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Abstract As a developed and densely populated city, Singapore proves to be a vul-
nerable victim of the effects of climate change. With Singapore heating up twice as
fast as the rest of the world, it is highly important that factors contributing to it are
identified and analysed to curb this issue and protect the well-being of the popu-
lation and the environment. Firstly, with the many infrastructures that dot the city,
Singapore falls prey to the urban heat island (UHI) effect. Secondly, with the use of
air-conditioning accounting for 25% of the residential electrical consumption, cool-
ing is still one of the largest energy demands for households and buildings. Hence,
to obtain a better view as to how these factors come into play, thermal analysis of
infrastructurewas conducted. Thiswas then coupledwith simulations and analyses of
thermal data of the flow of air around heated air-conditioning compressors. Results of
these investigations revealed differences in temperature of the building with changes
in altitude and also the pivotal role that the placements of air-conditioning compres-
sors play in the dispersion of heat around compressors that are concurrently in use
across multiple floors. This is crucial to investigate as this might affect the electrical
consumption and electricity bills of households. This study also holds significance
as it gives rise to a phenomenon known as the urban stack effect where temperature
increases with increasing altitude due to the formation of a heat vortex. Moreover,
with most modern infrastructures having a similar layout to the building studied in
this investigation, this also allows for future studies to be conducted on the design
of infrastructures that contribute towards the lessening of the UHI effect.
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13.1 Introduction

According to the Singapore Climate Research Centre, the city-state is heating up at
a rate of 0.25 ◦C per decade with an average temperature increase of 1 ◦C since the
1950s [1, 2]. Climate research experts also believe that at the rate at which tempera-
tures are rising, Singapore’s daily maximum temperature could also reach up to 37–
38 ◦C [3]. Coupled with the high humidity levels Singapore faces daily, Singaporeans
are in danger of a myriad of health risks such as elevated heat stress, dehydration
in the near future. This has led to a high level of importance and essentiality being
channelled towards investigating ways in which such rises in temperatures can be
countered. Hence, research is currently being done to understand the key contributors
to such elevated temperatures and high rates of heating experienced in Singapore.
Such research reveals one key factor that is bound to be one of the primary reasons
for these elevated temperatures in densely populated tropical cities. This factor is the
presence of the urban heat island (UHI) effect [4].

The UHI effect can be described as an effect that results in urban areas being
significantly warmer than the rural areas. This difference is due to one of the funda-
mental characteristics that differ between urban and rural areas—contrast in build-
ing density. As the population in urban areas is significantly higher than that in
rural areas, consequently, the building density in urban regions will be significantly
higher as compared to the rural parts. Such infrastructural differences in urban areas
as compared to rural areas give rise to the UHI effect. In Singapore, the key defining
infrastructure of urban areas is the dense housing infrastructure. Demographic data
report the presence of more than 1.37 million households with up to 80% of Sin-
gaporeans living in high-rise buildings (HRBs) such as public housing buildings or
condominiums [5].

Consequently, a key contributor to the rapid heating of Singapore is the infrastruc-
ture of high-rise buildings.Withmore than 4.5million inhabitants living inHRBs [6],
they are the most common housing infrastructures in Singapore. This makes them a
substantial contributor to the perpetuation of the UHI effect in Singapore. Analyses
of the infrastructure and thermoregulation of HRBs will provide for effective identi-
fication of factors of HRBs that possibly contribute to the heating of the surrounding
atmosphere. Hence, our study aims at analysing trends in the thermal signature of
HRBs and infrastructural properties that affect heat absorption and temperature of
the surface of HRBs. This will then allow us to gain an understanding of the heat
flow of a HRB and the role it plays in the current urban warming issue. Such an
understanding would further pave the path to finding the most suitable design of a
HRB to combat the UHI effect that affects Singapore’s weather to date.

This study focuses on one of the most crucial factors affecting the heating up
of surroundings: air-conditioning units; more precisely, the compressors found on
the exterior of the building. With the usage of air-conditioning units contributing to
more than a quarter of the residential electrical consumption in Singapore, studying
the changes in temperature of HRBs due to the use of air-conditioning units proves
to be an integral part of our overall analysis of the heat flow of the building. In
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particular, our study aims to focus on the prevalence of the stack effect primarily
due to the vertically stacked air-conditioning units. This stack effect refers to the
effect a compressor has on the region above it in terms of temperature. The stack
effect occurs due to the primary nature of hot air rising, which in this scenario is
due to the hot air blown out of a compressor, as well as the surrounding air that
gains heat from a compressor and rises. The significance of such a study is that
firstly, analysing thermal images of the building would allow for detailed studies
to be conducted regarding the design of buildings and the thermal flow within the
building. Moreover, given that buildings are key contributors to the high rate of
urban warming of Singapore, such a study also provides insight into infrastructural
designs that can reduce the urban heat island effect. Finally, by understanding how
heat flows within a building also opens up possibilities towards obtaining crucial
information regarding possible economic disadvantages residents may face. Our
study hypothesises that as a consequence of the stack effect, the rise of air heated
by the compressors will result in the surrounding atmosphere of the air-conditioning
compressors being progressively hotter with rising altitude. Such phenomena might
also have an impact on varying indoor thermal comfort of apartments in a building.

13.2 Methodology

13.2.1 Case Study Object: A Condominium in Clementi

The measurements were conducted aiming at a condominium in Singapore, a high-
rise development that was completed in 2019. The analysed buildings are 40-storey
twin towers, each with 6–7 housing units per floor, with a total height of 129.5m.
The air-conditioning compressors of the corner units are found at the tails of the
H-shaped towers. Meanwhile, the air-conditioning compressors of the centre units
are found flush, in between the balconies.

13.2.2 Recreation of the Building in Simulation

Numerous studies involving the thermal analysis of infrastructures have made use
of simulations to vividly identify and analyse the thermal flow of the building on a
more descriptive and dynamic scale [7]. Hence, this investigation also adopts such a
technique. Using real dimensions of the air-conditioning ledge and air-conditioning
compressors,wemodelled the air-conditioning ledge in a computational fluid dynam-
ics (CFD) simulation using COMSOL Multiphysics. Such a simulation allowed for
effective viewing of the air and thermal flow of the environment surrounding the
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air-conditioning ledge. Hence, this model was then used to simulate and investi-
gate various scenarios of heat convection of running air-conditioning compressors
to observe the thermal flow of the surrounding environment in such scenarios.

13.2.3 FLIR Camera Deployment and Measurement Setup

Analysis of thermoregulation of high-rise buildings can be effectively carried out
through thermal imaging. To do so, this studymade use of a forward-looking infrared
(FLIR) camera. The FLIR camera can effectively and accurately capture temperature
data of structures more than a kilometre away. In our case, the FLIR camera was set
up on a high-rise building situated 400m away. Infrared radiation that is captured
through the camera is then digitalised and collated to form a thermal image of the
object that is being captured, and in this scenario, the condominium building. For
our study, the FLIR camera was placed for a few hours at a location that captures a
major part of the building that is studied. This setup allows the thermal imaging of
the façade of the building.

The thermal images capturedwere then analysed using a customdevelopedPython
program that can display the temperature distribution in the exterior of the building as
a colour map, thus allowing for a preliminary visual distinction of hotter and cooler
regions of the building as seen in Fig. 13.1. The functionality of a FLIR camera is
that every image captured by this device has a thermal signature on each of its pixels.
This program can then extract temperature data stored in each pixel of the thermal
image captured, which allows for extensive study of the overall heat flow of the
infrastructure.

The measurements were largely taken during clear weather. The measurements
were carried out for a total duration of 7h from 5 in the evening till midnight over a
span of a few days.

Fig. 13.1 Image on the left is captured by a thermal camera and the image on the right is captured
by a conventional camera
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13.2.4 Privacy Protections

Given the nature of our observational and measurement platform, it is of highest
importance to ensure appropriate privacy protections for inhabitants of the HRB.
The images that were taken for the subsequent analyses of thermal data were strictly
limited in pixel resolution so that building interiors cannot be seen, thus abiding by
the respective privacy restrictions. Moreover, no personally identifiable information
was collected in the process [8].

13.2.5 Flow Diagram of Code Used for Data Analysis

As depicted in the flow diagram in Fig. 13.2, thermal images captured by the FLIR
camera were the source of thermal data used for analysis. After running it through
a series of programs written using the Python programming language, we obtain
the thermal signature and profile of the image captured. The robust design of the
program allows for modifications to be readily made to the code to achieve a myriad
of functions, such as extraction and comparison of thermal signature [9] of various
points, visual discernments of thermal flow of the infrastructure [10], andmanymore
functionalities, which allows us to engage in a holistic analysis of the thermal data
at hand.

Fig. 13.2 Flow diagram of our python code
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13.3 Simulations and Thermal Analysis of the Stack Effect

Our study investigates the concept of stack effect present in air-conditioning unit
compressors. The stack effect [11] is a phenomenon that occurs primarily due to the
nature of hot air rising because of its lower density. When an air-conditioning unit is
in use, hot air, that gets heated due to the heat absorbed by the refrigerant, is blown
out of a compressor. Air surrounding the compressor also gains this heat, and hence,
resulting in an upward-rising mass of air. When this hot air rises and dissipates, it
forms a vertical buoyancy-driven airflow [12]. This hot air might then get sucked into
another compressor on a higher floor, causing a more shallow thermal conduction
gradient between the compressor and the air which would result in even hotter air
surrounding the compressor, longer cooling downtime, and higher electricity bill.
With a higher number of floors [13] and extended utilisation of air-conditioning as
a result of working from home during the recent period, the stack effect becomes
increasingly significant. The cumulative effect of all the hot air that rises after gaining
heat from the compressors leads to an increase in the temperature of the surrounding
airwith an increase in altitude. The significance of such an analysiswasmadepossible
through the insight obtained on the thermal flow of HRBs and the overall impact
HRBs may have on the climate. This is because with the usage of air-conditioning
units being significantly high among the Singapore resident population, possible
accumulation and release of heat through the stack effect eventually could have
drastic impacts on the globalwarming situation in and thermal signature of Singapore.
Our investigation of stack effect comprises of two main aspects—conducting CFD
simulations and analysing real-world data collected.

13.3.1 Simulations

Thefirst study employs the use of computational fluid dynamics (CDF) simulations of
the air-conditioning unit compressor stack located on the exterior of the condominium
building.

Using a realistic model of the air-conditioning ledge, we simulated the heat flow
from the compressor to the surrounding air as seen in Fig. 13.3. The red part indicates
the heated compressor with a column of warm air above it. The result from the
simulation establishes a firm physics grounding for our theory of vertical buoyancy-
driven flow of hot air. Thus, we proceeded ahead to model a stack of such air-
conditioning ledge similar to the ones found in the condominium building and ran
simulations to find out the temperature and velocity of the surrounding air.

Through simulations of temperature and velocity distributions in Figs. 13.4, 13.5,
13.6 and 13.7, we note that there is significant air and heat flow in the upwards
direction from the air-conditioning compressors. As explained by the stack effect,
hot air that was surrounding the hotspot, which is the air-conditioning compressor,
rises. Moreover, it is worth noting that the velocity of the air rising from the air-
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Fig. 13.3 Replication of the air-conditioning ledge of the condominium building in the simulation

Fig. 13.4 Snapshots of the simulated temperature (in K) of the air surrounding the air-conditioning
compressors across 2 floors
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Fig. 13.5 Snapshots of the simulated temperature (in K) of the air surrounding the air-conditioning
compressors across 3 floors

Fig. 13.6 Snapshots of the simulated velocity (in m/s) of the air surrounding the air-conditioning
compressors across 2 floors

conditioning compressor on the higher levels is significantly higher than that of the
level below it. As the hot air rises, it gains heat from the compressors above causing
it to heat up further, resulting in a vortex of air which gains velocity coupled with
heat as it rises, thus proving the existence of the stack effect.
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Fig. 13.7 Snapshots of the simulated velocity (in m/s) of the air surrounding the air-conditioning
compressors across 3 floors

13.3.2 Analysis of Real-World Thermal Data

The second study analyses the temperature data of air-conditioning unit compressors
found on the exterior of the condominium building. Using the Python program we
designed, we analysed the thermal images to calculate the average temperature [15]
of each of the air-conditioning compressors in the buildings. We then generated box-
plots of the temperatures obtained for each level and matched these boxplots with
their respective levels to display any trend in the temperature of compressors with
increasing altitude, if any. A significant increase in the temperature of compressors
with increasing altitude would indicate the prevalence of the stack effect.

In contrast to the expected results of a rising trend in the temperature as the altitude
rises, Fig. 13.8 shows a decreasing trend in the recorded temperature with an increase
in altitude, highlighting a possible absence or insignificant level of stack effect being
present in this building.

Despite this overall observational absence of stack effect, after zooming in on
each of the thermal images obtained, it was observed that on many occasions, there
is indeed a stack effect being present, but only on themicro-scale.As seen in Fig. 13.9,
there are two regions of the hotspot which show a running air-conditioning compres-
sor and the temperature of the air above the air-conditioning compressor on the higher
level is warmer than that of the lower year, thus indicating the presence of this effect
in the micro-scale. CFD simulations of a functioning air-conditioning compressors
substantiate this presence of stack effect on a micro-scale and the absence of it on a
macro-scale.
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Fig. 13.8 Graph of
temperature against
compressors at the respective
levels

As seen in Figs. 13.9 and 13.10 and the images of the building, each air-
conditioning compressor is placed on a ledge. This ledge, which is made of concrete
and has a thickness of about 15cm, proves to be a crucial factor contributing to the
absence of the stack effect. This behaviour is because, as seen in the simulations, the
hot air from the exhaust of the air-conditioning compressor rises and encounters the
ledge above. Once the hot air encounters the ledge, the air’s velocity decreases, as
the ledge serves as an obstruction of the vertical buoyancy-driven airflow.

Moreover, wind speed and direction due to the location’s proximity to the coast
and unpredictable weather patterns could have accelerated the rate of heat loss and
dispersion of the hot air. Thus, contrary to the theory, such accumulation of heat
through the rise of hot air and the stack effect is less significant. Additionally, the
results obtained show the success of the strategic positioning of the air-conditioning
unit compressors at the ends of the many HRBs constructed in Singapore allow for
larger channels for heated air to escape through as well as higher exposure to wind,
thus curbing the stack and consequently the UHI effect.

13.4 Conclusion

From the results obtained, it can be determined that in HRBs that follow the design of
the studied condominium building, the stack effect is less prevalent with the results
obtained, highlighting the converse of the hypothesised consequences had there been
a prevalent stacking effect, in the building under study. Through extensive mod-
elling of the air-conditioning units in the CFD simulations and analysing real-world
thermal data of the building, it was concluded that the ledge present beneath each
air-conditioning compressor obstructs the vertical buoyancy-driven airflow, hence
preventing the primary contributor to the macro-scale stack effect phenomena, while
also providing a significant level of insulation. As a result, the hot air cannot rise in
purely vertical manner and is instead dispersed in other directions. This dispersion
of the hot air released from every air-conditioning unit allows for it the inflow of
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Fig. 13.9 A progressive
zoom in of the snapshot of
the colour-mapped thermal
image

cooler air into the air-conditioning compressors located above. This, coupled with
the phenomenon of temperature decreasing with increasing altitude due to several
weather-based factors that accelerate the heat loss by allowing dispersion of hot air,
caused a decreasing trend in the temperature of compressors.

Such an analysis reveals that one of the key infrastructural designs and properties
that contribute towards the drastic reduction of the stack effect is the presence of
various forms of insulation such as the ledges present beneath the air-conditioning
compressors located on the exterior of the building. Hence, this investigation shows
that placing compressors at an optimal vertical spacing from each other with barriers
separating them allows for the reduction of the consequent urban stack effect which
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Fig. 13.10 A snapshot of
the simulated velocity that
shows micro-scale stack
effect

would allow for an even, dispersive thermal flow within the building and the sur-
rounding environment, henceforth mitigating the UHI effect and reducing the overall
heating up of the city-state.

13.5 Possible Application and Future Work

For a thermal analysis that provides a more complete view, diverse types of infras-
tructures with varying designs can be examined and analysed to compare the stack
effects present in different infrastructural designs. This study currently focuses on
only one building due to the COVID-19 pandemic circumstances and restrictions,
which during the experiments did not allow a more comprehensive survey. How-
ever, in the future, analysing a wider variety of buildings [16], with diverse design
aspects that may affect the thermal flow within the building, would allow for a more
exhaustive view of the optimal designs that mitigates the UHI effect and the heating
of the environment. Analysis can also be done by considering other factors such as
the façade colour, material, type, and placement of buildings, which could be also
obtained from other sources such as street view imagery [17], and which would
account for a greater number of factors that could possibly contribute to the UHI
effect. Another plausible factor that could be incorporated into our analysis is elec-
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trical consumption data and electricity bills of the buildings under study, as these data
would allow for a concrete analysis as to how significant the stack effect and other
UHI effects are on the electrical consumption of residents living in such buildings.

The framework used in this study is to investigate the urban stack effect could
also prove to be valuable in studies conducted on other environmental effects. For
instance, this investigation has analysed the process and functionality of the urban
stack effect through vivid and dynamic simulations that can accurately track air and
thermal flow. Following this direction, insight was also obtained regarding a possible
design—the presence of a ledge—that can be employed to ensure the reduction of this
effect. The thermal imaging analysis conducted on the vertical thermal flow along
the air-conditioning compressor column of the building also opens up opportunities
for in-depth analysis to be done on the placements of air-conditioning compressors
as well. This can be done to understand the best possible positioning of compressors
to ensure the least effect on the surrounding environment. By obtaining such insight
and opportunities for analysis, further research can be done in this area following a
similar investigation framework to identify the most optimal infrastructural designs
that can reduce the UHI effect that buildings have on the surrounding environment.
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