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Abstract 

Many cities are suffering the effects of urban heat islands (UHI) or urban cool islands (UCI) due to rapid urban 

expansion and numerous infrastructure developments. This paper presents a lumped urban-building thermal 

coupling model which captures the fundamental physical mechanism for thermal interactions between 

buildings and their urban environment. The benefits of the model are its simplicity and high computational 

efficiency for practical use in investigating the diurnal urban air temperature change and its asymmetry in a 

city with both naturally-ventilated (NV) and air-conditioned (AC) buildings. Our model predicts a lower urban 

heat island and higher urban cool island intensity in a city with naturally-ventilated buildings than for a city 

with air-conditioned buildings. During the urban densification (from a low-rise, low-density city to a high-rise, 

high-density one), the increases in the time constant and internal heat gain give rise to asymmetric warming 

phenomena, which become more obvious in a city with air-conditioned buildings rather than naturally-

ventilated ones. Unlike previous studies, we found that a low-rise, low-density city experiences a stronger 

urban cool island effect than a high-rise, high-density city due to less heat being emitted into the urban 

atmosphere. The urban cool/heat island effect will firstly increase/decrease, and then rapidly decrease/increase 

and ultimately disappear/dominate with increasing time constant in the process of urbanization/urban 

densification.   
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1. Introduction 

Due to socioeconomic development, increasing population and greater migration from rural to urban areas 

will give rise to large-scale urban expansion [1]. Urbanization results in the creation of urban heat islands 

(UHI), which involve a higher air temperature in a city than that in rural areas, especially at night time [2-3]. 

In a study of 38 U.S. cities, Imhoff et al.  [4] found that the annual urban temperature was on average 2.9℃ 

warmer than surrounding areas in all biomes except those with arid and semiarid climates.  In London, the 

maximum temperature difference between the urban and rural areas could reach 8.6℃ in clear-sky weather 

conditions with wind velocities below 5ms−1 [5-6]. An UHI intensity of 2.7℃ ~10℃ was observed in Athens, 

Greece [7]. Nevertheless, the urban air temperature could also be lower than the rural air temperature in some 

places or under certain meteorological conditions, which gives rise to the urban cool island (UCI) phenomenon 

[8-12]. The UCI intensity has been observed to be higher during the day than the night in summer and the 

opposite is true in winter [13-14]. Cohen et al. [13] found a maximum air UCI intensity of 3.8℃ in summer. 

Both UHI and UCI have a great impact on the energy demand [15-17] as well as the outdoor air quality of a 

city [18]. A UHI could lower the heating demand during winter and increase the building energy consumption 

for cooling in summer, while a UCI has the opposite effect. Meanwhile, the energy consumption of a city 

affects the pollutant concentration over urban areas. 

There are many reasons contributing to the development of UHI and UCI. One of the important contributors 

is the heat stored by a huge thermal mass such as the man-made infrastructure in the city.  The heat that is 

absorbed by the buildings and roads during the daytime will be re-emitted into the atmosphere during the night, 

leading to a UHI effect at night and a UCI effect during daytime [12]. In addition, the waste heat emissions 

released by building ventilation and air conditioning systems in summer can contribute to an increase in UHI 

intensity [19]. However, urban green spaces could lead to a UCI effect [20-21]. Although a UHI and UCI can 

co-exist during the course of the day, this is less explained and studied. In the process of urbanization, an 

increase in the building density and building height brings great changes in urban green spaces, urban thermal 

mass, anthropogenic heat, internal gain and so on, which will determine whether the UHI and UCI phenomena 

can coexist and their respective intensities. 



There are basically two types of research coupling urban and building thermal simulations. One is the one-

way coupling, where the urban meteorological data were directly used as the inputs for building energy 

simulation. Zinzi et al (2018) directly used the meteorological information measured at rural and urban sites 

in Italy to drive the building energy modelling to understand the variations of building heating and cooling 

loads on different sites [22]. An increase of 57% cooling degree days was observed in urban centre compared 

with that in rural area. Rather than relying on the measurement, Perea et al (2018) quantified the impact of 

urban climate on energy system design using a coupled CIM-CitySim model. CIM will provide the 

meteorological data as the inputs to drive CitySim to determine the energy demand of a district [23]. While 

Toparlar et al (2018) applied complex CFD to provide meteorological information for building energy 

simulation to estimate the impact of urban climate and parks on the summertime building cooling demand 

[24]. Santosa et al (2018) used Urban Weather Generator (UWG) to pre-process the urban EPW file and 

estimate the in a representative district in downtown Abu Dhabi (UAE) [25]. The other is two-way coupling 

where the building energy simulation is dependent on the urban climate data, and urban climate simulation 

needs inputs from buildings.  To account for the building effects on urban air temperature and UHI/UCI, 

various models have been developed to predict the urban air temperature considering the interaction between 

building and its surrounding environment. These models either provide a two-way coupling of the building 

energy model (BEM) with the urban canopy model (UCM-BEM) [26-27] or with the Town Energy Balance 

(TEB) scheme (TEB-BEM) [28] or a lumped thermal parameter model [29]. The BEM in [28] applied the heat 

balance method to calculate the energy demand of a building which was considered as a single thermal zone 

representing the thermal inertia of various building levels by a generic thermal mass. The model accounted for 

heat conduction through the enclosure, infiltration, ventilation, solar radiation through the windows and 

internal heat gains. Bueno et al. [30] coupled a detailed building energy program - Energyplus [31] - with the 

Town Energy Balance (TEB) model [28] to exploit the advantages and overcome the drawbacks of both 

models. Miguel et al. [29] also used the Energyplus model to couple with a lumped thermal parameter model 

and estimated temperature and specific humidity in the near-surface urban environment. The lumped urban 

canopy model took into consideration of heat fluxes coming from the walls, windows, the air handling unit, 

the urban boundary layer, the sky, road, ground and vegetation.  These current sophisticated building-urban 

coupling models are able to capture the main heat transfer process between buildings and the urban 



environment [32], but they have relatively low computational efficiency. Most of them aim to predict the 

building energy consumption and the effect of waste heat emissions from HVAC systems on the urban 

environment assuming a constant indoor air temperature rather than the fluctuating indoor air temperature 

which is widely experienced in naturally-ventilated buildings.   

As a complement to the complicated models mentioned above, this paper presents a lumped urban-building 

thermal coupling model based on the previous versions developed by Silva et al. [33] and Yang et al.  [12]. 

The lumped model is limited in scope, but insightful in physics to better understand the controlling parameters 

contributing to both the indoor and outdoor air temperatures [12]. It also benefits from its greater simplicity 

and computational efficiency compared with other complex models (e.g. UCM-BEM). It is more suitable to 

use for optimizing the urban plan design and predicting the urban air temperature and finding out where and 

when a UHI and UCI can co-exist in the process of densification. Silva et al. [33] developed a simple lumped 

(i.e. zero-dimensional) thermal model to simplify the complex urban geometry as a unified entity and 

calculated the characteristic temperature of the entire urban area. Yang et al. [12] improved the lumped 

mesoscale urban air temperature model by setting up the heat balance equations for both urban air and urban 

surface and considering the heat exchange between them. But the lumped thermal model improved by Yang 

et al.  [12] still assumed a constant indoor air temperature in air-conditioned buildings rather than a diurnally 

changing indoor air temperature. Moreover, the waste heat emissions from air-conditioning systems are 

integrated in the anthropogenic heat, not coupled with urban air temperatures.  

In this paper, a lumped urban-building thermal coupling model is further developed to address the above-

mentioned shortcomings, and verified using observational data from Hong Kong. The model is then used in a 

series of parametric analyses to investigate the effect of urban geometries (e.g., the increase of building density 

and building height) and internal heat gain on the urban air temperature and UHI/UCI intensity. In the 

meantime, the parameters such as urban air temperature and UHI/UCI intensity are compared between the 

cities with naturally-ventilated buildings and those with air-conditioned buildings. The model is also used to 

investigate the dominant mechanisms by which the time constant of a city affects urban air temperature and 

UHI/UCI intensity, and the reason why there is a difference in air temperature between the city with naturally-

ventilated buildings and one with air-conditioned buildings. In addition, the asymmetry phenomenon of the 

diurnal urban air temperature which gives rise to the asymmetry warming is analysed. The outcomes of this 



study can be used to guide the urban planning for designing cities that are more energy and environmentally 

resilient. 

2. Numerical Simulation  

2.1 Model Description 

Fig.1 presents a sketch of the simplified city-building coupling model and two types of buildings: naturally-

ventilated (NV) and air-conditioned (AC). In this model, the complex urban geometry is simplified as a lumped 

system. The average temperatures of all the effective thermal mass and surfaces are considered to be the same. 

The urban plan area (Au) is the sum of the areas of vegetated surfaces Av (such as plants and parks), artificial 

ground surfaces Aa (such as streets, highways and playgrounds) and roof surfaces Ap (equivalent to the building 

footprint).  The total area (At) includes both the plan area (Au) and the wall surface area of buildings (Aw). The 

relationships between the terms are shown in Equations (1), (2) and (3). 
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where v , a , p and w are the respective area fractions of the four urban surfaces mentioned above. The 

idealized city (urban region) has the dimension L×L. The plan-area-weighted average building height and the 

average distance between buildings are H and W, respectively. The urban control volume extends to the 

urban canopy layer height, which is shown in Fig.1.  



 

Figure 1: A sketch of the simplified urban-building coupling model 

 

2.1.1 Models for an ideal city with naturally-ventilated buildings (NV case) 

To obtain the dynamic evolution of the indoor air temperature in naturally-ventilated buildings as shown in 

Fig.1, the sensible heat balance for indoor air needs to be solved. The sensible heat balance is composed of the 

ventilation heat flux, the convective heat flux and the internal heat flux. The energy balance equation for the 

indoor air is presented as follows: 

flupiiwwwuriuiup
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CM   ))()( （                                                            (4)                     

where MiCi is the thermal mass of indoor air; Ti is the indoor air temperature;  ρ is the air density; cp is the 

specific heat of air; Ur and Uw are the U values of building roofs and walls， respectively； Ei is the internal 

heat source intensity (W/m2), including heat from persons, lights, devices and solar through the windows; Nfl 

is the average number of building stories and qiu is the natural ventilation rate, which will be discussed in more 

detail in section 2.2.  



   The heat balance for the urban air is composed of the advection heat flux from the rural site and the urban 

boundary layer, the ventilation heat flux from buildings, the convective heat flux and the anthropogenic heat 

flux. The governing equation for the urban air energy balance is shown in Eq. (5). 
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where MuCu is the thermal mass of the urban air;  hco is the convective heat transfer coefficient between the 

external surface and the urban air，hco=5.7+3.8v (v is the wind velocity) [34] and Qan is the anthropogenic 

heat, which will be discussed in section 2.3；Tu, Tw, Tb, Tr  are the canopy layer, surface, urban boundary layer 

and rural air temperatures, respectively；qr, qb  are the volumetric flow rates flowing into the urban area from 

the rural-urban boundary layers, respectively, which have been discussed in [12].  The first, second and third 

terms of the right hand of Eq. (5) represent the heat flux from the rural-urban boundary layers and internal 

rooms by ventilation.    

   According to [35], the air temperature above the urban canopy layer Tb can be calculated by solving the heat 

balance of the urban boundary layer (UBL) model shown as follows: 

fbrefprefurb
b

vcv dATTcuH
dt

dT
cV )(                                                                                    (6)                                                                                 

where Vcv is the control volume;  cv is the specific heat of air at constant volume; cp is the specific heat of air 

at constant pressure; Hurb is the sensible heat flux at the surface of the control volume (W); uref is a reference 

air velocity and Af is the lateral area of heat exchange between the control volume and its surroundings. Tref is 

a reference potential temperature outside the control volume, which is obtained by the vertical diffusion model 

(VDM) shown in the following equation. 
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where z is the vertical height; Kd is the diffusion coefficient. The lower boundary condition of the vertical 

diffusion model is the temperature measured at the weather station Tr(zr). The upper boundary condition 



accounts for the fact that at a certain height (zref~150 m), the profile of potential temperature is uniform and

0)/( 
refzr zT

. More details about Tb and Tr  can be found in
 
[35].  

   The heat balance for the surfaces is composed of the solar gain, the conductive heat flux, the convection heat 

flux, the evapotranspiration heat flux and the long-wave radiation heat flux to the sky. The energy balance 

equation for the surfaces becomes Eq. (8). 
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where 
iiii Axc   is the sum of the thermal mass of the wall and other surfaces and α represents the urban 

albedo, studied by Yang et al. [36]. The effective depth ( x ) is the depth into the ground or walls that can be 

reached by the diurnal temperature wave as used in the force-restore method. kv and ka are the conductivities 

of vegetated and man-made ground surfaces, respectively. Twx,v and Twx,a are the vegetated and man-made 

ground subsurface temperatures at effective depth x , respectively. qevp and qrad are the evapotranspiration 

heat flux and long-wave radiation heat flux to the sky, see [33]. More details can be found in Table 2 in the 

literature [12]. 

2.1.2 Models for an ideal city with air-conditioned buildings (AV case) 

As shown in Fig.1, when the indoor air temperature is kept constant, Ti=Tis, e.g. Tis=22oC, by air-conditioning 

systems, Eq. (4) becomes Eq.(9): 
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(9)                                                                                         

where Ql is the cooling load of buildings; Tis is the indoor air temperature set point; qis is the air change required 

for health; HAACHq fis  (ACH is the air change time (ACH=1.0h-1 in this paper). 

When Ti=Tis, Eq. (10) is given as follows: 
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where COP is the coefficient of performance of the cooling system. The last term of the right hand of Eq. (10) 

is the waste heat of the air-conditioning system. 

The energy balance equation for the surfaces becomes: 
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   2.2 Ventilation rates estimation 

The air flowing into the urban area comes from three sources: the rural, the urban boundary layers and rooms. 

Yang et al. [12] have obtained the formula for the airflow rate (qr ) from the rural area and the airflow rate (qb ) 

from the urban boundary layers, shown in Eq. (12) and Eq. (13). 

The airflow rate from the rural area (qr ) can be estimated as  
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where U is the velocity measured at height zm at the rural station and zo is the roughness length.

 
The airflow rate from the urban boundary layers (qb) is  

Epob ULxLq )1]()[(                                                                                                                       (13) 

where KLx co ln3  and Lc is the canopy drag-length scale. The term Kln  varies between 0.5 and 2 for typical 

urban parameters [37]. 

Assuming that there is a large window in every room and natural ventilation is driven only by thermal force, 

the natural ventilation rate of the indoor region is calculated by Eq. (14). 
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where Cd is the discharge coefficient; Awi is the window area and Hwi is the height of window opening. 

2.3 Anthropogenic heat estimation

 



Anthropogenic heat emissions result from various sources including human metabolism, industry, vehicles 

and buildings. Sailor et al. [38] found that human metabolism was generally a small component (~2-3%) of 

the total anthropogenic heating profile. In addition, there is few industry in Hong Kong [39]. Therefore, the 

anthropogenic heat generated from human metabolism and industry is ignored in current study. The heat flux 

generated from buildings is included in Eq. (5) and Eq. (10) according to Sailor et al. [40]. The heat flux 

generated from traffic in June, July and August accounts for about 44% of the total anthropogenic heat [41]. 

The total anthropogenic heat correlates well with population density. The greater population density in a city 

will result in greater anthropogenic heat. Sailor et al.[41] obtained the non-dimensional summer anthropogenic 

heating profiles for many cities and developed the predictive models for the maximum anthropogenic heat flux.                                                                                             

In summer, the predictive model of the maximum anthropogenic heat flux is shown in Eq. (15) according 

to the literature [41]. 

10max  pfQ                                                                                                                                  (15) 

where 
p is the population density in persons per square kilometre, 

0 and 
1 are the coefficients for the 

regression models [41]. 

Sailor et al. [41] pointed out that the value of Qfmax predicted by Eq. (15) may significantly overestimate 

anthropogenic heating in cities within other countries except the U.S.  Eq. (16) was presented as follows 

 maxmax .).( fecf QfSUnonQ 
                                                                                                         

(16) 

where fec is the relative energy consumption.  fec =0.23 for Chinese cities [41]. 

In this study, the Kowloon Peninsula in Hong Kong (22o15’N,114o15’E) with an area of  47km2  is selected 

as the target urban area. The population density of the Kowloon Peninsula is about 40,000 persons per square 

kilometre (2011 population census). Therefore, the maximum total anthropogenic heat flux is 64.9W/m2 in 

summer according to Eq. (16) and the heat flux generated from the traffic is about 28.6W/m2. 

2.4 A new measure of urban heat island and urban cool island intensity 

In this paper, the urban heat island degree hours (UHIdh) and the urban cool island degree hours (UCIdh) 

which were defined in [12] are used to measure how much (in degrees) and for how long (in hours) the urban 



air temperature is lower/higher than the rural air temperature. As shown in Fig.2, UHIdh and UCIdh represent 

the area between the higher urban and lower rural air temperature and the area between the higher rural and 

lower urban air temperature, respectively. The formulae for UCIdh and UHIdh are shown as follows [12]: 
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where  tmin and  tmax are the start time and the end time when the urban air temperature is lower than the rural 

air temperature.  tc is the time period under consideration, 24h in this study. 

 

    Figure 2:  The definition of UCI degree hours and UHI degree hours 

2.5. Model validation 

 The Kowloon Peninsula in Hong Kong has undergone rapid urbanization over the past 50 years, from a 

low-rise, low-density city to a high-rise, high-density city. Peng et al. [42] obtained the data for the changes 

in the three-dimensional urban morphology of Kowloon during the period 1964-2010 including building 

densities and heights. We assume there was no use of air-conditioning for 1960-1980 (NV case), with the AC 

case applying for 1988-2014.  The Hong Kong Observatory (HKO, 22o18’N, 114o10’E) is the most 

representative urban station. The most representative rural station is the Ta Kwu Ling (TKL, 

22o31’N,114o09’E) [43]. The average hourly data from 1960 to 1980 and from 1988 to 2014 of the Ta Kwu 



Ling (TKL) and the Hong Kong Observatory (HKO) during the summer (June-August) are used to verify the 

results in the NV and AC cases, respectively. The data in calm (wind speed at the rural station was no more 

than 3m/s) and clear days (the cloud cover at the urban station was less than or equal to 2 Oktas) are selected. 

The selected method applied to the data is detailed in [12].  

The fourth-order Runge-Kutta method is used to solve Eqs. (4), (5) and (8) for the NV case and Eqs. (9), 

(10) and (11) for the AC case. In order to obtain the valid comparative results between the two cases, the 

internal heat source intensity Ei in Eq. (4) must match with that in Eq. (9) to calculate the cooling load of 

buildings Ql. The iteration time step is 36s. The input parameters of the Kowloon Peninsula are shown in Table 

1. The average building height and density are given as the average values during 1960-1980 and 1988-2014. 

The building envelopes and the horizontal artificial area are made up of concrete and asphalt, respectively. 

Thermal properties for all materials are obtained from [44]. The diurnal anthropogenic heat profile followed 

the recommendation from [41] with the maximum anthropogenic heat flux for 1960-1980 and 1988-2014 

calculated using Eqs. (15)-(16). Other parameters are detailed in [12]. Fig.3 and Fig.4 show the comparison 

between the observation and simulation for the NV and AC cases, respectively. Our simple model can predict 

the main features of the daily urban temperature cycle well for both the NV and AC cases.  Table 2 also shows 

the Root Mean Squared Error (RMSE) and Mean Bias Error which quantify the absolute and bias errors 

between the simulation and observation.  The RMSE and the mean bias error for the NV case are 0.94℃ and 

0.47℃, while for the AC case they are 0.78℃ and 0.61℃, respectively. From Fig.3, the daily urban temperature 

cycle is postponed about two hours for the NV case, which results in an absolute error larger than 1.0℃ from 

7:00-12:00. From Fig.4, the occurrence of the daily maximum urban temperature for the AC case is delayed 

by about two hours. The simulation results agree with the observation very well from 7:00-16:00. The larger 

discrepancy appears between 0:00-7:00 and between 16:00-24:00. Also, the predicted urban temperature is 

higher than the observations, indicating the model for the AC case overestimates the urban air temperature.  

Table 1: The input parameters for modelling the urban air temperature in the Kowloon Peninsula in summer 

for comparison with the observed data. 

Items Settings 



Location 

Study area 

Simulation time-step 

Average building height 

Building density 

Floor height 

Glazing-to-wall ratio 

COP of the cooling system 

Internal heat source 

Depth , heat capacity and U values of wall 

Depth, heat capacity and U values of roof 

Depth, heat capacity and heat conductivity of pavement ground 

Depth, heat capacity and heat conductivity of natural ground 

Temperature at the effective depth below ground level 

Indoor air temperature set-point 

Evapotranspiration for green areas 

Hong Kong 

7km×7km 

36s 

18m(NV ) , 36m(AC) 

0.21(NV), 0.32(AC) 

3m 

0.25 

2.5 

7.5W/m2(fl) 

0.3m; 2.11 ×106J/(m3·K); 1.7W/(m·K) 

0.2m; 1.94×106J/(m3·K); 0.5W/(m·K) 

0.2m; 1.94×106J/(m3·K); 0.75W/(m·K) 

0.1m; 1.42×106J/(m3·K); 0.25W/(m·K) 

20℃ 

22℃ 

2.0 ×10-7m/s 



 

Figure 3:  Comparison between the observed and calculated urban air temperature for the NV case 

((a) Urban Kowloon in 1980 [42 ]) 

 

Figure 4: Comparison between the observed and calculated urban air temperature for the AC case 

((a) Urban Kowloon in 2010 [42 ]) 

 

 

 

 

 



Table 2:  The Root mean square error (RMSE) and mean bias error (MBE) of the  

comparison between the observed and calculated data 

Case type Statistics Numerical solution 

NV case 

Root-mean-square error (℃） RMSE 0.94 

Mean bias error (℃） MBE 0.47 

AC case 

Root-mean-square error (℃） RMSE 0.78 

Mean bias error (℃） MBE 0.61 

 

2.6 Scenario description for urban densification 

To further investigate the impact of urban densification (i.e. the growth and evolution of the city in our case), 

we take into account various urban scenarios. We assume the buildings in a city are homogenously distributed. 

Table 3 shows the urban morphological details of all scenarios. The urban morphology illustrates the evolution 

from a low-rise, low-density city to a high-rise, high-density city. In the lumped thermal systems, the time 

constant is an important parameter which characterizes the response to the temperature variation of the 

environment temperature [12], depending on the thermal storage capacity of a city and the ventilation. The 

surface characteristics and environmental input data are the same as in Table 1.  

 

 

 

 

 

 

 

 



Table 3: The urban scenarios 

Low density（λp =0.16）  Medium density（λp =0.25）    High density （λp =0.49） 

H/W τ H/W τ H/W τ 

0.5 1.95 0.5 2.20 1 6.45 

0.875 3.71 1 4.90 2 11.89 

1 4.12 2 8.12 3 16.33 

1.5 5.52 3 10.41 4 20.18 

2 6.59 4 12.04 5 23.46 

3 7.95 5 13.23 6 26.26 

4 8.92 7 14.80 8 30.75 

6 10.04 10 16.08 10 34.13 

8 10.62 12 16.57 12 36.73 

10 
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3. Results and Discussions           



3.1 The diurnal urban air temperature cycle and its asymmetry: naturally-ventilated vs. air-

conditioned buildings 

The diurnal urban air temperature profiles for the AC and NV cases for the low-rise, low-density city (λp 

=0.16, H=15m) and the high-rise, high-density city (λp =0.49, H=60m) are shown in Fig. 5. The internal heat 

source intensity is maintained as constant at 7.5W/m2(fl), which is the representative internal heat intensity for 

a Chinese household.  

 

 Figure 5:  The urban air temperature comparison between the AC and NV cases  

The urban air temperature for the NV case is generally lower than that when the indoor air temperature is 

kept constant by air-conditioning systems (AC case) for all urban scenarios. It is also at the cost of elevated 

indoor air temperature and sacrificing indoor thermal comfort for the NV case. This implies that waste heat 

emissions from the air-conditioning system have more influence on the urban air temperature than the indoor-

outdoor heat exchange by ventilation only when the other conditions keep the same. Comparing Eq. (5) with 

Eq. (10), it can be deduced that the urban air temperature in the AC case is higher than that in the NV case 

because the sum of the condensation heat of the air-conditioning system and the convection heat between the 

external surface and the urban air in the AC case (called QAC) is larger than the sum of the indoor-outdoor air 

heat exchange and the convective heat transfer in the NV case (called QNV). When the indoor air temperature 

is kept constant by air-conditioning systems (the AC case), the heat exchange between the indoor and urban 

environments includes the condensed sensible heat of the air-conditioning system and the heat transfer through 



the building envelopes.  When the indoor and urban air temperatures are non-linearly coupled (the NV case), 

the heat exchange between the indoor and urban environments is produced only by air exchange and heat 

transfer through the building envelopes. In addition, the urban air temperature difference between the two 

cases becomes larger when the building density and building height increase. For the low-rise, low-density 

city (λp =0.16, H=15m), the urban air temperature difference between the two cases is very small (<0.5℃).  

While for the high-rise, high-density city (λp =0.49, H=60m), the urban air temperature difference becomes 

1.5℃-2.5℃. With the process of urban densification, the urban warming attributable to the use of air-

conditioning systems is becoming more dominant. 

Furthermore, both of the spatial and temporal asymmetry phenomena in the daily urban temperature cycle 

[45] are also observed in Figure 5. On the one hand, when a city grows from a low-rise, low-density one to a 

high-rise, high-density one, the mean urban air temperature increases but the amplitude decreases, leading to 

a much faster rise in the daily minimum urban temperature than that of the maximum urban temperature. This 

phenomenon is called the temporal asymmetry [45] which brings about temporal asymmetry warming, i.e. a 

much faster increase in the urban temperature during the night time than that in the daytime, as shown in Fig.5. 

Therefore, the UHI becomes more predominant, while the UCI becomes weaker during the process of 

urbanization and, finally, UCI disappears for the high-rise high-density city in the AC case (green line in Figure 

5).  

 On the other hand, when the urban air temperature is compared with the rural air temperature, the spatial 

asymmetry phenomenon occurs. The reasons underlying the spatial asymmetry phenomenon include the clear 

phase delay except for the increasing mean urban temperature and the decreasing diurnal temperature range. 

The urban air temperature shows a phase delay of 1~3 hours with respect to the rural air temperature. The 

spatial asymmetry phenomenon becomes more noticeable with the increase in the building density and height. 

The combination of the spatial and temporal asymmetry phenomena can explain why the urban heat island 

effect is stronger in the night time than that during the daytime or why the urban heat island appears in the 

night time while the urban cool island exists in the daytime. It can also give the reason why the high-rise, high-

density city experiences a stronger heat island effect and weaker cool island effect, which differs from the 

results obtained by Yang et al.  [12]. Such different results are due to the fact that no anthropogenic heat and 



condensation heat from the air-conditioning system are considered by Yang et al. [12]. Moreover, Fig.5 also 

shows that the diurnal asymmetry warming phenomenon in the AC case is more obvious than that in the NV 

case, especially for a high-rise, high-density city.  

 

3.2 Parametric analysis of the effect of urban morphology and internal heat gain on UCIdh and UHIdh 

As mentioned in section 2.6, the time constant gives expression to the thermal storage capacity and air flow 

rate, both of which are related to the urban morphology. The time constant quantifies the effective thermal 

storage. The total internal heat gain of buildings is also related to the urban morphology for the given internal 

heat intensity which affects the urban-building heat exchange (the denser and higher the buildings are, the 

more internal heat gain there could be). The UCIdh and UHIdh mentioned in section 2.4 measure how much 

and for how long the urban air temperature is lower/higher than the rural air temperature [12].  

Figs.6~7 illustrate the relationship between the UCIdh, UHIdh and the time constant under different building 

densities and internal heat intensities for both AC and NV cases. The results are derived from all the cases 

shown in Table 3.  

 

(a) λp=0.16 (b) λp=0.25 (c) λp=0.49 

  Figure 6:   Relationship between the UCIdh and the time constant for the NV and AC cases 



 

(a) λp=0.16 (b) λp=0.25 (c) λp=0.49 

Figure 7:   Relationship between the UHIdh and the time constant for the NV and AC cases 

As shown in Figs. 6(a) and 7(a), for a low-density city (λp =0.16), UCIdh first increases rapidly, reaching 

the maximum value and then decreases when the time constant further increases. On the contrary, UHIdh first 

declines slowly, and then increases sharply. Comparing Fig.6(a) with Fig.7(a), it should be noted that the 

maximum UCIdh appears when the time constant is 3.71-4.12(H/W = 0.875~1) and the minimum UHIdh 

exists when the time constant is 3.71-5.52(H/W =0.875~1.5). This can be explained by the fact that the heat 

storage capacity due to human-made structures, such as buildings and roads, firstly exceeds the internally 

generated heat when the time constant is low (an UCI exists). The time lag due to heat storage also plays a 

role. When the stored heat is equal to the heat generation, the UCIdh achieves the maximum value. This is also 

reflected by the fact that the mean urban air temperature firstly declines slightly and then increases, as shown 

in Fig.8(a), and the amplitude of the urban air temperature shrinks as the time constant increases, as shown in 

Fig.9(a).  However, the maximum and minimum air temperatures do not change in synchrony, i.e. the 

maximum temperature in the daytime decreases at a higher rate compared with the slow increase of minimum 

temperature at night when the time constant is smaller than 4. This leads to a decrease in the mean air 

temperature (see Figure 8(a)). While the time constant further increases, the rate of increase of the minimum 

air temperature surpasses the rate of decrease of the maximum air temperature leading to an obvious 

asymmetry of the urban air temperature cycle as mentioned in [45] and also in Section 3.1. The asymmetry 

warming phenomenon becomes more obvious as the time constant and internal heat gain rise further. 



When the building density λp = 0.49 (a high-density city), both UCIdh and UHIdh increase as the time 

constant becomes larger for naturally-ventilated buildings with zero internal heat gain (see Figs. 6(c)-7(c)), 

which agrees with the results in [12]. This is explained by the fact that the amplitude of the urban air 

temperatures will decrease under urbanization (the increase of the time constant) shown in Fig.9(c), but the 

mean urban air temperature, as shown in Fig.8(c), increases slightly and an increase in the daily minimum 

temperature is almost equal to a decrease in the daily maximum temperature. The approximate symmetry 

phenomenon of the diurnal urban temperature (Fig.1(c) in the literature [45]) appears. But for a city with air-

conditioned buildings, much more waste heat from air-conditioning systems will be released into the 

atmosphere in spite of there being no internal heat gain (Ei=0 for AC), which violates the symmetry 

phenomenon and leads to the asymmetry of the diurnal urban temperature, thus the UCIdh first decreases and 

then slightly increases as the time constant increases. The operation of the building, i.e. either natural 

ventilation or air conditioning, has a significant impact on the urban climate under urban densification. When 

the internal heat source intensity increases to 2.5 and 7.5W/m2 (more internal heat gain), the UCIdh decreases 

to zero and the UHIdh increases rapidly due to much more heat being released to the urban environment than 

that being stored by human-made structures. In addition, the difference between the minimum urban 

temperature and the minimum rural temperature (maximum urban heat island intensity) is much larger than 

that between the maximum urban temperature and the maximum rural temperature, as shown in Fig.9(c). This 

is consistent with the studies of Wang et al. [45] and Oke [46] which have found that the temperature difference 

between urban and rural is usually larger during the night than in the day. When the building density λp = 0.25 

(a medium-density city) and the internal heat source intensity increases to 7.5W/m2 in a city with air-

conditioned buildings, the UCIdh decreases and the UHIdh increases as the time constant increases, which is 

different from the result for λp=0.16 (Figs. 6(b)-7(b)).  Otherwise, the variations in both the UCIdh and UHIdh 

are observed to be similar to that for λp=0.16. 

Figs. 6~9 also highlight the important impact of the total internal heat gain (either due to the increase of 

internal heat gain intensity or due to the increase in the total floor area under urbanization). The heat released 

from the indoor environment to the urban environment increases with the increase of the total building internal 

heat gain, leading to an increase of the mean, maximum and minimum urban air temperatures shown in Figs. 



8 and 9, therefore, the UCIdh declines and the UHIdh increases as the internal heat source intensity increases 

for the same time constant. But the internal heat gain has little impact on the amplitude and phase shift of the 

urban air temperature. 

 As can be seen from Figs. 6~7, the UCIdh for the NV case is larger than that for the AC case. In contrast, 

the UHIdh for the NV case is smaller than that for the AC case. Moreover, the UCIdh and UHIdh for the NV 

case changes slower than in the AC case.  The UCIdh /UHIdh difference between two cases becomes larger 

as the building height and density increase. In addition, Fig.6 and Fig.7 also indicate that the UCIdh decreases 

and UHIdh increases in the process of urbanization (as the building density and height increase). It can be 

deduced that the UCI and UHI co-existing phenomena will disappear when the time constant increases to a 

certain value. These results can explain why urbanization produces a higher urban air temperature and a more 

intense UHI effect. 

Comparing Figs. 6~7 with the results in [12], there are two factors that lead to the deviation between them. 

One reason is that no anthropogenic heat from buildings was considered in [12] and buildings act as a heat 

sink for the majority of the time as the internal temperature set-point is lower than the outdoor air temperature. 

The other reason is that the waste heat from air-conditioning systems relative to the urban air temperature was 

not calculated in the heat balance equation for the urban air temperature in [12]. Moreover, the waste heat from 

the air-conditioning systems relative to the urban air temperature still affects the amplitude and the delay time. 

 

(a) λp=0.16 (b) λp=0.25 (c) λp=0.49 

  Figure 8: Relationship between the mean urban temperature and the time constant for the NV and AC cases 

 



 

(a) λp=0.16 (b) λp=0.25 (c) λp=0.49 

Figure 9: Relationship between the maximum and minimum urban temperatures and the time constant  

for the NV case 

The above results show some special examples in the application of the lumped urban-building coupling 

model. In fact, the model can be used to estimate the urban air temperature and UHI/UCI intensity according 

to urban morphology and buildings operation modes in the initial stage of urban planning. The simulated 

results can be used as a guide to optimize the urban planning and design.  The model is also applied to predict 

the natural ventilation potential and hourly energy consumption in existing cities, which helps to optimize the 

energy planning for existing cities.   

4. Conclusions 

A lumped urban-building thermal coupling model has been developed to predict the urban air temperature 

and urban cool island/urban heat island intensity in cities with naturally-ventilated buildings and air-

conditioned buildings. Both the indoor-outdoor heat exchange by natural ventilation and the waste heat 

emissions from air-conditioning systems are considered. The urban-building thermal coupling model is able 

to capture the main features of the urban air temperature, including the coexistence of the urban cool island 

and urban heat island phenomena, but with a very low computational cost. 

The model is then used to investigate the diurnal urban air temperature and its asymmetry for a city with 

naturally-ventilated buildings and one with air-conditioned buildings and the mechanism involved. The model 

predicts a lower urban air temperature and higher urban cool island intensity in a city with naturally-ventilated 

buildings (the NV case) than in a city with air-conditioned buildings (the AC case). For a low-rise, low-density 



city, there is a very small difference in the urban air temperature between the two cases. But the difference 

increases under the scenario of urbanization/densification (increase of building height and density). This can 

be explained by waste heat emissions from air-conditioning systems having a greater influence on the urban 

air temperature than the indoor-outdoor heat exchange by ventilation. Moreover, the influence becomes 

remarkable for a high-rise or high-density city. Our simulation results could explain why urbanization produces 

a higher urban air temperature and more intense urban heat island effect. The asymmetry of the diurnal urban 

air temperature gives rise to the asymmetric warming phenomena, which become more obvious in a city with 

air-conditioned buildings than in a city with naturally-ventilated buildings as the time constant and internal 

heat gain increase. 

The model is also used for a series of parametric studies to investigate the effect of urban geometries 

(described as the time constant) and internal heat gain on the urban air temperature and urban cool island/urban 

heat island degree hours in the process of urbanization. Urban cool island/urban heat island degree hours as 

defined in [12] offer a comprehensive measure of the urban cool/heat island intensity. Compared with the 

results in [12], the urban cool island/urban heat island degree hours (UCIdh/UHIdh) show different variation 

features. Generally speaking, a low-rise, low-density city experiences more urban cool island degree hours 

than a high-rise, high-density city under the same internal heat source intensity. For a low-density city, the 

urban cool island degree hours first increase and then decrease with the time constant increasing. For a high-

density city, the urban cool island degree hours generally decrease as the time constant increases when the 

internal heat source intensity is not zero. The urban cool island degree hours decrease and urban heat island 

degree hours increase as the building density increases in the process of urbanization. These results imply that 

the urban cool island effect will disappear when the time constant increases to a large value and that urban 

cool island degree hours is an important parameter to affect the energy consumption of buildings.  

Given its simplicity and high computational efficiency, the lumped urban-building thermal coupling model 

can be a useful tool for urban planners to predict urban cool/heat island intensity and for building engineers to 

predict building energy consumption or indoor air temperatures by introducing the interactions between 

buildings and the urban environment. 
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