (b) RAGs, highlighted in red in the respective schematics. (c) Thermal simulation results after the repositioning of
SAGs and RAGs and the virtual installation of daylight troughs, showing vastly improved thermal conditions for occupant seats near the windows, and suppressed
indoor temperature variations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Office energy consumption break-down by month. Baseline figures were determined via an on-site survey; energy consumption figures after the implementation of
lighting and thermal improvement measures were computed from simulation results. L/C represents the subtotal energy consumption contribution from artificial
lighting and central building HVAC.
Month

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Annual

Elec. Equip. (kWh)

26273
23808
26373
25552
26273
25552
26373
26273
25651
26273
25452
26473
310326

Baseline

After Improvement

Percentage Reduction

Lighting

Cooling

L/C

Total

Lighting

Cooling

L/C

Total

Cooling

L/C

Total

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

(%)

(%)

(%)

9196
8333
9231
8943
9196
8943
9231
9196
8978
9196
8908
9266
108617

80272
75372
84010
81285
86913
81966
84011
82763
78809
81424
75569
79395
971789

89468
83705
93241
90228
96109
90909
93242
91959
87787
90620
84477
88661
1080406

115741
107513
119614
115780
122382
116461
119615
118232
113438
116893
109929
115134
1390732

6043
5476
6066
5877
6043
5877
6066
6043
5900
6043
5854
6089
71377

76903
72335
80599
77983
83522
78678
80615
79382
75516
78035
72260
75982
931810

82946
77811
86665
83860
89565
84555
86681
85425
81416
84078
78114
82071
1003187

109219
101619
113038
109412
115838
110107
113054
111698
107067
110351
103566
108544
1313513

4.20
4.03
4.06
4.06
3.90
4.01
4.04
4.09
4.18
4.16
4.38
4.30
4.11

7.29
7.04
7.05
7.06
6.81
6.99
7.04
7.11
7.26
7.22
7.53
7.43
7.15

5.63
5.48
5.50
5.50
5.35
5.46
5.49
5.53
5.62
5.60
5.79
5.72
5.55

building occupants can potentially power down an estimated 34.3% of
artificial lighting during the day and rely entirely on natural daylight,
both entering through the windows and guided by the daylight troughs,
for illumination. A significant reduction of building energy consumption
is therefore expected to be possible (further explored in Section 4.4). The
improved illumination does not exceed the useful daylight illuminance
(UDI) [46] threshold of 3000lx, and is thus fully expected to not cause
glares. Repeated simulations with various sunny sky conditions likewise
indicate glare-free illumination levels.

The simulation results show great improvements in ambient tem
perature, with a very significant reduction of hot spots, especially in
regions near the windows. Temperature variation in the deeper regions
of the office space is also suppressed, a result of a more even distribution
of radiant heat flux courtesy of the passive light fixtures, and an opti
mized airflow pattern from the re-positioned SAGs and RAGs. With this
improved arrangement, approximately 90% of building occupants may
enjoy optimal thermal comfort as evaluated against the SS554 guide
lines (Table 1) with a mean temperature of approximately 24 � C. The
PPD metric has greatly decreased from the original 100% to 16.4%,
much closer to the BCA Green Mark objective of 10% (Section 2.2), and
the PMV metric has similarly improved from the original 4.02 to 0.61.
Further improvements in occupant satisfaction with thermal conditions
can be achieved by a re-arrangement of seating positions to avoid known
hot and cold regions, but this is beyond the scope of the current study.

4.3. Improved thermal conditions
The placement of SAGs and RAGs throughout the office space was
iteratively adjusted and assessed through simulations, so as to find an
improved solution that provides acceptable thermal comfort whilst
maintaining acceptable cooling load on the central building HVAC sys
tem. The best-known arrangement of SAGs and RAGs is presented in
Fig. 7(a)–(b), with the corresponding temperature heatmap presented in
Fig. 7(c). It is notable that distances between adjacent SAGs and RAGs
cannot be too small or large, as the former will result in short-circuited
direct RAG-SAG airflow and therefore poor air circulation in the office
space, and the latter will require high air velocities and pressure dif
ferences to drive air exchange.

4.4. Energy consumption reductions
Further computation using the Hourly Analysis Program reveals a
potential lighting energy usage decrease of 37240 kWh =year as a result
of the implementation of passive light fixtures, corresponding to an
annual operation cost savings of approximately $9615 (SGD) based on
the electricity tariff of Singapore in the period of 1 January to 31 March
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