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Abstract: The energy consumption due to urbanization and man-made activities has resulted in
production of waste, heat, and pollution in the urban environment. These have further resulted in
undesirable environmental issues such as the production of excessive Anthropogenic Heat Emissions
(AHE), thus leading to an increased Urban Heat Island (UHI) effect. The aim of this study was to
estimate the total AHE based on the contribution of three major sources of waste heat generation
in an urban environment, i.e., buildings, vehicular traffic, and human metabolism. Furthermore, a
comparison of dominating anthropogenic heat factor of Darwin with that of other major international
cities was carried out. Field measurements of microclimate (temperatures, humidity, solar radiation,
and other factors of climate measures) were conducted along Smith Street, Darwin City. Then, surveys
were conducted to collect information regarding the buildings, vehicle traffic and Human population
(metabolism) in the study area. Each individual component of AHE was calculated based on a
conceptual framework of the anthropogenic heat model developed within this study. The results
showed that AHE from buildings is the most dominant factor influencing the total AHE in Darwin,
contributing to about 87% to 95% of total AHE. This is followed by vehicular traffic (4–13%) and lastly,
human metabolism (0.1–0.8%). The study also shows that Darwin gains an average of 990 Wm−2 solar
power on a peak day. This study proves that building anthropogenic heat is the major dominating
factor influencing the UHI in tropical urban climates.

Keywords: anthropogenic heat emission; microclimate; urban heat island; tropical urban climate;
heat energy

1. Introduction

With rapidly increasing population, it has been projected that the proportion of the
world’s population living in urban areas will continue to rise from 47% to 60%. According
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to the United Nation’s (UN) data analytics predictions [1], by 2030 one third of the global
population may be living in urban cities around the world [2]. This urbanisation has
resulted in unpredictable environmental conditions; altering the climate conditions [3];
changes in heat capacity [4], reflectivity [5], and surface energy model [6]; and production
of excess anthropogenic heat emission [7], thus leading to an increased Urban Heat Island
(UHI) [8], which is defined as a phenomenon where solar heat is absorbed and dissipates
as “anthropogenic waste” to the atmosphere; which is due to non-natural or human-made
activities [9].

Various previous studies [10] on UHI found that Land-Use Cover (LUC) and Anthro-
pogenic Heat Emission (AHE) are one of the key reasons for the formation of UHI [11], with
AHE contributing majorly [12]. By 2030, the contribution of AHE to UHI will be increasing
with a percentage of 30 to 50 [13]. According to the global study results on AHE by [14],
the AHE has not been considered by many global climate models yet and it is having an
increasing effect on the global annual mean temperature by around 0.02 K as well as the
land surface temperature by around 0.05 K [15]. Additionally, more studies have identified
that AHE is largely dependent on the energy usage, building coverage, and meteorologic
conditions of a city [16].

A global study on AHE for 29 largest cities around the world identified that the heat
emission from Commercial, Residential and Transport (CRT) sectors contributed about
40% to 95% of heat emissions [17] while heating due to population density varies from
about 2% to 60% [18]. For instance, in 2017, Beijing city had reached about 1.11 × 1018 J
AHE per year with a mean intensity of Anthropogenic Heat Flux (AHF) varying between
77 Wm−2 to 135 Wm−2 throughout the year in different seasons [19]. Meanwhile the AHF
in Downtown, Los Angeles was found to be around 100 Wm−2 in 2017 [20]. An AHE
study in China [21] identified that the total AHE is a sum of 45% heat generation from
buildings, 5% from human Metabolism, 30% from vehicle traffic and 20% from different
industries [22]. Furthermore, Chinese metropolitan cities produce an AHF ranging from
20 Wm−2 to 100 Wm−2 [21].

Australia, a country with a high-income economy, retains the highest rank in urban
population ratings [23]. It consists of various climate zones, so different locations around the
country require different heating and cooling conditions based on these climate zones [24].
According to the Australian Building Codes Board (ABCB), Darwin city located in the
Northern Territory (NT) of Australia falls under climate zone number 1 which is “high hu-
midity summer and warm winter” [25]. The maximum and minimum mean temperatures
for Darwin throughout the year lie between 34 ◦C and 20 ◦C, respectively [26]. According
to the relative humidity data, the relative humidity in the morning is considerably high
and varies from around 82% to 60% while in the evening humidity varies from 70% to 40%.
However, the Australian Institute of Refrigeration, Air conditioning and Heating (AIRAH)
technical handbook puts the ideal humidity condition between 60% and 30% [27]. This
implies that the present Darwin climatic condition does not fulfill the thermal comfort level
for humans [28].

Thus, this study was aimed at estimating the AHE in Darwin, a metropolitan city
located in the hot and humid tropical climate of Australia. Three approaches were employed
to achieve this aim. Firstly, the calculation of the temporal variation of the total AHE values
of the three major AHE contributing factors including buildings, vehicles, and human
metabolism was carried out. Secondly, an analysis of the dominating anthropogenic heat
factor that had a greater influence on the UHI, resulting in raised urban air temperatures
was conducted. Finally, the potential impact of AHE on the urban climate of Darwin was
compared with that of other major international cities.

2. Methodology
2.1. Area of Study

Figure 1 Illustrates the map of the study area. The boundary of the selected area
indicated in thick black lines sums up to 76,853 m2 of area. Furthermore, the study area
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included 33 buildings shown on both sides of the Smith Street Road totalling approximately
550 m of road length. The field measurements were conducted at the following locations in
Smith Street Road (the busiest road in Darwin Central Business District) [29]; Saint Mary’s
Cathedral, the banks of Australia and New Zealand Banking (ANZ), the National Australia
Bank (NAB) Darwin city branch, and near the Smith Street Mall. These locations were
selected for the field measurements to cover the whole area including the beginning of the
street, middle of the street, and end of the street. All meteorological data were obtained
from the Bureau of Meteorology BOM climate data service located at the Darwin Airport
(Station number 014015) [26].
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2.2. Adopted Study Approach

This research aimed to estimate the AHE in Darwin, Australia. A three-stage process
(Figure 2) was adopted for this study. In the first stage, the temporal variation of the total
AHE values of the three major AHE contributing factors (buildings, vehicles, and human
metabolism) was calculated using a developed anthropogenic heat model. In the second
phase, the dominating anthropogenic heat factor that had a greater influence on the UHI,
resulting in raised urban air temperatures was analysed. In the final stage, the potential
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impact of AHE on the urban climate of Darwin was compared with that of other major
international cities.
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2.3. Microclimate (Temperature and Humidity Variation) Measurements

Field measurements were carried out and the following microclimate parameters
were measured; surface temperature (using a Milwaukee Alkaline Laser Temperature
Gun Handheld Digital Thermometer), air velocity, wet bulb temperature, and relative
humidity were measured using a Kestrel 3500 DT Weather Meter, while the solar power
was measured using a Lutron SPM-1116SD solar power meter. The measurements were
carried out at all three measuring points in Smith Street once every 2 h between 10 am
to 4 pm in August and the average value was taken to ensure accuracy. Furthermore,
the surface temperature variation of the study area was visually observed and recorded
using FLIR ONE Pro thermal camera during the fieldwork measurements because the
measured values for road surface temperatures could be validated from thermal photos as
this equipment has a sensitivity that detects temperature differences up to 70 mK.

2.4. Estimation of Anthropogenic Heat Emission Factors

The survey procedure and the inventory approach also known as the “Top-down
approach” were used to estimate the number of vehicles on the road [30]. The survey was
conducted for a sample period of 15 min every 2 h from 10 am to 4 pm. The size of vehicles
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was categorised based on ‘Austroads Vehicle Classification’ System as either short, medium,
or long. Surveys were also conducted to gather building data from houses on both sides
of Smith Street [31]. The data collected included the type of building, number of levels on
a building (number of storeys), type of occupancy or usage, location, and any important
observations of buildings [32]. Additional information about each building was gathered
using Google Earth Pro (v7.3.3). Finally, the survey procedure was also used to obtain data
on the human population as follows: the number of people on the road was counted for a
sample period of 15 min for every 2 h from 10 am to 4 pm. The collected data were used to
calculate the AHE from the human population.

2.4.1. Estimation of Anthropogenic Heat Emission from Vehicle Traffic

Estimation of vehicle traffic was carried out based on the approaches by [22,33]. Based
on this, the equation (Equation (1)) for hourly AHE from vehicles due to combustion of
fuel (QV) was created as follows:

Heat emission from vehicle traffic

QV =
∑ Ni × d × Ei,j × xj

t × A
× 1000 (1)

Energy used per vehicle

Ei,j = HVj × ρj × FCi

where,
QV = AHE due to vehicles (Wm−2)
Ni = total count of vehicle class i on the road
d = travel distance of the vehicle (km)
Ei,j = energy used by vehicle class i using fuel type j (kJ/km)
xj = proportion of fuel type j vehicles in NT
t = sample time of the survey period (s)
A = size of the study area (m2)
HVj = heating value of fuel type j (kJ/kg)
ρj = density of fuel type j (kg/L)
FCi = fuel consumption of the vehicle class i (L/km) [33]

2.4.2. Estimation of Anthropogenic Heat Emission from Buildings

The heat emission from buildings included all the energy consumption estimations
due to industrial plants, commercial buildings and residential buildings [20], with the
assumption that the total energy consumption within each building is completely exhausted
to the environment as waste heat [20]. Based on this, the equation below (Equation (2))
was developed to estimate the AHE from buildings. Each building within the study area
was assigned an identification number. The subscript i indicated the building identification
number. Li and Ai are cooling load and area of each building respectively. All the buildings
in the study area were categorised based on AIRAH.

Heat emission from buildings

QB =
∑ Li × Ai

A
(2)

where,
QB = AHE due to buildings (Wm−2)
Li = cooling load of building number i (Wm−2)
Ai = area of building number i (m2)
A = size of the study area (m2) [34]
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2.4.3. Estimation of Anthropogenic Heat Emission from Human Population (Metabolism)

AHE from the population was calculated based on the equation below (Equation (3)).
Heat dissipation rates for different human activities was obtained from AIRAH stan-
dards [35]. To estimate the AHE from human metabolism, people inside the buildings were
ignored while only people who were outside the buildings (on the road) were considered
because the cooling load of the buildings included the effect from building occupancy
as well.

Heat emission from human metabolism

Qp =
N × E

A
(3)

where,
Qp = AHE due to human metabolism (Wm−2)
N = population count
E = heat emission from a single human due to walking (W)
A = study area (m2) [35]

3. Results and Discussion

This study was aimed at understanding the climatic conditions of Darwin by estimat-
ing the AHE in Darwin, the temporal variation of the total AHE and analysis of the three
major AHE contributing factors (including buildings, vehicles, and human metabolism) in
Darwin. Temporal variation of total AHE and contributing factors were individually anal-
ysed and the results indicated that the largest mean hourly anthropogenic heat emission in
Darwin occurs at around 2 pm and the value is around 121 Wm−2.

Results from this study showed that the building category was the dominant con-
tributory factor to anthropogenic heat in Darwin city, making up 87% to 95% of the total
AHE value. This is mainly due to the strong demands for air-conditioning by the energy-
intensive buildings located in the city area, particularly hotel/apartment buildings. Only
4% to 11% of the total anthropogenic heat value was generated from vehicle traffic in the
city followed by 0.1% to 0.8% from human metabolism.

The study equally investigated the dominating anthropogenic heat factor that had
a greater influence on the UHI and the potential impact of AHE on the urban climate of
Darwin. The findings of this study were validated by comparing the AHE values of Darwin
with other international cities and it was shown that AHE plays a major role in UHI, and
metropolitan tropical cities like Darwin are at risk of experiencing high AHE values in their
commercial/business centres.

Although the developed conceptual framework of the present study has been efficient
and more reliable in estimating AHE, but not without some limitations. For instance, the
study was carried out in one area, using field measurements and surveys and this could
have affected the accuracy of the analysis by adding up values and increasing the accuracy
of the estimation. Additionally, the results were dependent on the heating or cooling load
requirement of buildings which is determined based on climate conditions. On the other
hand, the present study can be validated further by conducting a Computational Fluid
Dynamics (CFD) analysis. This analysis will provide a visualisation of the air properties
(temperature, pressure, and air velocity), and an estimation of the urban energy budget
within Darwin city.

3.1. Microclimate (Temperature and Humidity) Variations

The microclimate (temperature and humidity) variation graph shown in Figure 3
illustrates the measured values for ambient temperature, surface temperature, wet bulb
temperature, and relative humidity. According to this graph, from 12 pm to 2 pm, the
ambient temperature reached the highest value of 34 ◦C and this represented the mean
maximum temperature of Darwin city. The graph also shows that relative humidity reached
the maximum of around 70% at 10 am and declined to 58% as time passed. Metrological
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data of Darwin also showed a similar humidity variation, particularly in August. From
10 am to 12 pm, road surface temperature increased significantly from 40 ◦C to around
54 ◦C and then fluctuated around 54 ◦C–55 ◦C throughout the rest of the period (12 pm
to 4 pm). Overall, road surface temperature varied significantly more than the other
microclimatic factors.
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Figure 4 illustrates the solar power measurement results from 10 am to 4 pm and
according to this figure, Darwin gains an average of 990 Wm−2 solar power within the peak
time of a day. However, according to the Bureau of Meteorology Australian Government,
the average daily sunshine hours in Darwin for August is around 9 to 11 h and the average
daily solar exposure in August is around 21 to 24 MJ/m2, with an average solar power of
740 Wm−2. Thus, the obtained average solar power of 990 Wm−2 is slightly higher than
published metrological data (740 Wm−2). Nevertheless, both values suggest that Darwin is
rich in solar power.
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For further evaluation of the microclimate variation, thermal photos of the study area
were recorded using a FLIR ONE Pro thermal camara. Surface temperature variation was
visually observed from thermal photographs. Figure 5 illustrates the thermal photographs
of two locations in the study area taken at two different times. (A) and (B) indicates
temperature variation near Saint Mary’s Cathedral church at 10 am and 4 pm, respectively.
According to these figures road surfaces gained higher temperatures compared to building
surfaces and ambient temperature. It should also be noted that road surface temperature
drastically increased from just about 34 ◦C to 50 ◦C within the period from 10 am to 4 pm
possibly because of increased intensity of solar radiation and increased activities on the
road due to increased human and vehicular activities. A similar pattern was observed in
the other locations of the study areas as well. (C) and (D) illustrates the area near NAB at
10 am and 4 pm, respectively. The figures indicate that road surface temperatures in this
area increase from 37 ◦C to 51 from 10 am to 4 pm.
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3.2. Anthropogenic Heat Emission Effects

The results of the Vehicle, Human Population (metabolism) and building surveys are
shown in Figures 6–8, respectively. The results showed a high volume of traffic during the
period from 12 PM to 2 PM and most of the vehicles on the road were small vehicles. In
terms of buildings, there were 33 buildings, 77% of these buildings were low-rise buildings
(1–3 story buildings) while 7% were mid-rise (5–6 story), and 16% (7–10 story) were high
rise buildings. On the other hand, the human population (metabolism) survey results
showed little activity by 10 AM, which peaked by 12 PM before gradually declining from
2 PM and ultimately reducing significantly by 4 PM. Thus, between the period from 12 PM
to 2 PM, the population density reached the highest value.
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3.3. Temporal Variation of Anthropogenic Heat Emission and Its Influence on Urban Heat
Island Effects

Estimation of the temporal AHE variations due to buildings (QB), human population
(metabolism) (QH) and vehicles (QV) were carried out between the periods of 10 am to
4 pm. Figures 9 and 10 illustrates the variation of the contributions of human metabolism
and vehicle types, and building type to the total AHE in Darwin, respectively.
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Figure 10. Temporal Variation of Anthropogenic Heat Emission Due to building types (QB).

The temporal variation of AHE due to vehicles (QV) shows a maximum value of
9.3 Wm−2 observed at 2 pm. The larger value in this graph reflects the presence of heavy
traffic in the area. Understandably, peak vehicular traffic periods vary from one city to
another in Australia; however, the results show that rush hour in Darwin begins from 8 AM
to 12 PM and peaks just at about 2 PM and slowly declines around 4 PM (least value of
3 Wm−2 observed at around 4 pm).

Regarding the temporal variation of AHE due to human metabolism (QH) for the
observation period, the population was considered as the people who were outside the
buildings, i.e., on the road only, because the effect from people who are inside the building
has been already considered for QB. The observed QH values varied from 0.1 Wm−2 to
0.5 Wm−2, with a maximum QH value for the present study gained at the peak time of
12 pm. The population density reached the highest value between the period from 12 pm
to 2 pm. The reason for this might be due to larger portion of the population within this
area are working and they receive their lunchtime break during 12 pm to 2 pm period.

For the building category, the total estimated QB value was 112 Wm−2 and the highest
contribution for QB came from office and hotel/apartment buildings. This is mainly due to
the operating of air-conditioning units within these buildings. the least QB came from the
mall, gym, and apartments.

Regarding the dominating AHE factor that had the greatest influence on the UHI
effects, Figure 11 illustrates the percentage breakdown of all individual components con-
tributing to UHI effects. According to this graph, the heat emission from buildings QB is
the dominant factor influencing the UHI effects in the study area, contributing about 87%
to 95%. The contribution from QV varies from 4% to 13% throughout the study period. In
contrast, QH only contributed a fairly amount of 0.1% to 0.8% to the UHI effects.
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3.4. Comparison between the Impacts of Anthropogenic Heat Emission in Darwin with Some
Major Cities

Analysis of the total AHE results for Darwin and other major cities shows some simi-
larities and differences (Table 1). For instance, the AHE of Darwin and Singapore are similar
and the reason might be because both Darwin and Singapore are tropical climates [36]
and require continuous operation of the air conditioning systems during the day [37],
particularly during summer, thus contributing to AHE from buildings [38]. In contrast,
Toulouse winter season emits high anthropogenic heat similar to that of Darwin [39] due to
Toulouse’s high demand for heating of building spaces during the winter season [40]. The
same reason applies to Moscow and Beijing as well [41]. Moscow has a short hot summer
season and long cold winter season, hence the annual AHE adds up to a value similar to
Darwin [42]. The AHE value of Downtown, Los Angeles is similar to that of Darwin as it
has a Subtropical-Mediterranean climate [43].

According to the ABCB climate zoning, many major cities in Australia fall into different
climate zones [44]. Melbourne with a mild to cool temperature range falls under climate
zone 6 and 7, Sydney falls under zone 5 and 6 with a warm—mild temperature range,
Brisbane with warm humid summer and mild winter falls under zone 2, while Adelaide
falls under zone 5. On the other hand, Darwin falls under zone 1 which is high humidity
summer and warm winter [45]. Despite falling into relatively cooler climate zones, The
AHE values of Sydney and Melbourne are more than twice and thrice that of Darwin,
respectively, and this could be because Melbourne and Sydney are densely populated
cities with larger usage of land for building coverage [16]. These cities undergo both
high-temperature summer and low-temperature winter seasons [46]; thus, HVAC demand
for cooling and heating of spaces is considerably higher [47]. This phenomenon applies to
Brisbane as well, with high population density and high demand for air conditioning space
and a resultant high AHE value [48]. In contrast, Adelaide is not as densely populated
as Melbourne, Sydney, or Brisbane [49], and Adelaide has a considerably more desirable
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temperature than other mentioned major cities. Consequently, the AHE value in Adelaide
is considerably smaller than that of Darwin [50].

Table 1. Anthropogenic Heat Emission Magnitudes of Various Urban City Centres Compared
to Darwin.

Year City
QAHE (Wm−2)

Reference
Annual Winter Autumn Summer Spring

1970 Moscow, Russia 127
1971 Hong Kong, China 33 41 32 [42]

1986–1994 Ginza, Tokyo 86 a [51]
1986–1994 Shinjuku, Tokyo 136 a [38]

2005 Toulouse, France 100 25 [38]
2008 Manchester, England 23 [40]
2011 Singapore 113 a [33]
2016 Melbourne, Australia 376 [51]
2016 Brisbane, Australia 261 [16]
2016 Sydney, Australia 256 [16]
2016 Adelaide, Australia 39 [16]
2017 Los Angeles, USA 100 [16]
2017 Beijing, China 135 84 82 77 [20]
2021 Darwin 121 a Present study

a Represents maximum mean hourly value.

4. Conclusions

Anthropogenic heat emission is one of the major contributors to Urban Heat Island
effects globally. The UHI in turn has increased the demand for the cooling load as well as
the energy consumption of air-conditioning systems. With an increase in cooling loads,
more heat is consistently released into the environment. It is evident that this increase in
overall energy demand has contributed massively to global warming and other climate
change effects including reported shifts in weather patterns. Interestingly, the majority of
the AHE in Darwin and other major international cities including Singapore, London, and
Tokyo emanate from energy-intensive buildings such as hotels, schools, and offices.

As climate change experts and environmental scientists continue to measure the rate of
AHE in Darwin, more researchers are continuing to discover innovative ways of reducing
the overall AHE rate in Darwin. One such approach is the incorporation of green roofs in
building designs. It is expected that such innovative approaches would assist in proffering
a sustainable solution to the climate change effects caused by AHE in Darwin and other
major cities as these cities transition into more eco-friendly urban centres.

Failure to address the challenges caused by increasing AHE in Darwin and other major
international cities shall result in continually increased UHI effects, erratic weather patterns,
and high heat waves currently experienced in these cities.
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