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The  use of  air-conditioning,  the  largest  energy  demand  for  buildings  in  the tropics,  is  increasing  as  regional
population  and  affluence  grow.  The  majority  of  installed  systems  are split  type air-conditioners.  While
the  performance  of  new  equipment  is much  better,  the  influence  of  the  microclimate  where the  condens-
ing  units  are  installed  is often  overlooked.  Several  studies  have  used  CFD  simulations  to  analyse  the  stack
effect,  a  buoyancy-driven  airflow  induced  by  heat  rejected  from  condensing  units.  This  leads  to  higher
on-coil  temperatures,  deteriorating  the  performance  of the  air-conditioners.  We  present  the  first  field
measurements  from  a 24-storey  building  in Singapore.  A network  of  wireless  temperature  sensors  mea-
sured  the  temperature  around  the  stack  of  condensing  units.  We  found  that  the  temperatures  in  the  void
space  increased  continuously  along  the  height  of  the building  by 10–13 ◦C, showing  a significant  stack
effect  from  the  rejected  heat  from  condensing  units. We  also  found  that  hot  air gets  stuck  behind  louvres,

◦ ◦
igh-rise buildings
emperature rise
ield  measurements
ondensing unit

built  as aesthetic  barriers,  which  increases  the temperature  another  9 C. Temperatures  of  around  50 C
at  the inlet  of  the  condensing  units  for floors  10 and  above  are  the  combined  result,  reducing  the  unit  effi-
ciency  by  32% compared  to  the  undisturbed  design  case.  This  significant  effect  is  completely  neglected
in  building  design  and  performance  evaluation,  and only  with  an integrated  design  process  can  truly
efficient  solutions  be realised.
. Introduction and background

While we researchers strive to increase energy efficiency and
educe greenhouse gas emissions from building operation, soci-
ty continues to increases its expectation of the built environment.
ust as European societies moved away from fireplaces and ovens
s central heating technology became available, now developing

ountries expect more and more air conditioning. This is especially
rue in the rapidly growing market for individual split type or win-
ow type air-conditioning units, which ever more people are gain-
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ing access to in the developing world and large population centres
in the tropics. If we  are to address conglomerate growth of energy
demand we  must address the large-scale design and installation of
these small system. The unchecked installation of split units has
had a dramatic effect on faç ade aesthetic and form in places like
Singapore, and the heat rejected by these systems is also largely
unaddressed. We  present for the first time experimental findings
on the impact on local temperatures of the heat rejected from split
units installed throughout a 24 story building in Singapore. Our
results uncover a major influence on the temperatures adjacent to
the building that will affect both comfort and the expected perfor-
mance of the system, significantly lowering the efficiency of the
air-conditioning equipment and degrading the comfort.

This  reduced performance erodes away successes in increased
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efficiency in buildings, which must be broadly addressed because
the energy used to create, operate and deconstruct buildings is
a major anthropogenic contributor to greenhouse gas emissions
and thus climate change. 76% of the total electricity consumption
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of pollutants, it was used to test CFD models to study the stack
ig. 1. Typical installation of split unit condensers in a crowded and hidden location.

n the US is used for buildings [1]. Due to their static nature and
uch untapped improvement potentials, buildings also represent

 major opportunity for the reduction of further emissions. In the
ot-humid tropics of Singapore, roughly 50% of the energy con-
umption in buildings is used for air-conditioning [2]. In 2007, 75%
f all households were (partly) air-conditioned, a number that has
ertainly increased since [3]. Similar developments are expected in
urrounding countries with increasing population and wealth.

By proxy there is evidence of the rise in the simple air condi-
ioning solutions in the production of R-22, a refrigerant commonly
sed in small air-conditioners. It has been shown to be rapidly rising

n developing countries [4]. This is a dangerous indicator for the fur-
her development of climate change, primarily in regard to the high
lobal warming potential of R-22, but also as a significant indicator
or the expanding installation of these types of small units. They
re often sold as DIY units with a lack of professional installation
hat may  address issues of proper spacing, setbacks from walls, and
dequate air supply, all of which degrade an already limited perfor-
ance. Even without the proxy data of R-22, it only takes a quick

ook around any of the rapidly growing cities in the tropics to realise
he prevalence of these systems as shown clearly in Fig. 1.

In Singapore, one of the most developed of the cities in the trop-
cs, efforts are being made to try to maximize the performance of
uch systems. One of the efforts, the Green Mark Scheme, a sus-
ainable building certification scheme, was launched to promote
ustainability in the built environment. They aim to have 80% of
uildings Green Mark certified by 2030 [5], which will place a min-

mum efficiency on the installation of split units. Still the standard
tself speaks to the inefficiency of these systems as buildings that
se split units are rewarded with system efficiencies 33% lower
han buildings with central chillers [6]. Green Mark certification
nly applies to whole building projects, but even at the consumer
evel Singapore has implemented a tick system to signify the quality
f performance [7].

But all these efforts only address the purchased performance
nd are not related to the installed performance. The efficiency
f air conditioning systems is directly related to the temperature
t which it supplies cooling, and more importantly for these split
nits, the temperature at which it rejects the heat. The coefficient
f performance (COP) is the ratio of the amount of cooling sup-
lied to the electricity input into the cooling device. A typical chiller
ay  have a COP of 3, delivering 3 kW of cooling for each 1 kW of

lectricity. But although this is often reported as a single value, it
epends on the actual temperatures experienced by the system.

ased on the LowEx building design paradigm [8] we  focus on this
emperature optimisation and recognize its significant influence
n performance. This has led to the development of many new
Buildings 71 (2014) 28–37 29

building systems in Switzerland [9,10], which can achieve better
performance through a whole system evaluation that minimises
temperature differences, allowing COPs higher than 10 [11].

Now we  aim to achieve a similar optimisation for cooling
systems in the tropics in our high temperature cooling system lab-
oratory [12]. For split unit systems we must address the way  in
which they reject heat into the environment, because installation
methods can significantly affect the temperature and therefore the
actual performance. Finding the lowest possible temperature to
reject the heat will deliver the highest performance, but we  have
evaluated the climate of Singapore, and there is little temperature
variation that would provide better potential than the air as a heat
sink [13]. Therefore it is essential to install the split unit systems in
a way that take advantage of the coolest air temperature possible.
Unfortunately standard practice overlooks the importance of this
objective, and by looking at Fig. 1 it is clear how non-ideal higher
temperatures may  be generated around the units.

Few people enjoy the aesthetic of split type units hanging on
faç ades as shown in Fig. 1. As a result they are often installed in
spaces that are hidden from view, in recess spaces or in confined
spaces such as inner light wells. Unfortunately, those spaces are
often sheltered from wind to carry away the rejected heat. A stack
effect is a possible consequence: The heat rejected from the con-
densing units induces a vertical, buoyancy-driven airflow, creating
an increasingly hotter air bubble that rises up along the building.
The condensing units further up have to reject heat to this hotter
environment, and will thereby operate at reduced performance or,
in extreme cases, may  stop working if the working fluid cannot
reach the necessary temperature any more.

A number of studies have been conducted, using CFD sim-
ulations to analyse the phenomenon, with Bojic reviewing the
extensive CFD simulation studies on high-rise buildings in Hong
Kong [14]. Chow argued that computer simulation was the most
convenient and economical way to study the stack effect and found
that the condenser on-coil temperatures rise more than 7 K for
the top floors, for a high-rise residential building in Hong Kong
[15]. In following studies, Chow and Bojic analysed the effect of
the building re-entrant shape on the stack effect [16,17]. Bojic
found the on-coil temperature increase by 4–9 K on the 30th storey,
depending on the rejected heat per condensing unit (2–6 kW)  [18].
Priyardarsini observed that the on-coil temperatures rise up to
38 ◦C for Singapore, when subject to wind flows perpendicular to a
narrow urban canyon [19]. Choi analysed the situation where the
condensing units are installed in an air-conditioning plant room.
They found that the stack effect depended considerably on wind
speed and wind direction. While moderate strength wind from the
side lead to an increase of less than 2 K, frontal winds caused an
increase of the on-coil temperature of 6 K over 40 storeys [20].

Chow [16] introduced the Condenser Group Performance Indi-
cator (CGPI) that describes the average percentage drop in COP of
a group of air-conditioners compared to the performance under a
reference on-coil temperature Tref. In that study, the performance
drop was  9.4 to 25.5%, depending on wind and the shape of the re-
entrant area where the condensing units were located. Choi [20]
found values for CGPI between 5.07 and 22.25 for different wind
speeds and direction.

What is missing are measured data that confirm, reject or alter
the findings from the simulation studies. The only laboratory exper-
iments we  are aware of were conducted on a model in the scale
1:100, representing a 41-storey building, to measure the stack
effect from water heaters in the inner light well [21]. While the aim
was to study the natural ventilation characteristics for the removal
effect from condensing units [22]. There are a variety of reasons
that measured data from actual buildings is not available includ-
ing the difficulty in setting up the measurements, the scale of the
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Fig. 2. Kent Vale II building with t

utside space of a high-rise building, and most importantly gaining
ccess throughout the vertical spaces that are typically occupied by
rivate residences.

This study fills this gap with measurements from a building in
ingapore, using recent sensor technology that allows a much sim-
ler measurement setup, and could be implemented in the short
ime frame between building completion and occupancy. The aim
as to measure in a real 24 story residential tower if there was

ndeed a measurable stack effect and if yes, how large it would be.

. Methodology

.1. Case study object: Kent Vale II

The measurements were conducted at Kent Vale II (Fig. 2), a
ousing block at the National University of Singapore that were
ompleted in 2012 [23]. The analysed building has 24 storeys, with
–6 apartments per floor, amounting to total building height of
4 m.  We  investigated the void space of 5 × 5 m on the northern
ide along the entire building height. The two adjacent 3-bedroom-
partments reject the heat from air-conditioning into this void
pace, through each 3 condensing units placed on AC ledges of 1.0 m
epth, with an overall installed cooling capacity of 21.1 kW.  The
verage rated efficiency of the air-conditioners is a COP of 3.2. The
ottom 4 levels on this side of the building are void decks, without
partments.

This vertical void space is a typical feature of Singapore’s res-
dential building style: it increases faç ade area, window openings
nd allows hiding the condensing units in this recessed space. In

his case, the building designers additionally installed full height
iew screens in front of the AC ledges, louvres consisting of vertical
etal strips that are turned 30◦ to the side, completely shielding the

ondensing units from view unless standing exactly in line with the
died void space – photo and plan.

louvres (see Fig. 3). Horizontal sunshades made of steel circumvent
the entire building.

2.2. Sensor deployment and measurement setup

The aim of the measurements was  to produce an accurate under-
standing of the buoyance driven airflow in the void space and to
measure the influence of this temperature stratification on the
operation of the condensers. Sensors were therefore installed at
regular intervals along the entire height of the building, every
5th floor to capture the vertical temperature stratification. Sen-
sors placed at different distances from the condensing units would
generate the horizontal temperature distribution to establish an
understanding of the 3-dimensional temperature distribution.
Bojic [18] showed that the thickness of the vertical air stream varies
depending on the amount of rejected heat. Based on his results, we
estimated that sensors placed in up to 2 m distance would capture
the extent of the vertical air stream and detect in what distance
from the condensing unit the effect rising air bubble will stop. In
overall, three temperature sensors installed in the void space at
each level, the first temperature sensor at short distance (0.2 m), in
front of the condensing units, and the second and third sensors in
the distances 1.0 m and 2.0 m respectively.

One of the reasons that nobody had collected temperature data
in this void space before was the difficulties involved with installing
sensors at this large scale, including the cabling to and from all
sensors. The sensors are employed as a distributed wireless com-
munication chain, facilitating the data transmission across the large
vertical distance with minimal infrastructure. The sensors used

in this experiment are digital humidity and temperature sensors
SHT11 that sit on TelosB TPR2420 wireless nodes, recording a data
point with dry bulb temperature and relative humidity while calcu-
lating dew point temperature every 2 s [24]. These wireless nodes
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 units visible (left) and hidden from view (right).

r
t
T
s
m
w

e
s
f
r
t
s
T
o
i
w
v
i

s
s
a
a
c

2

s
p
t
f
m
d
W
t
l
d
f
t

p
a
n
t
i
i
F
c

Fig. 3. Condensing units with louvres: split

un with TinyOS, a small, open-source software operating system
hat supports large scale, self-configuring sensor networks [25].
he wireless nodes running the Collection Tree Protocol (CTP) to
elf-configure into a sensor network that enable the collection of
easurement values without a single cable being laid; the last node
ill connect to a laptop to store the data [26].

We installed sensors on the eastern side of the void space at
very 5th level (see Figs. 4 and 5) – floors 5, 10, 15, 20 and 24. 3
ensors were placed into the void, hanging off a 2 m long pole, in
ront of the condensing units. These sensors were protected from
ain using plastic cups. 1 sensor was placed at the air intake of
he condensing unit, measuring on-coil temperature, and 1 sen-
or was placed at the air exhaust, measuring off-coil temperature.
his setup would allow detecting the stack effect and its influence
n the condenser temperatures. The same set of 5 sensors was
nstalled on the western side of the void on level 15. This setup

ould show the temperature distribution in a horizontal slice of the
oid space and the air-conditioner ledges. A total of 33 sensors were
nstalled.

To provide an additional check of temperature changes, we mea-
ured the surface temperature of the concrete walls in the void
pace with the handheld infrared thermometer, Testo 810, with
n accuracy of ±2.0 ◦C over the range of −30 ◦C to 100 ◦C. It was
lso used to measure the temperatures of the coils of the split unit
ondensers and the fan coils of the evaporators.

.3. Measurement process

The measurements took place on 23 November 2012, in the
hort period after the building had been commissioned but before
eople started moving in. The building and air-conditioning sys-
ems were fully operational and controllable with little interference
rom individual user behaviour; we had access to 38 of 40 apart-

ents. After setting up the sensor equipment, we  started the
ata collection with all air-conditioning equipment switched off.
e then switched on all air-conditioners in all rooms across

he entire height of the building. In the absence of any internal
oads, from people, lighting or electronic equipment, 2 win-
ows were left slightly open to prevent the air-conditioners
rom switching off completely once they reached their set
emperature.

To detect a stack effect, two steady state situations are com-
ared: OFF – when all air-conditioning equipment is switched off,
nd ON – when all equipment is switched on. In the first case,
o heat is rejected from the condensing units, and the resulting
emperature distribution should show the natural stratification

n the outdoor space. In the second case, the temperature strat-
fication due to mechanical heat rejection should be detected.
or both cases, we chose a 30-minute-period of steady state
onditions.

Fig. 4. Elevation drawing of measurement setup, wireless sensors Air1, Air2, Air3
placed in void space, sensors On-coil and Off-coil placed before and after condensing
units.
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r2, Air3) placed in void space. At approximate 0, 1 and 2 m.

2

e
i
i
c

C

w
c
t
(

t
p
t
a
c
e
a
t
h
t

c
a
t
t
r
f
C

3

3

f
s
a
r
p
i
u

Table 1
Wind speed and direction, average, minimum and maximum values: OFF vs. ON.

Data Unit Average Minimum Maximum
Fig. 5. Measurement setup, wireless sensors (Air1, Ai

.4. Energy performance calculations

The COP of the units was estimated in order quantify a direct
ffect on performance. The COP can be expressed as a fraction of the
deal Carnot performance of heat engines, representing machine
nefficiencies by the exergetic efficiency (defined as g-value), typi-
ally ranging from 0.4 to 0.6:

OPcooling = Qc
W

= g ∗ T1

(T2 − T1)

here Qc is the heat removed, W is the work consumed by the
hiller, g is the exergetic efficiency of the chiller, and T1 and T2 are
he temperatures of the cold (building system) and the hot reservoir
environment).

We estimated the influence of different air temperatures, and
herefore of different condensing temperature T2, on the energy
erformance of the chiller using the above equation. The off-coil
emperature is the relevant temperature for this calculation. We
ssumed that the condensing temperature is 2 ◦C above the off-
oil temperature to account for imperfect heat transfer of the heat
xchanger. For the OFF-state, measured on-coil and off-coil temper-
tures are the same; we thus used the same temperature increase
hat the air is subjected to when passing through the condenser
eat exchanger as we measured for the ON-state. For the evapora-
ion temperature T1 we assumed 8 ◦C.

To qualify for the highest energy label for multi-split air-
onditioners of the National Environment Agency (NEA), which is

 prerequisite for Green Mark Platinum (highest rating) buildings,
he COP for split units has to be at least 3.34 under rated condi-
ions, i.e. 35 ◦C outdoor dry bulb temperature [7]. We  used these
ated conditions to calculate the g-value (exergetic efficiency) to
ulfil minimum standards and used this for the calculation of the
OP.

. Results/discussion

.1. Data overview

The period from 13:10 to 13:40 serves as the steady-state case
or all equipment switched OFF, the period from 15:10 to 15:40
erves as the steady-state case for everything switched on. The
mbient air temperatures and the lack of penetration of solar

adiation into the recessed space were equivalent, making the com-
arison at different times acceptable. At 15:45, the effects of an

ncoming storm began to appear, rendering further measurements
seless for the objectives of this study. These 30 min  intervals were
Wind speed – OFF m/s  3.0 1.6 4.1
Wind speed – ON m/s  5.8 3.8 6.9

analysed to define an average value while noting the temperature
variation that occurred, which was  on the order of 2 ◦C.

4 out of 33 sensors failed to communicate with data logger
during the field measurements. Due to external constraints, these
sensor failures could not be corrected and have as a consequence
left holes in the overall data picture.

General weather data for the duration of the measurements
were available from a weather station of the NEA, at Pasir Panjang
Terminal (1◦16.941′ N, 103◦45.270′ E) [27], 26 m above ground. The
temperature data were only available as hourly values. The day of
the measurements represents a typical day in Singapore, as can be
seen from the comparison between the NEA data and statistical
data for November [28] in Fig. 6, The average dry bulb temperature
was 31.6 ◦C for the OFF-state and 30.3 ◦C for the ON-state. The lat-
ter value is influenced by heavy rain that began after 15:45, which
resulted in a decrease to 25.7 ◦C for the subsequent hourly value.
These values are similar to our temperature measurements at Kent
Vale as well as to the weather station data collected by the Depart-
ment of Geography at NUS [29]. The investigated void space is not
influenced by solar radiation, as it is shaded for the entire day.

Wind direction and speed data, in 1-minute-timesteps, were
quite regular. The average values, the minimum and maximum val-
ues recorded during the experiment phase are displayed in Table 1.
The wind speed is a bit higher than for the average weather data of
Singapore of 2.2 m/s. As can be seen, it was picking up in the time
leading up to the storm that began after 15:45.

The prevailing wind direction, almost the same for both cases,
is such that the influence on the experiment site is minimal (Fig. 7).
The stack – oriented towards 350◦ – is on the opposite side of the
building, which would limit fluctuations from turbulent conditions
in the stack.

3.2. Stack effect

The sensors Air1, Air2 and Air3 are the ones placed into the air

space directly in front of the condensing units, in line with the metal
louvres (see Fig. 5). The change in the vertical temperature dis-
tribution in the void space for these locations is shown in Fig. 8.
In the OFF-state, the temperature difference between floor 5 and
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Fig. 6. Weather conditions on the day of measurements 23/11/12 compared to the average day for November [28]. Left: Dry bulb temperature [27]. Middle: Relative humidity
[27]. Right: Solar radiation [29].
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Fig. 7. Wind rose 1-min data [27] of status OFF from 13

oor 24 for Air3 is less than 1 K. In the ON-state, the air tempera-
ure increases continuously towards the top of the building: While
he temperature at the bottom is still 32.5 ◦C, at the top it reaches
4.2 ◦C directly in front of the condensing unit and 44.1 ◦C in 2 m
istance. The temperature for the sensors Air2 and Air3 increases
p to 12.7 ◦C above the ambient temperature at the bottom,
hich clearly shows the stack effect induced by the condensing
nits.

While the temperature directly after the condensing is consid-
rably higher, there is not much difference between 1 and 2 m
istance. For some data points, it is even hotter at the 2 m distances,
uggesting complex air movements. The depth of the rising hot air
tream appears to be larger than 2 m.

We also measured the surface temperatures of the three walls
nclosing the void space. The results confirm the values found in the
ir temperature measurements, both regarding the absolute values
nd the temperature distribution in vertical direction. The values
re slightly lower than the air temperatures; longer exposure of
he concrete walls to the hot airstream might have brought the
emperatures closer together.

In the OFF-state, only a small temperature difference of 1.1 ◦C is
ound between the level 5 and 24. In the ON-state, the surface tem-
erature of both walls at the side, measured in approximately 2 m
istance from the condensing units, increases continuously from
2.1 ◦C at the bottom to 39.6 ◦C at the top, corresponding to sensor
ir3. The wall between the two sets of condensing units reaches

 surface temperature of 48.8 ◦C at the top, corresponding to the
ensor Air1, closest to the condensing unit.
.3. Stuck effect

Additional to the effect of a rising hot air bubble, another unex-
ected effect was observed from the measurements, shown in
180

 13:40 (left) and status ON from 15:10 to 15:40 (right).

Fig. 9 for level 15. The chart represents the temperatures distri-
bution in horizontal direction, before and after the condensing unit
and in the void space. The void space is separated from the con-
densing units by the louvres that hide them from view. The inlet
temperature of the condensing unit is higher than the air tem-
perature in the void, indicating that some of the hot air must be
stuck behind the louvres is recirculated to the inlet of the con-
densing unit. The louvres therefore act not only in their design
function as visual barriers, but unfortunately also as a barrier to
airflows.

Another indicator for this stuck effect is visible in Fig. 10: Not
all of the on-coil temperature increase can be attributed to the
stack effect. There is a 9 ◦C difference between OFF- and ON-state
also observed at level 5. This can only be due to the stuck effect
since there is no condensing unit below that would account for an
increase due to the stack effect.

3.4. Condensing temperatures

The main motivation for this study was  the temperature distri-
bution at the inlet of the condensing units to evaluate the influence
of the stack effect on the performance of the air-conditioners. Fig. 10
represents the measured values at the inlet and outlet of the con-
densing units, representing on-coil and off-coil air temperatures.
In the OFF-state, without heat rejection or induced air movement,
temperature between 30.5 and 32.1 ◦C are measured for all sen-
sors. In the ON-state, the temperatures increase significantly. The
on-coil temperatures start at 39.5 ◦C at level 5 and rise up to 50.3 ◦C

for level 10 and above. The off-coil temperature starts 50.5 ◦C and
rises even up to 59.5 ◦C. The air temperature increases by a range
of 7.5–11.8 ◦C across the condensing units as they reject heat, the
average value is 9.0 ◦C.
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Fig. 8. Stack effect: air temperature distribution in recess space: OFF vs. ON.

The on-coil and off-coil temperatures are much higher than
xpected. None of the previous studies, that simulated the stack
ffect, predicted an increase of 19 ◦C, which is what was found for
he on coil temperature over 20 storeys. Clearly, this is partially
ue to the unexpected stuck effect, but there is an obvious verti-
al increase of about 10 ◦C in the initial 5–15 storeys for the on-coil
emperatures in Fig. 10, and there is a clear increase of 10–13 ◦C that
ccurs in the air of the void space shown in Fig. 8, both of which can

e attributed to the stack effect. The maximum value found in lit-
rature was around 7 ◦C for a similar situation, so the experiments
ay  demonstrate that the effect could be even more pronounced

n reality than in models and simulation.

Fig. 9. Horizontal temperature distribution on level 15 before and a
Fig. 10. Condenser temperature distribution, on-coil and off-coil temperature: OFF
vs.  ON.

Looking at floor 5 in Fig. 10, we  can say that around 10 ◦C tem-
perature increase for the on-coil temperature can be attributed to
the stuck effect alone, i.e. hot air that recirculates. When looking
at the change from level 5 to 10, the further increase is probably
solely due to the stack effect, i.e. hot air rising from the condens-
ing units below. The relative importance of these two effects for
levels higher up is difficult to evaluate. As suggested by Choi [20],

the vertical airflow may  make it harder for the fan to exhaust the
hot air to the outside, an effect similar to the one we use in air
curtains in building entrances. Even so, this would still be a side

fter condensing unit and in void space, separated by louvres.
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ig. 11. Conceptionalisation of horizontal temperature distribution with indicated
irflows on level 20.

ffect of the buoyancy-driven airflow. Another factor could be the
lightly elevated wind speed for the higher floors. There are many
ossible reasons why the temperature increase slows down and

s levels out above level 10; this question will need to be studied
n more detail. Generalising the results, we can broadly estimate
hat roughly 10 ◦C increase is caused by the buoyancy-driven rising
ot air of the stack effect, and roughly 10 ◦C increase is from hot
ir being entrained from the barrier design causing am unexpected
tuck effect.

On level 20, we installed the same measurement setup for the
eft set of condensing units to analyse the temperature distribution
nd the airflows in a horizontal plane. Fig. 11 shows a conceptu-
lisation of the horizontal temperature and airflow distribution on
evel 20 based on all measurements: Some of the air leaving the
ondensing units on the right side passes through the louvres and
ccumulates on the right side, deflected by their 30◦ angle. The hot
ir bubble in this corner rises vertically to form the observed stack
ffect. Some of the air leaving the condensing units gets trapped
ehind the louvres, recirculates and further increases in tempera-
ure. On the left side, the measured on-coil temperature is 34.0 ◦C
nly, meaning that cold air flows in from outside the recess space.
he horizontal temperature distribution can be expected to look
imilar at the other levels, albeit with different absolute tempera-
ures, e.g. reaching 54.2 ◦C in the void space on the 24th level.

.5. Energy performance

We  estimated the influence of stack and stuck effect on the per-
ormance of the air-conditioner across the height of the building. As
utlined in Section 2.4, we used 8 ◦C as the evaporator temperature
1 and the off-coil temperature plus 2 ◦C, resp. on-coil tempera-
ure plus 9 ◦C (average temperature increase across heat exchanger)
lus 2 ◦C, for the condensing temperature T2. The temperatures of
he heat exchangers for the split units, measured by the infrared
hermometer, were found to be 8.9 ◦C at the supply to the evapo-
ator fan coil, and 34.9 ◦C for the on-coil side of the condenser heat
xchanger surface in operation, compared to 27.3 ◦C for condenser
ot in operation, which verified our assumptions well enough.

Based on rated conditions we calculated the g-value (exergetic
fficiency) to be 0.45 to fulfil minimum standards. The internal
fficiencies of the actual equipment will vary slightly, but are gen-
rally constant over the normal operating range. Even though the

xergetic efficiency probably degrades at the highest on-coil tem-
eratures we observed, we assumed constant exergetic efficiency.
his allowed us easily to evaluate the effect of increased tempera-
ures on the chiller performance.
Fig. 12. COP for all floors with rated conditions as a function of the condensing
temperatures, influenced by stack and stuck effects: OFF vs. ON.

The COP for the different storeys is shown in Fig. 12 for three
cases based on our observed temperatures: (1) the undisturbed
design case, (2) when subject to the stack effect only and (3) when
subject to the combination of stack and stuck effect. There is a
significant reduction in the COP for all air-conditioners but more
prominent for the upper levels. Using the CGPI suggested by Chow
[16], i.e. the average percentage drop in COP for all air-conditioners,
the performance of decreases by 18% due to stack effect only and
by 32% due to combined stack and stuck effect, compared to the
undisturbed design case as reference.

It is clear that the efficiency of the air-conditioners do not
only depend on their internal efficiencies, and what is written
on the label when they are purchased, but also on design deci-
sions regarding how they are installed in the building. To achieve
higher system efficiencies, the system temperatures, i.e. the tem-
perature lift between evaporator and condenser, need to be taken
into account. Thermodynamic laws set an upper boundary of the
maximum performance that may  be achieved. To arrive at LowEx
systems with COP exceeding 10 [11], an analysis of the whole-
system including the different operation temperatures is needed.

3.6. Error analysis and limitations of the study
The manufacturer TelosB sensors guarantees an accuracy of
±0.5 ◦C at 30 ◦C and ±1.3 ◦C at 60 ◦C. Before the measurements,
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ll sensors were calibrated at 30 ◦C using PT100 tenth-DIN sensors
ith ±0.03 ◦C accuracy at 0 ◦C before starting the measurements.

For the charts we chose to represent the minimum and maxi-
um  values measured for each data point instead. Those variations

re small and in a similar order of magnitude as the sensor accu-
acy. There is a clear difference between the two steady states. The
ariation is much larger for ON, an indicator for the more dynamic
onditions with regard to airflow and temperatures.

The decision to switch on all air-conditioners at the same time,
nd even opening windows may  seem excessive. The total cool-
ng demand is certainly at the upper bound of what may  occur in
perating the building; it has to be considered a worst-case sce-
ario. In the absence of knowing if a stack effect may  actually be
iscerned, the aim was to detect the stack effect in the first place.
his influence will be further investigated using a second dataset
ith variations of operational conditions.

The studied building is a typical residential building, with regard
o the design of the void space as well as to the exclusive use of
ir-cooled split units. Industrial and commercial buildings often
ave either larger units not placed as regularly above each other or
entralised cooling systems with cooling towers.

.7. Design alternatives

It is important to understand that the Kent Vale II building is not
adly designed but represents the top end of current design prac-
ise that earned Green Mark Platinum certification [6] and received
he RIBA Awards of the year 2013. The architectural design fulfils
xpectations, providing sufficient space for the installation of the
ondensing units and hiding them aesthetically, additional to many
ther energy-related design criteria. The engineering design fulfils
xpectations, providing sufficient cooling capacity and choosing
op-end equipment with highest efficiency ratings. There is no
roblem with the individual installation of the systems or the
esign of the building that has been built, but the process through
hich the building and its systems were separately considered has

ed to a degradation of performance that takes place unbeknownst
o the designer involved. This is a problem that is the case with
he installation air conditioning systems all over. A new design
aradigm is needed that incorporates different fields of knowledge,

ncluding the relevance of system temperatures, to form integrative
igh-performance systems.

The aesthetically driven installation of louvres contributes to
alf of the temperature increase and therefore to the decrease of
he chiller performances. The gaps between the metal sheets are so
mall that the airflow through them is seriously restricted and the
ngled direction can cause a build-up of hot air in one corner. Lou-
res that allow air to flow through more easily may  not have so large
n effect. While it may  be possible that their influence becomes neg-
igible, they will certainly not positively influence the performance
f the air-conditioning system.

Hiding the condensing units behind louvres and at the back of a
ecessed void space is a design decision not informed by the system
onsequence. The experimental confirmation of both our hypoth-
sis and the predictions in previous work [16,17] will provide
aluable information that can be utilised for improved integrated
ystem design methods in the future. The previous work can also
uild on this experimental data to extend and refine their analy-
is. The observed stack effect may  however only be prevented by
xposing the condensing units to wind movement that sufficiently
isperses the rejected hot air or by spatially separating intake and
utlet of air.
In the tropical environment of Singapore, there are no heat
inks of significantly lower temperatures that may  be utilised for
n increased chiller performance. All heat sinks – air, ground and
ater bodies – are in the same range as the air temperature [13]. The
Buildings 71 (2014) 28–37

best potential represents the wet-bulb temperature of air through
the use of evaporative cooling towers. While small-scale cooling
towers have been investigated experimentally [30], only large-
scale cooling towers make economical and operational sense. Heat
rejection for high-performance buildings therefore needs a cen-
tralised system, as often used in combination with large centralised
chillers. We  have investigated an alternative solution where decen-
tralised chillers – like standard split-type condensing units but
water-cooled – plug into a centralised, water-based heat bus sys-
tem that connects to the evaporative cooling tower [31,32]. Heat
can be rejected at advantageous conditions while benefitting from
the decentralised nature of the split systems. Instead of being sub-
ject to detrimental microclimatic effects like the ones studied here
in this paper, the heat is rejected at the best possible location at
better microclimatic conditions.

4. Conclusion

The main aim of this study was to experimentally evaluate
the stack effect induced by the heat rejected from split type air-
conditioners, an effect that in previous studies has only been
analysed with CFD simulations. We  have measured and shown for
the first time that there is a significant stack effect from condensing
units in a residential high-rise building in Singapore. The air tem-
perature in the recess space increased continuously to reach up to
12.7 ◦C higher temperatures than undisturbed conditions at the top
of 20 floors when air-conditioners were switched on.

Additionally we  detected a significant stuck effect from hot air
discharged from the condensing unit that gets trapped behind lou-
vres acting as view barriers and recirculates back to the inlet of
the condensing unit. The inlet temperature increases by 9.0 ◦C on
the lowest level alone because of this effect. The two  effects are
more difficult to separate on higher levels but result in maximum
measured values of 50 ◦C at the inlet and 59 ◦C at the outlet of the
condensing units.

We  calculated that these higher temperatures significantly
reduce the COP of the air-conditioners by up to 18% due to the
stack effect and up to 32% due to the stuck effect, increasing the
operational costs of the building in ways that are not predicted
or observed in standard design practice. The study shows that
even very efficient chillers at rated conditions cannot exceed a cer-
tain overall performance. The achievable performance is limited,
based on the second law of thermodynamics, by the system tem-
peratures. Building designers very rarely consider this fact. For
high-performance systems, a new integrated design paradigm is
needed that considers the overall system.

While not all conditions, e.g. operational conditions could be
accurately measured, the study proves for the first time the extent
of these microclimatic effects and that they cannot be neglected for
the design of energy-efficient buildings. The data may  be used to
validate and refine the CFD simulations to extend the knowledge
and application of that valuable tool beyond this case study. There is
a need to evaluate more dynamic conditions to evaluate the effects
under different operational and environmental conditions. It is also
not yet clear how stuck and stack effect influence each other. The
understanding of these are necessary to draw valuable lessons for
the design of energy-efficient buildings. A second set of data has
been collected with more variation in operational parameters of
the different split units, and will be presented in future work with
expanded analysis and validation.
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