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a b s t r a c t

The present study estimates the temporal variability of the anthropogenic heat flux density (QF) for three
common land use types found in Singapore between October 2008 and March 2009. QF is estimated by
separately considering the major sources of waste heat in urban environments, which are heat release
from vehicular traffic, buildings and human metabolism, respectively. The individual components of QF

are calculated by using a combination of top-down and bottom-up modelling approaches of energy
consumption applied to the local context. Results show that over a 24-h period, magnitudes of mean
hourly QF reach maximum values of 113 W m�2 in the commercial, 17 W m�2 in the high-density public
housing and 13 W m�2 in the low-density residential areas, respectively. Buildings are found to be the
major source of anthropogenic heat (primarily related to space cooling) in each study area, contributing
to between 49e82% of QF on weekdays and 46e81% on weekends. The spatial and temporal variations of
QF are attributed to differences in traffic volume, building energy consumption and population density.
This is one of the first anthropogenic heat studies carried out in a tropical city and the results show that
QF can be substantial and of the same order of magnitude as calculated for city centres in mid-latitude
cities during winter time.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cities cover only about 2% of the global land area, yet they
are responsible for w70% of the world’s energy consumption
(International Energy Agency, 2008a). Energy demand by urban
dwellers and activities associated with running a city are predicted
to increase over the next 20 years and probably beyond (e.g.
International Energy Agency, 2009). The consumption of energy for
human activities produces waste heat, water vapour and pollutants,
thereby directly affecting the temperature, humidity, air quality
and human health in the urban environment. Heat and moisture
emissions associated with energy consumption in cities has been
largely ignored or overly simplified in many studies of the urban
climate (Sailor, 2011). This is particularly true for cities located in
tropical climate, where understanding of the physical processes
operating in the urban atmosphere in general is still rudimentary
(Roth, 2007).

In order to effectively address the climate-related environ-
mental issues that urban areas face as a consequence of their
energy consumption patterns, it is essential to first have a better
65 6777 3091.

All rights reserved.
understanding of the nature of their physical climatology. Funda-
mental to this understanding is the building-air volume formula-
tion of the urban (surface) energy balance (UEB) which is expressed
as (Oke, 1987):

Q� þ QF ¼ QH þ QE þ DQS þ DQA

h
Wm�2

i
(1)

where Q* is the net all-wave radiation flux, QH and QE are the
turbulent sensible and latent heat fluxes, respectively, DQS is the
net heat storage flux andDQA the net horizontal advective heat flux.
QF is the anthropogenic heat flux and focus of the present study.
Positive values on the left-hand side of Eq. (1) are inputs to the
system, while positive values on the right-hand side are outputs or
losses.

The majority of UEB studies which in the past have been carried
out primarily in temperate (e.g. GrimmondandOke,1999; Spronken-
Smith, 2002) and in fewer cases tropical (e.g. Roth, 2007) cities,
neglect the QF term, which is essentially the energy released from
human sources such as vehicles, commercial and residential build-
ings, industry, power plants and humanmetabolism. Disregard forQF
stems primarily from its modest magnitude relative to the other
fluxes in Eq. (1) and also from difficulties in assessing the magnitude
of this particular term(e.g. Garcia-Cueto et al., 2003; Spronken-Smith
et al., 2006; Sailor, 2011). Nevertheless, the interest in quantifying QF
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has been growing over the last few years, especially for densely
populated mid-latitude cities such as Tokyo, Seoul and London. This
trend is perhaps the result of an increased awareness of the findings
of past QF studies, which have shown that for densely populated
cities with high energy demands, QF can potentially be an important
or even dominant component of the UEB with the potential to
influence urban climates. For example, Grimmond (1992) observed
that more than 10% of the winter-time energy input (Q* þ QF) in
Vancouver was accounted for by QF, while Ichinose et al. (1999)
estimated QF in central Tokyo to reach 908 W m�2 in the daytime
during summermonths and asmuch as 1590Wm�2 during the early
morning hours inwinter. Temperature simulations by Fan and Sailor
(2005) suggested that in winter, QF contributes about 2e3 �C to the
nighttime urban heat island (UHI) of Philadelphia. In addition,
numerical simulations by Chen et al. (2009) concluded that QF
contributes 43.6% (54.5) in summer (winter) to the UHI intensity in
Hangzhou City. The same study also concluded that waste heat
emissions via QF strengthen the UHI circulation and improve near-
surface turbulent activity, with stronger effects observed at night
than during daytime (Chen et al., 2009).

The magnitude of QF varies greatly not only between cities but
also within cities depending on per capita energy use, population
density, meteorological conditions and background climate.
According to Oke (1988) the mean annual magnitude of QF for large
cities ranges from 20 to 160 W m�2. For US cities, values between
20 and 40 W m�2 in summer and 70e210 W m�2 in winter have
been reported (Taha, 1997). An updated summary of QF estimates
frommostly mid-latitude cities located in the northern hemisphere
shows higher winter (cold season) values compared to those esti-
mated for the summer (where data exists), and extreme peak
values under certain conditions (e.g. winter time and/or in densely
built areas) when QF can exceed the net radiation input into the
system (Table 1).

Most studies estimate QF using either the inventory-based or
energy balance closure approach. Estimating QF based on the
former is the classical and most frequently used approach (e.g.
Grimmond, 1992; Klysik, 1996; Sailor and Lu, 2004; Pigeon et al.,
2007; Smith et al., 2009). Its earliest application is likely that by
Torrance and Shum (1975) who estimated themean annual QF of an
unspecified densely populated city as 83.7 W m�2. The inventory-
based method can be further divided into top-down and bottom-
up approaches using utility scale consumption data or data
obtained from energy consumption surveys, respectively. The
former requires data at large aggregate scales (e.g. yearly) for the
purpose of downscaling to smaller scales of interest (e.g. hourly)
whereas the latter uses energy consumption estimated at small-
scales (e.g. individual buildings) in order to scale the information
up to larger scales of interest (e.g. city-scale). The theoretically
simpler andmore straightforward energy balance closure approach
calculates QF as a residual term of the UEB (Eq. (1)). However, it has
the inherent problem of accumulating errors arising during the
measurement of QH and QE and modelling of DQS and DQA (which
cannot be directly measured) in the residual QF. Therefore, only few
studies have used the energy balance closure method to estimate
QF (e.g. Offerle et al., 2005; Pigeon et al., 2007).

Data from a range of cities is necessary to arrive at a more
comprehensive understanding of the effects of anthropogenic heat
emission and their effects on the urban thermal environment and
other attributes of the urban climate system. Most available
studies have been conducted primarily in mid-latitude regions
with the exception of Hong Kong, Mexico City and São Paulo
(Table 1). The objective of the present study is therefore to esti-
mate the anthropogenic heat emissions in Singapore which is
a fast-growing metropolis located in a tropical climate. The
specific goals are to:
i. Estimate the diurnal and weekly variations of QF in this
tropical city where the magnitude of QF can potentially be
quite large owing to strong demand for air-conditioning
throughout the year;

ii. Analyse the results with respect to land use types and energy
consumption patterns; and

iii. Provide an assessment of the potential impact of QF on the
urban climate of Singapore.

2. Description of study area

Singapore (1�090N to 1�290N, 103�360E to 104�250E) is an island
city-state located at the southern tip of the Malay Peninsula. Due to
its maritime position and proximity to the equator (w130 km to its
north) Singapore experiences a typical equatorial wet tropical
climate with uniformly high temperatures (mean monthly
temperatures range from 26.4 to 28.3 �C) and abundant rainfall
(mean annual average w2192 mm) throughout the year (National
Environment Agency, 2009). The most significant annual climate
variation is caused by the seasonal reversal of wind directions
resulting in two distinctive monsoon seasons. Moderately strong
surface winds from the northeast characterise the slightly cooler
winter months (DecembereMarch) whereas weaker southwest
winds dominate during the warmer summer months (MayeSep-
tember). During the inter-monsoon seasons, wind direction is
highly variable and mean wind speeds are generally low. Peak
rainfall occurs between November and January, caused by storms
associated with the northeast monsoon. On the other hand, slightly
lower than average precipitation is measured during the southwest
monsoon season. Synoptic scale climatic variations are absent as
a result of the country’s small size and lack of pronounced topo-
graphical features (Singapore’s highest natural point is only 164 m
above sea-level).

Much of Singapore is built-up with residential buildings, indus-
trial estates and commercial/business structures in an often frag-
mented fashion.10% of Singapore’s land is committed as green space
(half of which are nature reserves), but together with extensive
roadside greenery and an island-wide Park Connector Network,
some statistics declare that close to half of the country is covered by
vegetation in 2007 (Ministry of the Environment and Water
Resources, 2009). With a population of >5 million in 2011, average
population density exceeds 7000 persons km�2. For the purpose of
the present study, one area each was selected from Singapore’s
commercial, high-density public housing and low-density residen-
tial land uses, respectively. These locations represent some of the
more common land use types found in Singapore. The three selec-
tions are further important because public housing estates house
w82% of the population and the largest anthropogenic heat fluxes
are expected in commercial areas. It also proved to be less difficult to
obtain the necessary data to carry out the present study in these
areas compared to other land use types (e.g. industrial estates).
Similar to previous studies (e.g. Grimmond,1992; Pigeon et al., 2007)
thefinal studyarea included the regionwithin a 500m circle centred
on a landmark for each selected land use type. Ideally, the land use of
each study area should be fully homogeneous, i.e. being used for the
same type of activity such as commercial or residential, in order to
obtainQF estimates that are fully representative of theparticular land
use. However, Singapore’s urban layout makes it extremely difficult,
if not impossible, to identify fully homogeneous built-up areas in
terms of land use. While the land use of each study area may not be
homogeneous, its predominant activity corresponds to the type of
land use which it represents.

The study area representing the commercial land use (COM) is
characterised by mainly commercial buildings, shopping malls,
hotels and office blocks (heights of up to 218 m and plot ratio



Table 1
Chronological summary of mean anthropogenic heat flux density (QF) for different cities.

Year City, Country Latitude Population
densitya

(persons
km�2)

Annual
average
Q* (W m�2)

QF (W m�2) Approach
used to
determine
QF

b

Reference

Annual Summer Winter

1952 Sheffield, England 54�N 10,420 56 19 e e B Garnett and Bach (1965)
1961 Montreal, Canada 45�N 14,102 52 99 57 153 B Summers (1965) cited in

Kalma and Byrne (1975)
1963 Cincinnati, US 39�N 2500 e 26 e e B Bach (1970)
1965 New York City, US 40�N 10,550 e 47 e e B Department of Health,

Education and Welfare (1967)
1965e70 Hamburg, Germany 53�N 2450 e 13 e e B Harleman (1971)
1965e70 Los Angeles, US 34�N 2000 108 21 e e B Harleman (1971)
1967 Manhattan, US 40�N 28,810 93 159 53 26 B Bornstein (1968)
1967 West Berlin, Germany 52�N 9830 57 21 e e B SMIC (1971)
1967e75 Fairbanks, US 64�N 550 18 6 e e B Harleman (1971)
1970 Budapest, Hungary 47�N 11,500 46 43 32 51 B Probald (1972)
1970 Moscow, Russia 56�N 7300 42 127 e e B SMIC 1971)
1970 Munich, Germany 48�N 3000 e 9 e e B Geiger, B (1974) cited in

Kalma and Byrne (1975)
1970 Vancouver, Canada 49�N 5360 57 19 15 23 B Yap and Oke (1974)
1970e74 Osaka, Japan 35�N 14,600 e 26 e e B Ojima and Moriyama (1982)
1971 Hong Kong, China 22�N 37,200 z110 33 41 32 B Newcombe (1976)
1971 Sydney, Australia 34�S 690 e 2 e e B Kalma et al. (1972)
1973 Brussels, Belgium 50�N 8020 e 28 e e B Kalma and Byrne (1975)
1984e86 Lodz, Poland 51�N 10,600 e 29 12 54 B Klysik (1996)

Densest area e e 34 14 73 B
Suburb e e 4 8 B

1986 Jerusalem, Israel 32�N e 11 e e B Swaid (1993)
1986e94 Tokyo, Japan 35�N e e e 284c e B Moriwaki et al. (2008)
1987 Vancouver, Canada 49�N e e e e w11 B Grimmond (1992)
1989 Tokyo, Japan 35�N e e e 908c 1,590c B Ichinose et al. (1999)
1991e92 Reykjavik, Iceland 64�N 2684 e 35 e e B Steinecke (1999)
1993e98 Mexico City, Mexico 19�N e e 20 e e B Tejeda and Jauregui (2005)
2000 Various US citiesd 37e40�N e e e 30e60 70e75 B, T Sailor and Lu (2004)
2001e02 Basel, Switzerland 47�N e e e e e Energy balance Christen and Vogt (2004)

City centre e e 20 e e

Suburb e e 5 e e

2001e02 Lodz, Poland 51�N e e e �3 32 Energy balance Offerle et al. (2005)
2002 Philadelphia, US 39�N e e 60 9 Fan and Sailor (2005)
2002 Gyeonggi, South Korea 37�N 1000 e 28 e e T Lee et al. (2009)
2002 Incheon, South Korea 37�N 2700 e 53 e e T Lee et al. (2009)
2002 Seoul, South Korea 37�N 17,000 e 55 5e10 35e75 T Lee et al. (2009)
2004e05 Toulouse, France 43�N e e e e e B, Energy balance Pigeon et al. (2007)

City centre e e e 25 100
Suburb e e e <5 5e25

2004e07 São Paulo, Brazil 23�N e e e 20.1c 20.3c T Ferreira et al. (2011)
2008 Manchester, England 53�N 3779 e 11 e e B Smith et al. (2009)
2008e09 Singapore 1�N e e e e e B, T Present study

Commercial 3,000e e 85f e e

Residential (high-density) 21,000ee e 13f e e

Residential (low-density) 7,000e 97 11f e e

a Values refer to population density of the entire city, excluding Singapore.
b B e Inventory-based bottom-up modelling approach; T e Inventory-based top-down modelling approach.
c Represents maximum mean hourly value.
d Chicago, San Francisco and Philadelphia.
e Resident population density within the area of interest.
f Represents mean hourly value. It is listed under the ‘Annual’ column as Singapore does not have a distinct summer and winter season.
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between 2.8 and 5.6) (Fig. 1a). It is part of a larger area (Orchard
Road District) which experiences the city’s highest level of
commercial activity and is also the location of the highest observed
UHI magnitude (Chow and Roth, 2006). The high-density public
housing land use comprises primarily of high-rise government-
built Housing and Development Board (HDB) flats (average height
w39 m; plot ratio 2.8e3.5) and is represented by a study area
located in the Clementi precinct (Fig. 1b). These HDB flats are
a highly visible feature of Singapore’s built environment. The third
study area was selected to represent the low-density residential
land use in Singapore (RES). Private houses and apartment build-
ings (average heightw9m; plot ratio 1.4e3.0) are the predominant
urban features of RES (Fig. 1c). Overall, the selection of these three
specific study areas will allow for comparisons to be made between
areas of different activities, population densities and traffic
volumes to aid in the understanding of the nature of QF across
different land uses in Singapore.

3. Conceptual framework used to estimate QF

QF was estimated as the sum of the major sources of waste heat
(e.g. Sailor and Lu, 2004):

QF ¼ QV þ QB þ QM

h
Wm�2

i
(2)

where QV, QB and QM are the contributions to the anthropogenic
heat flux from traffic, buildings and human metabolism, respec-
tively. The three terms on the right-hand side of Eq. (2) were



Fig. 1. Photographs and detailed land use of the three study areas which are demarcated by black circles of 500 m radius. (a) commercial (COM), (b) high-density public housing
(HDB) and (c) low-density residential (RES). The colour coding for ‘Residential’ does not differentiate between high-density and low-density residential areas. Source: Urban
Redevelopment Authority, 2008.
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determined using different inventory-based modelling approaches,
viz. bottom-up for QV and QB and top-down for QM.

Although the bottom-up modelling approach is generally more
accurate than the top-down approach (Sailor, 2011), a combination
of these two approaches was adopted in the present study due to
issues associated with data availability, which is a challenge in
most QF studies. The inventory-based approach also assumes that
energy consumption equals anthropogenic heat emissions. This
assumption ignores the fact that energy used in the urban context
is also embodied in the other components of the UEB and is
partially emitted as QH and QE, which further has the potential to
modify the long-wave radiation budget of the urban surface. Given
that there are currently no viable alternative solutions to address
this issue if QF is to be estimated using the inventory-based
method, the present study uses the same approach as applied by
the majority of past studies (e.g. Grimmond, 1992; Ichinose et al.,
1999; Sailor and Lu, 2004; Pigeon et al., 2007). The following
sections detail the application of the modelling framework to the
present study areas for a six-month period between October 2008
and March 2009. This period, although slightly cooler and wetter
than the summer months, is representative of general conditions
given the absence of a pronounced seasonality in the climate
which would primarily affect building-related emissions. In the
present case, these emissions are largely related to energy use for
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air-conditioning given the uniformly high day and nighttime
temperatures.
Table 2
Net heat combustion and fuel density of unleaded petrol and diesel.

Fuel type Net heat combustion
(�106 J kg�1)

Fuel density rangea

(kg l�1)

Unleaded Petrol 46.4 0.74e0.76 (0.75)
Diesel 42.8 0.83e0.86 (0.85)

a Fuel density varies with ambient temperature; as such the mid-point value (in
parenthesis) was used. Source: Shell Eastern Petroleum (Pte) Ltd (personal
communication, 2008).
3.1. Anthropogenic heat emissions from traffic

Only vehicular traffic is considered in the present study because
direct emissions from other transport means such as trains are
small (absent in the case of RES, only one below and above ground
subway in COM and HDB, respectively). Hourly heat emission from
the combustion of vehicle fuels, QV (h), was computed according to
Grimmond (1992):

QVðhÞ ¼
2
4X

ijk

�
nvijkðhÞ � EVij � dk

�.
3600

3
5,A

h
Wm�2

i
(3)

EVij ¼
�
NHCj � rj

�.
FEij

h
J m�1

i
(4)

where h is local time (hour; solar time þ 1 h), subscripts i, j and k
indicate vehicle class, fuel type and road segment, respectively, nvijk
(h) is the hourly total number of class i vehicles consuming fuel type
j and travelling on road segment k at hour h, dk is vehicle distance
travelled on road segment k (m), EVij is the energy used per vehicle
of class i consuming fuel type j (J m�1), A is the size of the study area
(m2), NHCj is the net heat combustion of fuel type j (J kg�1), ñj is the
density of fuel type j (kg l�1) and FEij is the mean fuel economy of
class i vehicles consuming fuel type j (m l�1). Eq. (3) indicates that
QV is a function of the number of vehicles, energy used by vehicles,
and distance travelled by vehicles within the study area.

3.1.1. Estimation of vehicle numbers
The hourly number of vehicles on each road segment in each of

the three study areas was obtained from the Singapore Land
Transport Authority (LTA). The total number of vehicles travelling
along each road segment was further broken down into nine
vehicle classes because different vehicle types consume different
amounts of energy: Cars � 1600 cc (36%), cars > 1600 cc (25%),
motorcycles and scooters (17%), light goods vehicles (11%), heavy
goods vehicles (4%), taxis (3%), buses (2%), very heavy vehicles (1%)
and goods-cum-passenger vehicles (1%). This informationwas then
used together with hourly traffic count data corresponding to the
road segments of interest to estimate the number of vehicles per
vehicle class on every road segment identified within COM, HDB
and RES.

Two assumptions were made in using above method. First, at
any hour of the day vehicles of all classes were present on all road
segments in the study areas. Second, the distribution of vehicle
classes on each road segment of interest remained the same
throughout the day. Both assumptions are probably not fully
reflective of reality. However, without actual data of the hourly
distribution of vehicle classes, these assumptions were necessary to
produce the hourly data for the present study. Spot verification in
the field showed that vehicles belonging to all classes were found in
each study area in accordance with the distribution mentioned
above.

3.1.2. Estimation of energy used and distance travelled by vehicles
Energy usage varies among vehicle classes due to differences in

fuel type used and fuel economy. In the present study every vehicle
was assumed to be powered by either unleaded petrol or diesel
given that only a very small percentage (0.06%) of all vehicles in
Singapore run on other fuel types, such as compressed natural gas
(LTA, 2008). Tables 2 and 3 summarise the net heat combustion and
fuel density values of unleaded petrol and diesel, and the mean fuel
economy values representative of each vehicle class considered.
The value representative of the energy used per vehicle for each
vehicle class was calculated by substituting the values of net heat
combustion, fuel density and fuel economy into Eq. (4) and is also
included in Table 3. The present energy usage values are 3e14%
lower compared to those used by Pigeon et al. (2007). Calculating
representative energy usage values for different vehicle classes
offers an improved estimate of QV over studies which use only one
value thought to be representative of the entire vehicle fleet
(e.g. Sailor and Lu, 2004).

Traffic count data is available from LTA for vehicles travelling
along particular road segments, defined as the stretch of road
between two traffic junctions. Vehicles are assumed to have
travelled the entire length of a particular segment which was
obtained by digitising every road segment within each study area
(Fig. 1) and calculating its length in a Geographic Information
System (GIS).

3.2. Anthropogenic heat emissions from buildings

The energy consumed within buildings is typically used for
heating, cooling, ventilation, lighting and operating appliances.
Despite an actual time lag between energy consumption and
heat emissions into the atmosphere, the present study assumed
that all energy consumed within buildings was instantaneously
rejected into the atmosphere as sensible waste heat. The
assumption was made due to uncertainties in specifying this
time lag which is dependent on a complex combination of
various factors, such as building design, ventilation, insulation
and the type of HVAC (Heating, Ventilation and Air-
conditioning) system used.

Electricity and gas are the two types of energy currently
consumed by commercial and residential buildings in Singapore.
However, only electricity contributions to QB were considered in
the present study as the consumption of gas is relatively minimal,
contributing only 3% of Singapore’s total annual energy consump-
tion compared to that of electricity in Singapore’s commercial and
residential sectors (International Energy Agency, 2008b). An
equation proposed by Grimmond (1992) was modified and applied
to estimate hourly QB values:

QBðhÞ ¼
X
k

EkðhÞ=A
h
Wm�2

i
(5)

where subscript k indicates building number (each building
considered was assigned a building identification number) and Ek
(h) is the mean hourly electricity consumption of building k at hour
h (W).

Because electricity consumption for buildings was only available
at daily and sometimes even coarser scales (i.e. monthly or yearly),
Ek (h) was estimated by mapping the building’s electricity
consumption data to its representative electricity load profiles
(similar to Sailor and Lu, 2004). These profiles were developed at
the monthly, weekly, daily and hourly scales using data from



Table 3
Mean fuel economy and representative values of energy used per vehicle, according
to the different vehicle classes in Singapore.

Vehicle class Mean fuel
economy (m l�1)

Energy used per
vehicle (J m�1)

Motorcycles and scooters 29,411.76 1183.2
Goods-cum-passenger vehiclesa 13,333.33 2728.5
Cars (�1600 cc) 10,416.67 3340.8
Light goods vehiclesa 9900.99 3674.4
Goods-cum-passenger vehiclesb 9345.79 3723.6
Taxis 9090.91 4001.8
Cars (>1600 cc) 8264.46 4210.8
Light goods vehiclesb 7092.20 4906.8
Heavy goods vehicles 6849.32 5311.5
Buses 2178.65 16,698.4
Very heavy goods vehicles 1980.20 18,371.9

a Diesel-powered engines.
b Petrol-powered engines. Sources: Land Transport Authority (personal commu-

nication, 2008); Volkswagen (2008).
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various building energy audit reports and a pilot study on house-
hold electricity consumption in Singapore (PREMAS Energy Centre,
2004). Every building identified within COM, HDB and RES was
categorised into one of the eight building categories for which
representative electricity load profiles were readily available
(commercial, residential, hotel, educational institution, health and
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Fig. 2. Representative hourly electricity load profiles of various building types, expressed as
(2002); (b) Plaza Singapura (2006); (c and d) Energy Market Authority, personal communic
(2003); (g) Tan Tock Seng Hospital (2004); (h) The American Club Singapore (2004); (i) Th
medical care, community institution, transport facility and mixed
development) (Fig. 2). While the top-down approach was used to
estimate the hourly electricity consumption of individual buildings,
Ek (h), a bottom-up approach was used to determine the total
electricity consumption within each study area.

3.3. Anthropogenic heat emissions from human metabolism

The approach used to estimate QM followed Grimmond (1992).
Each day was divided into two periods, ‘active’ and ‘sleep’, defined
as 07:00e22:59 h and 23:00e06:59 h, respectively. QM was
calculated using:

QMðhÞ ¼
X�

Mp � npðhÞ
��
A

h
Wm�2

i
(6)

where subscript p represents the time period (‘active’ or ‘sleep’),Mp

is the metabolic heat produced per person during time period p
(W person�1) and np refers to the total number of people within the
study area during time period p.

3.3.1. Calculation of metabolic heat production values
The metabolic heat produced from activities most commonly

carried out in the study areas was calculated using data from Fanger
(1972) (Table 4). In the absence of population data engaging in
these different activities over the course of a day, the total
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Table 4
Metabolic heat production values of activity types most commonly carried out in
COM, HDB and RES.

Activity Approximate metabolic heat production

W m�2 Wa

Sleeping 41 69
Office work (typing, filing, etc) 52e70 88e119 (104)b

Driving 58e100 99e197 (148)b

Shopping 93 158
Domestic work (cleaning, cooking) 93e198 158e336 (247)b

Walking (level ground, 3.2 km h�1) 116 198

a Calculated based on an adult human body surface area of 1.7 m2.
b Average value given in parenthesis were used in the calculations. Source: Fanger
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Fig. 3. Ensemble average from 181 days of diurnal variation of QV at COM, HDB and
RES.

A.K.L. Quah, M. Roth / Atmospheric Environment 46 (2012) 92e10398
metabolic heat produced during the ‘active’ period was estimated
as 171 W (average of metabolic rates of daytime activities: office
work, driving, shopping, domestic work and walking), whereas for
the ‘sleep’ period 69 W was used (Table 4).

3.3.2. Estimation of hourly population
Since the breakdown of actual resident and daytime population

in the study areas was unavailable, traditional census data was
interpolated to estimate the resident population. Additional sour-
ces such as working population and shopper data were obtained to
improve the estimates of the daytime population. The population in
the three study areas during the ‘active’ period was considered to
be equivalent to their daytime population (i.e. non-working resi-
dent population; for COM shopper, worker and pedestrian pop-
ulations were also included) while that for the ‘sleep’ period was
assumed to be the same as their resident population (for COM hotel
guests were also included) (Table 5).

The considerable population increase observed in COM during
the weekday and weekend ‘active’ periods relative to the ‘sleep’
periods is due to the influx of workers and shoppers into this area.
The population consequently decreased in HDB and RES during the
‘active’ period (when most people are in the city centre for work or
shopping), and a population increase is observed during the ‘sleep’
period (when most people return home from the city centre).
4. Results

4.1. Diurnal variation of anthropogenic heat emissions
from vehicles, buildings and human metabolism

Ensemble averages of the diurnal variation of QV for all 181 days
of the observation period are shown in Fig. 3. QV was largest at COM
Table 5
Estimated weekday and weekend population of COM, HDB and RES at any hour of
the ‘sleep’ (23:00 he06:59 h) and ‘active’ (07:00 he22:59 h) periods.

Study area Estimated hourly population

‘Sleep’ period (weekdays
and weekends)

‘Active’ period
(weekdaya)

‘Active’ period
(weekendb)

COM 9846c 29,802d 41,275e

HDB 16,656 8316 16,656
RES 5770 3359 5770

a Monday to Friday.
b Saturday, Sunday and Public Holidays.
c Comprises 2595 residents and 7251 hotel and serviced apartment guests.
d Comprises non-working residents (1449), shoppers (13,389), workers (13,448)

and pedestrians (1476).
e Comprises non-working residents (2595), shoppers (25,010), workers (9924)

and pedestrians (3746).
at every hour of the day with a maximum value of 15 W m�2

recorded at 19:00 h. Peak diurnal QV values at HDB (8 W m�2) and
RES (6 W m�2) were also observed at 19:00 h with secondary,
slightly smaller peaks at 08:00 h. As expected, peak emissions
correspond to the morning and evening rush hours. The system-
atically larger values in COM reflect the much heavier traffic found
in the commercial centre.

The corresponding diurnal variation of QB is presented in Fig. 4.
Estimates for COM were significantly larger compared to those for
HDB and RES at every hour of the day. The high mean hourly QB
values observed from 08:00e22:00 h at COM arise from the high
level of electricity consumed by offices, shopping malls and hotels,
mainly for air-conditioning and to a lesser extent lighting purposes
during this period. In comparison, HDB and RES comprise mainly of
residential buildings which consume substantially lower amounts
of electricity relative to the non-residential buildings which
dominate COM. In addition, the total built-up area and built-
density of COM is larger than for HDB and RES. Hence, more elec-
tricity is needed to meet the cooling/ventilation needs of the
former compared to the two residential sites. Besides magnitude
there are also differences in the diurnal variation between the
commercial and residential sites. The former has its highest values
during daytime, extending into the late evening when commercial
activity starts to cease (shops close around 21:00e22:00 h). On the
contrary, values start to increase in the two residential sites in the
evening with a peak at 23:00 h when people return home and use
electricity for e.g. lighting, running audio-visual and computer
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equipment and cooling their residential spaces in the early hours of
the night.

The diurnal building energy use profile of COM is similar to the
winter time total diurnal energy use profile of offices, commercial
buildings and hotels in Tokyo (Moriwaki et al., 2008), albeit less
pronounced. The diurnal building energy use profiles of HDB and
RES are somewhat different from the summer and winter-time
energy use profiles of domestic buildings in mid-latitude cities
such as the Greater Manchester region (Smith et al., 2009). Energy
usage levels in the latter peak about 4 h earlier (around 19:00 h
during summer and winter) than observed in the residential areas
of the present study because air-conditioning, which constitutes
the bulk of energy consumed in households, is generally switched
on late in the evening.

The diurnal variation of mean hourly QM is shown in Fig. 5, and
reflects clear daytime vs. nighttime activity differences. During the
‘active’ period (i.e. 07:00e22:59 h), COM had the highest value of
7 Wm�2 whereas the lowest value of 0.9 Wm�2 was calculated for
RES. A slightly different observationwas made for the ‘sleep’ period
(i.e. 23:00e06:59 h) during which the highest value (1.5 W m�2)
was estimated at HDB and the lowest value (0.5 W m�2) at RES. As
expected, magnitudes of QM were always larger during the ‘active’
period compared to the ‘sleep’ period by a factor of 2 (HDB and RES)
and 8 (COM), respectively. In the case of COM, this observation
results from a larger (3e4 times) ‘active’ compared to the ‘sleep’
period population (Table 5). However, to explain the diurnal vari-
ation of mean hourly QM at HDB and RES, population size has to be
considered together with the types of activity engaged in. Although
the estimated ‘active’ period population in the residential areas
were either lower (for weekdays) or equal (for weekends)
compared to their ‘sleep’ period population throughout the week
(Table 5), the amount of metabolic heat produced by a person
engaging in daytime activities (e.g. domestic chores, shopping and
office work) is about 3 times higher than that for nighttime activ-
ities which was assumed to consist only of sleeping. Thus, lower
population counts but higher metabolic rates during the ‘active’
period compared to the ‘sleep’ period result in the larger QM
magnitudes observed at HDB and RES during the ‘active’ period for
every day of the week.

4.2. Total anthropogenic heat flux

The diurnal variation of mean hourly QF and its individual
components is shown in Fig. 6. The highest values were calculated
for COM reaching 113Wm�2 at around 11:00 h.Maximumvalues at
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HDB (17 W m�2) and RES (13 W m�2) were observed at about
19:00 h and 20:00 h, respectively. Minimum values of 7 W m�2

were recorded at RES at around 05:00 h. The diurnal QF profile of
COM is dominated by the magnitude and shape of building energy-
related emissions resulting in the largest QF values occurring during
the daytime and evening. QB was also a major component of QF at
the two residential sites with Qv being of comparable size during
the daytime. However, unlike in COM, the shape of the diurnal HDB
and RES QF profiles is dominated by traffic-related peak emissions,
and displays maximum values at 08:00 h and 19:00 h, respectively.
All three study areas show minimum values at about 05:00 h.

Fig. 7 shows the average weekday and weekend QF diurnal
profiles. For both periods the values were always largest at COM,
averaging about 86 W m�2 on weekdays and 82 W m�2 on week-
ends, with minimal differences in their diurnal variation. The
reverse was observed for HDB and RES. The values for HDB aver-
aged 14.0 (15.0) W m�2 on weekdays (weekends) and 11.2
(11.4) W m�2 for RES, respectively. At each study area, weekday-
weekend differences were most prominent between 09:00 h and
19:00 h. In particular, the residential (HDB and RES) weekend
values were higher during this period, but did not show the traffic-
related weekday morning rush hour peak.
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Mean daily total QF values show relatively little variation across
individual weekdays (Fig. 8). The maximum value is found in COM
(7.5MJm�2 day�1) on Friday, but even the lowest value on Sunday is
only 10% smaller (6.8 MJ m�2 day�1). The residential areas experi-
enced peak values of 1.2 MJ m�2 day�1 (HDB) and 1.0 MJ m�2 day�1

(RES) on Saturday and minimum values on Sunday at RES
(0.9 MJ m�2 day�1) and Thursday at HDB (1.1 MJ m�2 day�1). Vari-
ation of weekday mean daily total QF and the weekday-weekend
differences were less than 10% for all three study areas.

The percentage breakdown for all components contributing to
total QF is illustrated in Fig. 9. Building-related energy use was the
dominant component of anthropogenic heat in each study area,
contributing to QF at fairly similar proportions on weekdays
(49e82%) andweekends (46e81%). Heat emissions fromvehicles in
the residential areas of HDB and RES contributed to just over a third
of QF on weekdays and weekends whereas at COM, QV contributed
to a smaller proportion (12% onweekdays and weekends) for every
day of the week. Metabolic heat release formed the smallest
component of QF in each of the three study areas on both weekdays
and weekends. At COM and RES, QM accounted for less than 10% of
QF throughout theweek. However, the high-density housing area of
HDB saw QM contributing to a relatively higher proportion (13% on
weekdays; 21% on weekends).

5. Discussion

5.1. Temporal variability of QF estimates

Given that the present study includes some of the first detailed
results of anthropogenic heat emissions in a tropical city, it is useful
to compare the results to similar work carried out in cites located in
other climatic regions. Of particular interest are building-related
emissions which usually contribute most to QF, but very much
depend on heating or cooling needs which are primarily deter-
mined by climate or seasonal temperature characteristics. Table 6
summarises results obtained for various city centres/commercial
areas where appropriate numbers are available. The present
magnitudes for COM are similar to summer values estimated for
commercial areas in Tokyo (Ginza and Shinjuku) and winter values
in Toulouse. This result can be explained by the fact that summers
in Tokyo are very similar to the general climate in Singapore when
even nighttime temperatures do not typically fall below 23 �C, i.e.
necessitating the use of air-conditioning during most hours of the
day. The large winter values in Toulouse on the other hand are due
to space heating needs given the cool climate. The diurnal



Table 6
Representative hourly QF magnitudes of various (a) city centres/commercial areas, and (b) suburban residential areas.

Year Citya QF (W m�2) Source

Annual Summer Winter

(a) City centres/commercial area
1986e94 Tokyo (Ginza) e 86b e Moriwaki et al. (2008)
1986e94 Tokyo (Shinjuku) e 136b e Moriwaki et al. (2008)
2001e02 Basel 20 e e Christen and Vogt (2004)
2004e05 Toulouse e 25 100 Pigeon et al. (2007)
2008 Greater Manchester

(various centres)
23 e e Smith et al. (2009)

2008e09 Singapore (COM) 85c e e Present study
(b) Suburban residential areas
1986e94 Tokyo (Kugahara) e 18b e Moriwaki et al. (2008)
1987 Vancouver e e w11 Grimmond (1992)
2001e02 Basel 5 e e Christen and Vogt (2004)
2004e05 Toulouse e <5 5e25 Pigeon et al. (2007)
2008e09 Singapore (HDB) 13c e e Present study
2008e09 Singapore (RES) 11c e e Present study

a Specific commercial area/city centre indicated in parenthesis.
b Represents mean hourly value at 14:00 h.
c Represents mean hourly value. For comparisons with Tokyo values, mean hourly values at 14:00 h are 109 W m�2 (COM), 16 W m�2 (HDB) and 13 W m�2 (RES).

A.K.L. Quah, M. Roth / Atmospheric Environment 46 (2012) 92e103 101
variability of QF for COM also shows similarities to the winter
profile found in the commercial areas of Tokyo (Moriwaki et al.,
2008). The annual total QF values for the city centres of Basel and
the Greater Manchester region as well as the summer value for
Toulouse are considerably smaller compared to values calculated
for COM because they are either averages across seasons or for the
summer in a temperate climate where there is little need for space
cooling.

In the case of residential areas, daily average QF values for HDB
and RES were similar to the winter values for suburban Vancouver
and Toulouse (Table 6). This is probably because the energy
consumed to meet the heating needs in the case of the two mid-
latitude cities is comparable to the average amount of energy
used for air-conditioning in Singapore’s residential areas. There is
again good correspondence with the summer values from Tokyo,
which are primarily accounted for by energy used for space cooling
in both cities. The annual QF value for Basel and summer value for
Toulouse are as expected lower than calculated for the residential
areas in Singapore.

5.2. Comparison of QF against net all-wave radiation flux density

In order to obtain an indication of the likely importance of
anthropogenic heat emissions relative to the net energy input into
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Fig. 10. Mean hourly net all-wave radiation flux density at RES (average from 2006 to
2008) and anthropogenic heat flux density profiles for all 3 study areas.
the urban system across the common land use types in Singapore,
the mean diurnal QF values were compared with measurements of
Q* which were available for RES and assumed to be similar at COM
andHDB. Anet radiation surpluswas observedbetween08:00 h and
18:00 h, with mean hourly Q* values reaching a maximum of
454Wm�2 at 13:00 h (w12:00 h solar time) (Fig.10). For this period,
magnitudes ofmeanQFwerew40% (COM), 5% (HDB) and4% (RES) of
Q* values. Between 19:00 h and 07:00 h net radiation was
about �50 W m�2 whereas QF values were w143% (COM), 26%
(HDB) and 21% (RES) of Q*, but positive. When averaged over the
entire day,QFwas equivalent to 87% (7.3MJm�2 day�1) ofQ* at COM.
The relatively equal importance of Q* and QF on a daily scale results
primarily from the strong demands for air-conditioning by the
energy intensive buildings located in the commercial area (Fig. 6). At
HDB and RES,QF was equivalent to about 13% (1.1MJm�2 day�1) and
11% (0.9 MJ m�2 day�1) of Q*, respectively. Similarly, Grimmond
(1992) estimated that QF contributed more than 10% to the winter
energy balance of suburban Vancouver. Although the contributions
of QF to the energy balance of HDB and RES are comparatively lower
than at COM, they cannot be ignored in the UEB (Eq. (1)) of suburban
and much less so in the case of commercial areas.
6. Summary and conclusions

The present paper provides one of the first detailed assessments
of QF for a tropical city. Specifically, the diurnal and weekly vari-
ability of the anthropogenic heat flux density has been estimated
for three land use types in Singapore (COM e commercial; HDB e

high-density public housing; and RES e low-density residential)
using the inventory-based modelling approaches of energy
consumption for the period October 2008 toMarch 2009. The main
findings obtained from the present study are:

(i) The largest mean hourly QF estimates of 113 W m�2 were
found in COM at w11:00 h. Maximum mean hourly QF values
were substantially lower at the two residential study sites,
HDB (17 W m�2) and RES (13 W m�2) at w19:00e20:00 h,
respectively.

(ii) Weekday mean hourly QF values for COM were on average
about 5% higher than weekend values. At HDB and RES, the
reverse was observed and average weekday values were
approximately 9% (HDB) and 2% (RES) lower than their
respective weekend estimates.
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(iii) A distinct diurnal andweekly variability in theQF estimateswas
observed. Mean hourly QF at COM remained relatively large
during the period of commercial activity (08:00e22:00 h) and
became smaller when commercial activity ceased. Dual peaks
that were observed in the mean hourly QF profiles of HDB and
RES correspond tomorning and evening rush hours. In terms of
weekly variability, the daily totalQF values for COMwere higher
on weekdays than on weekends, whereas the reverse was
observed for HDB and RES. These diurnal andweekly variations
of QF can be explained by variability in commuting patterns
over the course of a day/week.

(iv) Buildings were the dominant contributor to anthropogenic
heat in each study area, making up 83% (COM), 54% (RES) and
49% (HDB) of the respective weekday mean hourly QF esti-
mates, and with very similar numbers for weekends.
Throughout the week, QV accounted for just over a third of the
mean hourly QF values for HDB and RES. the relative impor-
tance of QV at COM is smaller (12%) on both weekdays and
weekends. QM was consistently the least important compo-
nent of QF, making up 5e9% of anthropogenic heat emissions
at COM and RES, and 13e21% at HDB over the course of aweek.

(v) During daytimemean QF as a fraction of the net radiation input
into the system is largest for COM (40%) and below 5% for the
residential areas. Nighttime percentages are higher and in the
case of COM w143% of QF, but of opposite sign. Average daily
QF is equivalent to 87% of Q* at COM and considerably smaller
at the two residential sites where QF is equivalent to 13% (HDB)
and 11% (RES) of Q*, respectively.

Many studies frequently mention that QF is largest in mid-
latitude cities during winter due to demands for heating (e.g.
Grimmond, 1992; Klysik, 1996; Sailor and Lu, 2004; Pigeon et al.,
2007). However, the present research shows that QF can also be
substantial in hot, tropical cities owing to strong demands for air-
conditioning. Unlike in mid-latitude cities where QF exhibits clear
seasonal variability, QF in tropical cities can remain high throughout
the year and be of the same order of magnitude as calculated for
city centres in mid-latitude cities during winter time.

The present study also showed that QF is an important compo-
nent of the UEB in the commercial district, with nighttime values
that are of similar magnitude to those of net radiation. Several
implications follow from this result in terms of UHI research, UHI
mitigation and more sustainable city design. Local UHI studies
usually find the largest nocturnal heat island intensities in the
vicinity of Orchard Road which is part of COM, whereas other areas
with even higher building density and less vegetation, such as the
financial district, have lower UHI magnitudes (Chow and Roth,
2006). Besides other possible influences particular to the local
context, it is reasonable to assume that the large UHI magnitudes
observed in the commercial district are also due to the additional QF
contribution which is of lesser importance in the financial district
which experiences reduced commercial activity in the evening.

A number of past studies have already noted the particular role
QF can play in the genesis of the heat UHI. Contributions from QF
have for example been used to explain the early evening UHI peak
observed inMexico City (Jauregui, 1997) or the large UHI intensities
in Lodz during winter (Klysik and Fortuniak, 1999) when the
incoming shortwave radiation is weak and heating demand strong.
Other studies addressing this issue include Kimura and Takahashi
(1991) and Kondo and Kikegawa (2003). Several studies have also
tried to model the impact of QF on the UHI. Temperature simula-
tions by Fan and Sailor (2005) showed that during the winter
months QF (estimated to be 90Wm�2) contributed about 2e3 �C to
the nighttime heat island in Philadelphia. In mid-latitude cities, the
impact of QF on the UHI is likely to be the largest within the city
core during winter when heating demand is strong (e.g. Ichinose
et al., 1999; Fan and Sailor, 2005). As shown in the present study,
densely built and developed tropical cities are also likely to expe-
rience significant levels of QF in their commercial centres due to
high energy demands for building air-conditioning. Such large
anthropogenic heat emissions are not only likely to contribute to
the UHI effect, but also represent an urban energy budget term that
cannot be ignored. Such large QF values warrant further investi-
gation to be able to fully judge their relevance for urban climates.
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