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a b s t r a c t 

The energy performance of a building in a dense city depends to some extent on its surroundings. The 

impact of the built form, together with anthropogenic heat gains from traffic and building HVAC ex- 

haust, determines external environmental conditions at the Urban Canopy Layer. Existing building energy 

models are limited in accounting for micro-scale variations of the urban microclimate, which may signif- 

icantly modify a building’s energy performance in density cities. This paper presents the Urban Building 

Energy and Climate (UrBEC) model, a coupled urban microclimate model (UMM) and building energy 

model (HTB2) developed to assess the time varying energy performance of a cluster of buildings and 

the combined heat gains to the external space from direct and reflected solar radiation, traffic and the 

exhaust from HVAC systems in a high-density city. The simulation results were evaluated by comparison 

with field measurement data collected from the Sai Ying Pun neighbourhood in Hong Kong, on a summer 

and winter day. Predicted and measured air and surface temperature at the four locations were found to 

be in reasonable agreement. Simulation results indicate an average of 1-3 ºC of temperature rise in street 

canyons compared with the ambient air in summer. Street level air is predicted to be 0.6 ºC warmer 

than those at higher levels (20m + ). Anthropogenic heat from traffic and building HVAC exhaust are the 

dominant contributors to temperature rise in street canyons in summer, exceeding the contribution from 

urban surfaces. The predicted building cooling demand is expected to increase up to 15 % in summer due 

to the warming effect in street canyons. The UrBEC model runs significantly faster than current CFD-based 

approaches. Therefore, the model has the potential to support early stage design and planning decisions 

in a dense city. 

Crown Copyright © 2019 Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

A building and its surrounding urban microclimate are highly

nterdependent in a high-density city, such as Hong Kong. Over-

hadowing by neighbouring buildings affects solar radiation inci-

ent on a building’s façade; temperature fluctuations of external

all surfaces modify external long-wave heat exchanges; breeze-

ays and relatively sheltered areas affect the ability of the ur-

an area to exhaust heat gains and pollutants. This interdepen-

ency alters a building’s energy performance and the performance
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f neighbouring buildings. There are also anthropogenic heat gains

rom traffic and HVAC exhaust that, together with the solar gains

nd urban surface heat transfer, contribute to external heat build-

p, generally referred to as the Urban Heat Island (UHI) effect. Re-

earch literature reports that air temperatures in street canyons

an typically rise by 4–6 °C above those of the rural areas in Hong

ong, a high-density city [1] , which will affect a building’s energy

erformance as well as external pedestrian comfort and the use of

utdoor spaces [2] . Hong Kong’s buildings are also found to cause

he ‘wall effect’ [3] which uplifts localized air temperature and

tagnates airflow [4] . To fully understand a building’s thermal and

nergy performance one should therefore consider a building in

he context of its neighbouring buildings and urban microclimate,

nd the combined heat gains to the external space from direct and
cle under the CC BY-NC-ND license. 
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Fig. 1. Schematic depiction of the urban microclimate model. 
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reflected solar radiation, traffic and the exhaust from HVAC sys-

tems. 

This need to understand the interdependency of buildings with

their microclimate calls for a new approach to the energy and

environmental modelling of buildings within an urban cluster. In

practice, most buildings are not designed to operate in the actual

surrounding microclimate. Generally, models such as EnergyPlus

[5] , Ecotect [6] , or IES VE [7] do not normally account for the im-

mediate local microclimate. Instead, designers rely on weather data

measured at remote rural stations which usually differ consider-

ably from those of an urban site. Some take into account the urban

climate effect at city-scale through generalised modifications to

standard weather data to uplift temperatures [8] . However, they do

not account for the combined modifying effect of solar radiation,

air temperature and wind flow. Urban climatology models have

been developed at city-scale ( > 1km) [9] , but this is not particularly

useful for the design of individual buildings in their immediate ur-

ban context. This gap in energy modelling is critical at the scale

of building clusters and the space in-between (50–500 m), which

applies to most city planning and development projects. 

Despite the apparent needs in practice, only a few attempts

were identified in the research literature to model interactions be-

tween urban microclimate and building energy performances [10] .

The Computational Fluid Dynamics (CFD) method is the primary

tool applied in urban microclimate analysis [ 11 , 12 ]. For instance,

Yang et al. [13] coupled EnergyPlus and ENVI-met, a CFD simula-

tion software [14] , to assess building energy performance in urban

environments. Bouyer et al. [10] developed a coupled simulation

model based on ANSYS Fluent, another CFD software. A primary

drawback of CFD-based models, despite great merits, are the rel-

ative slow running speed and difficulties to link with other simu-

lation platforms [15] . Many consider CFD models unsuitable to as-

sess large districts and complex urban configurations over an ap-

propriate time period [16] . Recent urban energy assessment tools

such as CitySim [17] , UMI [18] , and the software package Design-

Builder in combination with EnergyPlus [19] have made signifi-

cant progress in the assessment of overshadowing effects of build-

ings; yet both assume homogeneous air temperature in the urban

environment, which may limit their application for Asia’s high-

density cities with significant anthropogenic heat gains and the ur-

ban canyon effects. The authors have conducted preliminary work

on an integrated model of urban microclimate and building energy.

Results were reported in the proceedings of the Building Simula-

tion 2017 conference [20] . 

This paper presents the development of the Urban Building En-

ergy and Climate (UrBEC) simulation model, which couples the

multizone urban microclimate airflow network model (UMM) with

the building energy model (HTB2). The models exchange air and

surface temperature data at an hourly basis. The UrBEC model also

includes the consideration of anthropogenic heat gains from traffic

and exhaust from building HVAC systems. The model is able to pre-

dict variations in urban surface and air temperatures both spatially

and over time, which can then be related to building energy use

and external comfort. The building energy model HTB2 has been

developed to simulate large numbers of buildings simultaneously

using Sketch-Up [21] to quickly set up the various input files that

describe the buildings, layout, construction, HVAC systems, occu-

pancy and weather data, with plugins for calculating solar shad-

ing from neighbouring buildings, topography and landscape fea-

tures [22] . The Urban Microclimate Model (UMM) [23] uses a mul-

tizone airflow network model to assess canopy layer airflow in

high-density cities, where air mass flow within an interconnected

network of external zones is driven by pressure and density differ-

ences. Results have been evaluated using a field experiment con-

ducted in the Sai Ying Pun Neighbourhood in Hong Kong, one of

the densest cities in the world. 
f  
. Theory and methods 

The Urban Building Energy and Climate (UrBEC) simulation

odel is based on the dual-component of (1) the Urban Micro-

limate Model (UMM) [23] and a (2) the Building Energy Model

BEM) HTB2 [22] . The UMM provides localized external zone air

emperatures to HTB2, while external building surface tempera-

ure and HVAC exhaust data, calculated by HTB2, are returned to

he UMM on an hourly time step. Field evaluation studies were

onducted in Sai Ying Pun, a high-density neighbourhood in Hong

ong. Details on simulation set-up such as model domain and the

oundary condition are introduced. 

.1. A multizone model for urban microclimate 

The Urban Microclimate Model (UMM) is based on a multizone

irflow network approach [23] developed to assess the mass and

nergy of the air in urban environments. The zonal approach was

rst developed to describe indoor environments [24] and later ap-

lied for outdoor spaces [25] ; the model can be used to assess

 high-density urban environment in which wind-driven airflow

s weakened by buildings and the movement of air is restricted

o a limited number of street canyons. The model domain, the

pace within the study site between the ground and building roof,

s divided into a series of semi-enclosed ‘zones’ resembling roof-

ess buildings ( Fig. 1 ). The volume of air within the domain ex-

hanges mass and energy with each zone’s surrounding urban sur-

aces, anthropogenic heating/cooling sources. To simplify the pro-

ess, it is assumed that the airflow is driven by pressure, temper-

ture and density differences, upholding the conservation of mass

nd energy, while relaxing the momentum conservation equations.

t is assumed that this relaxation method is appropriate for high-

ensity cities where wind-driven flow are often stagnant, at which

ime buoyancy flow dominates [16] . The model domain is joined

y external boundaries from above, the east, south, west and north.

etails on boundary conditions are provided in Section 2.3.1 . The

MM model has been developed and evaluated using a mock-up

ite with satisfactory agreement between predicted and measured

ata [26] . 

.1.1. Zonal mass conservation & airflow equations 

The air within each zone is characterized by a uniform tem-

erature ( T i ) and density ( ρ i ). The zonal air pressure ( P e 
i 

) at any

iven height ( H e ) is expressed as P e 
i 

= P c 
i 

− ρi g H e (1) according to

he principle of the stack pressure [27] , where P c 
i 

is the air pressure

t the geometric centre of the zone, and H e is the vertical distance

rom the zone centre. Pressure, temperature, and density observe
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he ideal gas law ρi = P i / R air T i (2) ( R air is the gas constant) [27] .

he airflow rate F ij from zone i to neighbouring zone j is a function

f pressure and density differences at the border and characteris-

ics of the openings F i j = f [ �P i j , �ρi j , A i j ] (3). Mass conservation

s observed at each zone V i 
∂ ρi 
∂t 

+ 

J ∑ 

j=1 

F i, j = 0 (4). Since mass changes

aused by density difference is often negligible, we have 
J ∑ 

j=1 

F i, j = 0

5). Airflow models calculating the F ij and F ji are provided in the

uthors’ earlier work [23] . 

.1.2. Zonal energy conservation 

The energy conservation equation for the body of air within

one i is expressed in formula (6) , which describes heat transfer

rom solid surfaces, airflows to and from neighbouring zones, ther-

al massing, and anthropogenic heat generation, i.e. traffic and

VAC exhaust: 

 = 

K ∑ 

k =1 

hA 

(
T sur f 

k 
− T i 

)
+ 

A ∑ 

a =1 

λq gen 
a + 

J ∑ 

j=1 

C p F ji 
(
T j − T i 

)
+ 

∂ T i 
∂t 

C p ρi V i 

(6) 

here K is the number of enclosing solid surfaces, each with the

urface temperature of T 
sur f 

k 
; h is the convective heat transfer coef-

cient between solid surfaces and air; T 
sur f 

k 
is the temperature for

ach solid surface; A is the number of active heat sources within

one i , q 
gen 
a and λ are the power and operational coefficient of each

eat source; F ij and F ji are the airflow rates between zone i and

eighbouring zone j; J is the number of neighbouring zones; C P 
nd V i are the specific heat capacity and volume of the zonal air. 

.1.3. Convergence criteria 

The system reaches an equilibrium if airflows, pressures and

emperatures converge across all the cells of the solution domain.

hus, the solver for the UrBEC model works iteratively following a

hree-loop structure: 

• In Loop A, zonal temperatures were taken as given, zonal pres-

sure P i and inter-zonal airflow F ij are calculated by iteratively

solving the pressure balance and airflow equations (Eqs. (3)–

(5)) at a small time-step, convergence is reached if the pressure

residual �P, defined as the maximum differences of P i between

iterations, drops below a pre-set threshold. 
• In Loop B, zonal pressure and inter-zonal airflow were taken

as given, the air temperature of each zone T i was solved itera-

tively in small time-steps using Eq. ( 8 ). Convergence is achieved

if temperature residual �T drops below a predefined threshold.
• In Loop C, the zonal air temperature T i computed in Loop B

above was input in Loop A again to calculate the new inter-

zonal airflow F ′ 
i j 

. The results reach convergence only if the max-

imum difference between F ′ 
i j 

and F ij , or the flow residual �F,

drops under a predefined threshold. 

.2. Building energy model – HTB2 

The external surface temperatures, heating and cooling energy

emand, and exhaust from air conditioning equipment are mod-

lled dynamically for an urban cluster of buildings using HTB2

nd VirVil SketchUp (Jones et al.), both were developed at the

elsh School of Architecture, Cardiff University. HTB2 is typical of

he more advanced numerical models developed over thirty years

nd extensively tested and validated by the IEA Annex 1 [28] , IEA

ask 12 [29] and the IEA BESTEST [30] . HTB2 uses as input data,

ourly climate for the location, building material properties and

onstruction details, spatial attributes, HVAC system settings, and
ccupancy profiles, to calculate the energy required to maintain

pecified internal thermal conditions [31] . Due to its advantages of

exibility and ease of modification, HTB2 is well suited for use in

he field of energy efficiency and sustainable design of buildings.

irVil SketchUp is an extension HTB2 developed for urban scale

odelling. By linking SketchUp with HTB2, it can pre-process and

arry out dynamic thermal simulation for multiple buildings in a

ommunity or urban scale, with plugins developed to calculate the

hading masks for each façade, or part of, that describe overshad-

wing from neighbouring buildings and topography. 

.2.1. Surface energy model 

The urban surface temperature T 
sur f 

i 
is computed by solving the

nergy balance equation in which energy conservation is observed

mong solar/long-wave radiation, convection, conduction, and ther-

al massing as shown in formula (7) below 

 = E i A i + U i 

(
T b − T sur f 

i 

)
+ h 

(
T i − T sur f 

i 

)
+ 

1 

2 

εσ
(

T mrt 
i 

4 − T sur f 
i 

4 
)

+ 

∂T 

∂t 
C i M i (7) 

here E i is the incoming solar radiation at surface i; A i is the so-

ar absorption coefficient of the surface material; U i is the surface

eat transmission coefficient; T b is internal temperature inside the

uilding or the underground soil; h is the convective heat transfer

oefficient; T i is the localized air temperature at surface; ε and σ
s the surface emissivity and Stephan-Boltzmann’s constant; T mrt 

i 

s the mean radiant temperature at the surface; ∂T 
∂t 

is the surface

emperature changes during each time-step; M i and C i is the mass

nd material specific heat capacity of the surface. The solar radi-

tion falling on a building surface is predicted in HTB2, using a

hading mask which breaks the sky viewed from the external sur-

ace into 324 (9 ×36) blocks of 10 by 10 degrees. An unconditioned

uilding space (basement) is created underneath and in contact

ith the ground in order to compute the ground surface tempera-

ure. 

.2.2. HVAC exhaust model 

Heating and cooling energy demand at each time step is mod-

lled for all building zones by considering the internal, ventilation,

olar and fabric gains. To simplify, each building is considered as a

ingle thermal zone in HTB2 with a simple temperature set point

 b . Q b is the energy demand required by the heating or cooling

ystem as it is expressed in formula (8): 

Q b = Q li + Q sp + Q oc + r ex C b M b 

(
T̄ ext − T b 

)
+ 

k ∑ 

i =0 

U i 

(
T sur f 

i 
− T b 

)

+ 

∂T 

∂t 
C b M b (8) 

here Q li is the heat gain from lighting; Q sp is the heat gain from

mall power, i.e. electric light and appliances; Q oc is the heat gain

rom occupants according to schedule; r ex is the air exchange rate

f the building under mechanical or natural ventilation; M b and C b 
s the mass and specific heat capacity of the air inside the building.

 ̄ext is the mean air temperature of external zones that surround the

uilding weighted by wall surface area; T b is the building inter-

al temperature according to the set point. U i is the average heat

ransmission coefficient at surface i among a total of k surfaces,

eighted by the area of glazing and wall surfaces. T 
sur f 

i 
is the tem-

erature of surface i among a total of k surfaces. ∂T 
∂t 

is the room

emperature changes during each time-step t . 

HVAC exhaust q w 

b 
is calculated based on predicted cooling en-

rgy demand from HTB2 as it is shown in formula (9) below: 

 

w 

b = | Q b | + 

| Q b | (9) 

COP 
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Fig. 2. Conceptual strategy for the Urban Building Energy and Climate (UrBEC) simulation model. 
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where Q b is the building cooling demand calculated by HTB2; COP

is the Coefficient of Performance for cooling. For heating operations

in cold seasons, q w 

b 
is a function of ventilation exhaust and heat re-

covery. For the case study of Sai Ying Pun, a predominantly resi-

dential district, such facilities do not apply since domestic heating

is rare under Hong Kong’s subtropical climate. The COP for Hong

Kong’s residential air conditioner ranges between 2.3 and 2.9 ac-

cording to the Electronic and Mechanical Service Department of

the Hong Kong Government (EMSD) [32] , the median value of 2.6

was used. In the context of this study for a residential neighbour-

hood where decentralized window AC units are common, q w 

b 
is as-

sumed to be discharged to external zones surrounding the building

proportional to the surface area of each wall. 

2.3. Coupling HTB2 with UMM 

Fig. 2 below shows the strategy of coupling UMM and HTB2. At

the completion of each time-step, HTB2 passes updated values of

the building surface temperatures to UMM. It also sends data on

building HVAC exhaust, if any, that is then input to the external

zones. At this point HTB2 pauses. UMM then computes a new set

of temperatures for the external zones, which it passes to HTB2.

Then HTB2 proceeds with the next hour. At each hour both models

are updated with weather data from a local station, and UMM is

updated with hourly data for traffic heat gains. 

The main modification to HTB2 is the reference to outdoor air

temperature. Instead of each external wall, window, roof element

and the indoor zone relating to a single external air temperature

taken from the weather file, it uses the individual outdoor zones
et up by UMM. These zones will have increased or decreased tem-

erature values in comparison to the weather data file, depending

n the urban canyon effect and anthropogenic heat. The modifica-

ion of UMM, is that it takes HTB2 building external surface tem-

eratures, rather than calculating them internally. The ground sur-

ace temperature is calculated as a wall element in HTB2, similar

o calculating internal ground floors, the ‘roof’ being the external

round. They have direct solar gains and shading applied to their

xternal surface, as any other external wall or roof element. 

.3.1. Boundary conditions 

The model domain is covered by the Urban Boundary Layer

UBL) from above; the east, south, west, and north boundaries are

oined by the Urban Canopy Layer (UCL) of adjacent urban neigh-

ourhoods, or the Rural Boundary layer (RBL) if the site is sur-

ounded by a rural context. Aside from temperature and pressure

oundary conditions from UBL, UCL or RBL, the model also takes

nto account thermal boundary of urban surfaces, i.e. and anthro-

ogenic heat from traffic and building HVAC systems. 

The Temperature Boundary conditions at the Urban Boundary

ayer (UBL) above the model domain can be represented by mea-

urement data from urban weather stations. These data are usually

ade available for metropolitan areas, where roof-top weather sta-

ions are set up to monitor urban weather conditions. However, if

he model domain is situated in an urban context surrounded by

he urban canopy layer (UCL), which is more complex and cannot

e easily measured due to the spatial variation of temperature pro-

les. A re-circulating boundary method has been developed in this

tudy to simulate conditions for UCL; details are in Section 2.3.2 . 
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w  

w  
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e  
The Pressure Boundary for external wind is calculated from both

tatic and dynamic pressure. The static atmospheric air pressure

 P s 
i 

) at the edge of an external zone i is determined by the grav-

ty stacking effect of. P s 
i 

and can be expressed in Formula Error!

eference source not found. ), where P 0 is the atmospheric pressure

easured from the weather station, ρair is the density of air; g is

he gravitational constant; h i is the height of the geometric center

f zone i from the height of the weather station. 

 

s 
i = P 0 − ρair g h i (10) 

The dynamic air pressure ( P d 
i 

) at the windward surface of zone

 is a function of the incoming wind speed and direction. P d 
i 

can be

xpressed by Formula Error! Reference source not found. ) below,

here θ is the incident angle of wind from the normal direction

f the zonal surface. ρair is the density of air, V h is the wind speed

djusted to height h according to the vertical distribution profile.

 

d 
i = 

1 

2 

cos θρair V h 
2 (11) 

Surface Temperature Boundary at building surfaces and the

round is calculated using the Building Energy Model HTB2 at an

ourly resolution. The areas of shared surfaces adjacent each exter-

al zones are calculated using Rhinoceros, a 3D modeling software.

he surface temperature of glazing is not accounted for given the

elatively small window-to-wall ratio ( < 0.2) on the field study site

or residential buildings. 

Anthropogenic Heat Gains from traffic and HVAC systems are

odeled hourly. Urban traffic is treated as linear heat source along

ehicular roads; the intensity of heat generation is estimated using

raffic count data, fleet composition, types of fuel, etc. HVAC ex-

aust from buildings are treated as point sources; the intensity of

VAC exhaust for each building is estimated using the HTB2 build-

ng energy model, which is then distributed to external zones ac-

ording to the location of exhaust outlets. Details are provided in

ection 2.4.6 and 2.4.7 . 

.3.2. Re-circulating boundary 

When modelling the thermal performance of an urban block,

he boundary conditions need to be established, including wind

peed and air temperatures. As the urban block is located within

he city, its boundary conditions will be different from the weather

tation values. In this simulation a recirculating boundary method

as been used to account for the upwind conditions immediately

eighbouring the solution domain. 

The re-circulating boundary applies a N-step process to esti-

ate temperature conditions for the East, South, West, and North

oundaries. The input data is the measured weather data from

BL. 

• In the first step, air temperatures for the East, South, West, and

North boundaries are set to equal those of the Urban Boundary

Layer at the top. The UrBEC model is used to solve for prelimi-

nary zonal air temperature within the model domain. The mean

zonal temperature within the domain is calculated to be T 1 . 
• In a second step, T 1 is then used to substitute temperature con-

ditions for East, South, West, and North boundaries. The UrBEC

model is executed again to obtain results of T 2 .. 
• In step N, T̄ N−1 is used to substitute temperature conditions for

East, South, West, and North boundaries, the procedure repeat

itself until T̄ N converges. In other words, �T̄ N = ( ̄T N − T̄ N−1 ) <

0 . 02 ◦C , the threshold of equipment accuracy. 

The number of steps (N) appreciate for the Re-Circulating

oundary calculation depends on the size of the boundary offset

L B ) relative to the size of the model domain (L D ). If the model do-

ain is surrounded by urban context that is sufficiently large (L B /

 ≈ ∞ ), the steps N needed should be large enough to allow T̄ 
D N 
o converge. Alternatively, the step N should be determined by the

ize of the boundary offset from the model domain to the Rural

oundary Layer as it is illustrated in Fig. 3 below. 

.4. Field evaluation studies 

Field experiments were carried out in Sai Ying Pun, a high-

ensity neighbourhood in Hong Kong. The aim is to evaluate the

redicted localized external zone air temperature and building

açade surface temperature. 

.4.1. Site 

The study site consists of 9 urban blocks giving a total foot-

rint area of 252m by 378m in size at the centre of the Sai Ying

un neighbourhood (22 º 48’ N, 114 º 24’ E, altitude 4 m). The av-

rage Floor Area Ratio (FAR), the ratio between total building floor

rea and the site area, equals 9. The site consists of high-rise res-

dential towers some 100m in height, while along streets there

re apartment buildings that are 20m-tall. The neighbourhood is

erved by four major vehicular roads: Des Voeux Road West and

ueen’s Road West stretch from east to west, Eastern Street and

entre Street connect south to east. Four locations were selected

or urban microclimate measurements, each one varies consider-

bly in urban layout, and intensity of anthropogenic waste heat.

ig. 4 shows the overall site and the location of four measurement

ocations: A,B,C and D. A is on the sidewalk of Des Voeux Street,

 main busy street with 4-lane vehicular traffic. B is at the road

ntersection between the Western Rd. and Queen’s Rd. West; C is

n Sai Yuen Lane, a narrow alleyway inside the residential block.

 is at the end of Chung Ching Street. The street width, density

nd configurations vary among the four sites, providing a potential

ariation in microclimate conditions. 

.4.2. Field study schedule 

Measurements were conducted on a cool winter day (Dec. 9,

014) and a hot summer day (Sept.6, 2015). 

Given the hot and humid subtropical climate, window air con-

itioning units are a common household feature in Hong Kong,

hile space heating is rarely used during the mild winter period.

xhaust from building HVAC systems is expected to be significant

uring Hong Kong’s hot summer, yet negligible during the mild

inter. The weather was sunny or partially cloudy on both study

ays. Measurement data were collected between 08:0 0 and 22:0 0

n each study day. Data for late evening and early morning were

ot collected due to logistic constraints. Traffic data were recorded

anually by researchers on the 4 major vehicular roads. A sum-

ary of the weather conditions on both study days can be found

n Table 1 . 

.4.3. Instrumentation 

Air temperature and wind speed were measured concurrently

t the four locations at 1.5 meters above ground using four HOBO

ortable weather stations; specifics of the component sensors were

rovided in the Appendix. Building surface temperatures were

easured using an infrared camera (FLIR E40-NIST) at hourly inter-

als. Photographic images were analysed using TESTO IRSoft soft-

are, in which the mean surface temperature for each building

all was calculated using the Polygon Region Average (PRA) tool

rovided by the software. A fixed emissivity value was used (0.97)

or building façades including both concrete walls and glazing area,

ince the window-to-wall ratio is relatively small ( < 20%) on the

tudy site. Fig. 5 illustrates the calculation of the average surface

emperature for all the pixels within the polygon drawn over the

uilding wall for the summer period. Pixels of air conditioning

nits, which are usually warmer than the wall surface by 10 ºC, are

xcluded from the calculation using the histogram plot method. A
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Fig. 3. The steps needed in Re-Circulating Boundary calculation in relation to the size of the boundary offset in proportion to the model domain. Diagrams are drawn in 

plan view. 

Fig. 4. (Upper) The Sai Ying Pun area of 252 m by 378 m and 4 measurement locations drawn on top of Google Earth imagery. (Lower) Site photos for the 4 locations with 

measurement equipment highlighted in yellow. 

Fig. 5. Measurement of building surface temperature using infrared thermography at 278 Des Voeux Road West. (Left) infrared thermography with manually drawn polygon 

delineating the area of a building wall; (right) the same building under photographic camera; both images were taken at 20:24 Sept.6, 2015. Onsite ambient air temperature 

was 30.3 ºC at the time of the survey. 
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Table 1 

Weather data measured from nearby weather station network from the Hong Kong Observatory 

on Dec. 9, 2014 and Sept.6, 2015. 

Dec.9, 2014 0:00 – 23:00 Sept.6, 2015 0:00 -23:00 

Air Temperature ( °C) 

Mean 19.5 29.6 

Standard deviation 1.2 1.3 

Minimum 17.9 28.1 

Maximum 22.0 32.3 

Solar Radiation (W/m2) 

Mean 289.3 439.8 

Standard deviation 275.8 377.4 

Minimum 0.0 0.0 

Maximum 694.4 941.7 

Wind Direction ( ° from North) 

Prevailing wind direction (PWD) 90 ° 280 °
% of hours deviate from PWD 50% 50% 

Average Wind Speed (m/s) ∗

Mean 5.7 2.2 

Standard deviation 1.7 1.8 

Minimum 2.3 0.1 

Maximum 8.4 4.8 

∗ wind speed was adjusted to the reference height of 10m above ground. 

Fig. 6. 3D building and external zone geometry input and boundary conditions for urban microclimate model. 
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imitation of our approach is that the infrared imagery was usu-

lly not taken perpendicular to the target surfaces due to limits of

ccess in a dense urban site; 

.5. Simulation set-up 

To prepare for simulation of the Sai Ying Pun neighbourhood,

D building geometries and external zones were delineated in

he model domain; weather data were collected from 6 nearby

eather stations as input data for boundary conditions; traffic

ata were collected manually on-site during the two study days

one weekday and one weekend day); building parameters, e.g.

indow-to-wall ratio and solar absorption coefficient of surface

aterials, were estimated based on field surveys. 

.4.4. Model domain configuration 

The UrBEC model was applied to simulate conditions on the

tudy site in Sai Ying Pun. The model domain consists of a

ectangular cuboid of 300 m x 200 m x 100 m in dimension
length/width/height). The 3D building geometries and spaces have

een manually divided into 191 external zones and 41 buildings as

hown in Fig. 6 . The criteria for manual division is to ensure ex-

ernal zones are simple, concave polyhedrons, which can be repre-

ented by conditions at the geometric centre. The external zones

ere grouped into two vertical layers at the height of 0-20 m

nd 20-100 m above ground; the former represent the air volume

t the street level, while the later represents those above. Fig. 7

hows the building geometry data for HTB2 building energy simu-

ation. 

.4.5. Boundary condition inputs 

In order to account for model boundary conditions, hourly

eather data were collected from the Hong Kong Observatory’s

etwork of 83 ground-based weather stations. Fig. 8 shows the lo-

ation of the 6 nearest ground-based weather stations, all within 5

m from the study site. 

• The air temperature profile of the urban boundary layer

was collected from the Hong Kong Park Station (22 °16 ′ 42"N,
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Fig. 7. 3D building geometry input for HTB2 building energy model. 
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114 °09 ′ 44"E). The station is situated in an elevated urban park

at 26 m above sea level, and it is 2.7 km windward from the

study site. 
• Wind speed and direction data were taken from the Star Ferry

Station (22 °17 ′ 35"N, 114 °10 ′ 07"E) 3 km windward from the

study site, the closest weather station with anemometers de-

ployed. 
• Solar radiation data were measured from the King’s Park Sta-

tion (22 °18 ′ 43"N, 114 °10 ′ 22"E), the closest one with pyranome-

ter sensors. 

A two-step Re-Circulating Boundary condition is used in the

simulation of SYP study site ( Fig. 10 ). The choice of step N = 2 is de-
Fig. 8. The Sai Ying Pun study site in relation to 6 nearby ground-based wea
ermined by the boundary offset appropriate for the Sai Ying Pun

eighborhood, a narrow strip of urban context bonded by the Vic-

oria Harbor to the North and the wooded hills to the south. A

wo-step boundary offset the size of the model domain (L B = 3 L D ),

s it is shown in Fig. 9 below, appears to have reached the Vic-

oria Harbor to the North and the wooded mountain range to the

outh. 

.4.6. Traffic exhaust inputs 

Heat Input from Traffic exhaust were calculated from vehicular

raffic data collected onsite. Vehicle count and fleet composition

ere manually counted on 4 major roads onsite during the two

tudy days. The number of vehicles by vehicle types were recorded

n hourly basis. Heat generation from traffic exhaust q 
gen 
i 

for zone i

an be expressed as a function of vehicle count, fleet composition,

ehicle heat mission rate, and road length within the zone. Hence,

 

gen 
i 

was calculated using Formula (12) below 

 

gen 
i 

= 

L i 
3600 

M ∑ 

m 

N m 

Q m 

(12)

here L i is the length of road in zone i (m); N m 

is the hourly ve-

icle count for each vehicle for category m , which were manually

ecorded for four major road Des Voeux Road West (example in

ig. 11 ), Western Street, Third Street, and Queen’s Road West. M

s the number of categories for vehicle types: (1) Car (sedan, van,

UV), (2) Minibus, (3) Truck, (4) Bus. Q m 

is the linear heat emis-

ion rate per vehicle along road (W/m) which can be expressed

s a function of fuel consumption rate and heat of combustion

or fuel per vehicle ( Table 4 ). All fuel energy was assumed to be

ischarged to the ambient environment as sensible heat, includ-
ther stations within the distance of 5 km (source: Google Map & HKO). 
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Fig. 9. The choice of a two-step boundary offset for the study site in Sai Ying Pun, Hong Kong. 

Fig. 10. The re-circulating boundary methods applies a two-step process to estimate temperature conditions for surrounding Urban Canopy Layer. 

i  

i  

u  

t  
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2

 

a  

[  

i  

n  
ng engine exhaust, vibration, and kinetic energy which dissipate

n vehicle braking, tire and mechanical abrasion. Q m 

was calculated

sing Formula (13): where F m0 is the fuel consumption per 100km

ravelled (given by vehicle types in Table 2 ); ρm 

is fuel density

0.83 kg/L for diesel, 0.76 kg/L for gasoline); H m 

is the heat of com-

ustion for fuel (45 MJ/kg for diesel, 47 MJ/kg for gasoline). 
.4.7. Building parameters 

The indoor ventilation rate is set to equal 0.5 in reference to the

verage figure from field measurement conducted in Hong Kong

33] ), while the intensity of small power equipment, such as light-

ng, computers, and home appliances is set to equal 7.5 W/m 

2 . The

on-occupancy hours are set to be from 9:00 – 18:00 on weekdays
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Fig. 11. Hourly traffic exhaust and vehicle count by vehicle type on Des Voeux Road West on Dec.9, 2014. 

Table 2 

Vehicle types and fuel consumption data used in this study. 

Vehicle Type Fuel Consumption per 100 km (L) 

1. Car (Sedan/Van/SUV) 14.0 (Gasoline) 

2. Minibus 17.7 (Diesel) 

3. Truck 20.0 (Diesel) 

4. Bus 66.2 (Diesel) 
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on which the HVAC systems are turned off. The material property

data were obtained from a site survey and used as input for HTB2

building energy model. The Solar Absorption Coefficient (SAC) of

building walls is set at 0.7 (light concrete), while those of the roof

and ground is set to equal 0.3 (light painted concrete) and 0.8 (as-

phalt). 
Fig. 12. Predicted and measured zonal air temperature at four measurement locations (A

solid line; simulated data in dashed line) with weather station air temperature (solid gre
. Results and analysis 

Predicted zonal air temperature and surface temperature are

ompared with measured data. Results depict a profile of temper-

ture and airflow in street canyons. Sensitivity studies showed the

ontribution to the warming effect of street canyons from building

VAC exhaust, traffic and the urban canyon effect (solar radiation).

.1. Field evaluation 

There was a satisfactory agreement between the predicted and

easured zonal air temperature at location A, B, C, D as observed

or the two study days ( Figs. 12 and 13 ). The UrBEC model has

een used to simulate the time varying air temperatures in a dis-

rict of a high-density city as well as the temperature differences

cross different locations. Of note is the agreement between pre-
, B, C, D) represented in red, green, yellow and blue accordingly; measurement in 

y line) on Sept.6, 2015. 
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Fig. 13. Predicted and measured zonal air temperature at four measurement locations (A, B, C, D) represented in red, green, yellow and blue accordingly; measurement in 

solid line; simulated data in dashed line) with weather station air temperature (solid grey line) on Dec.9, 2014. 

Fig. 14. Measured and prediction zonal air temperature at 4 locations on Dec.9, 

2014 and Sept.6, 2015. 
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ictions and measurements of the delay in peak daily zonal tem-

eratures compared to the air temperature at the weather station.

 Pearson’s r of 0.996 and a Root Mean Square Error (RMSE) RMS

f 0.635 °C were observed between the predicted and measured

ata ( Fig. 14 ). Differences between simulated and measured zonal

ir temperature are normally distributed, with a mean difference

f −0.10 °C. 

The model has slightly over-predicted zonal air temperature

y 0.27 °C in summer, and under-predicted by 0.45 °C in winter

 Fig. 15 ). A potential cause for the difference could be due to un-
ertainties associated with field measurement in a real urban site,

n which anthropogenic heat sources such as cooking or other do-

estic activities are difficult to account for precisely ( Fig. 16 ). 

A reasonable agreement between predicted and measured sur-

ace temperature was observed in both summer and winter

 Fig. 17 ). Predicted and measured data are closely correlated with

ach other (Pearson’s r = 0.985; RMSE = 0.634 °C). Differences be-

ween the two are normally distributed; Overall, the model ap-

eared to have overestimated surface temperature in summer (by

.31 °C) and winter (by 0.48 °C) ( Fig. 17 ). 

.2. Warming effect in street canyon 

The model has predicted a complex profile of temperature dis-

ribution across the Sai Ying Pun study site. Fig. 18 indicates the

ange of zonal temperatures in the model domain for a 3-day pe-

iod in summer. Air temperatures inside the street canyons are pre-

icted to be between 1–3 °C higher than those of the Urban Bound-

ry Layer measured from a nearby weather station. The average

ifference is around 2 °C, while the peak difference could be nearly

 °C in the time range of afternoon and early evening. The capac-

ty to assess zonal temperature profile allow planners to assess the

uality of thermal environment in urban pocket parks and major

treet corridors ( Fig. 19 ). 

Model results also suggest a decreasing air temperature profile

pwards in the domain. Air temperatures at the lower lever zones

below 20 m) is on average 0.5 ºC higher those at the higher level

20–100 m). The vertical distribution of temperature implies that

edestrians are exposed to hotter air at street level; also, house-

olds occupying the lower levels of a residential buildings (0-20 m)

xperience higher outdoor temperature compared with residents

t higher levels. Given the “positive floor-level premium” on real-

state property market where wealthier households often occupy

igher floor levels in a residential building in Hong Kong [34] , the

ertical temperature distribution suggest inequalities of UHI expo-

ure for those dwelling at the lower floor levels and hence the less

ealthy households. 
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Fig. 15. Distribution of differences between predicted and measured zonal air temperature in summer and winter. The model appeared to have over-predicted zonal air 

temperature by 0.27 °C in summer and under-predicted by 0.45 °C in winter. 

Fig. 16. Measured and predicted mean surface temperature for building façades on 

Dec.9 2014 and Sept.6 2015. 
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Predicted surface temperature variations follow closely behind

those of the ambient air temperature ( Fig. 20 ). The peak median

surface temperature appears at 15:00 h, 2 h behind those of the

peak solar radiation, presumably due to the thermal mass of build-

ings and the ground. The range of surface temperatures widen with

days of more intense solar radiation, with unshaded roof surface

temperatures peaking above 55 °C. 

3.3. Sensitivity study 

A sensitivity study was conducted in order to estimate the inde-

pendent thermal contributions to the UHI, from the urban canyon

effect (solar radiation), traffic exhaust, and HVAC exhaust. Simu-

lation were conducted for 3 scenarios for: (1) Real-World scenario

with all 3 thermal contributors in place; (2) No Traffic Exhaust in
hich traffic waste heat was removed from model inputs; (3) Ghost

own where both traffic and HVAC exhaust were removed from

odel inputs. Simulations were run for a 15-day period in both

ummer (Sept. 4 – 19, 2015) and winter (Dec.7 – 22, 2014). A sum-

ary for the 3 scenarios and the model domain set up is shown in

ig. 21 . Temperature profiles of the street canyons were assessed

sing the average zonal temperature of the core block at the cen-

re of the site, consisted of 16 buildings and 31 external zones at

he street level. This allows for proper control of boundary con-

ition assumptions on air temperature, wind, and solar shading

rom nearby buildings. Results of the sensitivity study are plotted

n Fig. 22 (winter) and Fig. 23 (summer). 

Fig. 24 shows the hourly temperature profile inside street

anyons and contributions from urban canyon effect, HVAC and

raffic exhaust. Temperature values are calculated for the core site

ones over a 15-day period. It appears that on average, the urban

anyon effect (from solar) creates a thermal lag combined with a

light increase in peak temperature, whilst the traffic and HVAC

xhaust cause an increase in the peak temperatures. On average,

n winter ( Fig. 24 left) the peak temperature uplift is just under

 °C and in summer ( Fig. 24 right) it is just over 1 °C. 

The results suggest anthropogenic heat appears to be the dom-

nant contributor of temperature rise in summer on the study site,

xceeding those from the urban canyon effect. Fig. 25 shows hourly

ensible heat transfer to the urban canopy layer at the core block

n Sai Ying Pun from surface conduction, traffic and HVAC ex-

aust for a 15-day period in summer; values are normalized by

he footprint area of the core block. Traffic exhausts contributes up

o 140 W/m 

2 (24 h average 79 W/m 

2 ); contribution from building

VAC system is between 40-80 W/m 

2 (24 h average 61 W/m 

2 ).

eat gain from urban surfaces dips down to -30 W/m 

2 between

:00 – 13:00 and rise up to 40 W/m 

2 in the afternoon (14:00 –

0:00), suggesting building walls and the ground are cooler than

he air during morning yet warmer in the afternoon. 

The heat gains from surfaces is lower than those of the HVAC

nd traffic exhausts. This finding is supported by the surface tem-

erature data in Fig. 5 , where the wall temperatures were mea-

ured to be typically 1 to 2 °C higher than the ambient air temper-

ture of 30.3 ºC. This would indicate a surface heat transfer from

he wall surface to the outside air of around 6 W/m 

2 , which is

imilar to the value reported in Fig. 25 at 20:00 h 

The above findings differ from previous literature [35] , which

ank anthropogenic heat of lower importance than solar heat gains
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Fig. 17. Distribution of differences between predicted and measured surface temperature in summer and winter. The model appeared to have overestimated surface temper- 

ature in summer by 0.31 °C and winter by 0.48 °C. 

Fig. 18. Predicted zonal air temperature profile in summer (Sept.5-7, 2015). 

Fig. 19. Predicted zonal air temperature profile in winter (Dec.8-10, 2014). 
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nd vegetation in terms of contribution to UHI. Possible explaina-

ions are (1) the roof surfaces of Hong Kong’s dense high-rise ur-

an form prevented the bulk of solar radiation from penetrating

own to the street canyons; (2) the anthropogenic heat is intense

ue to the shear density of traffic, buildings, occupants and ac-

ivities. The results also shed light on UHI mitigation measures

n high-density cities. Aside from current policy priorities such as

urface albedo, greenery and improvement of urban air ventila-

ion [36] , Hong Kong might consider mitigating anthropogenic heat
mission in street canyons in summer, i.e. reduce vehicular traffic,

ncourage electric vehicles, or replace window AC units with dis-

rict cooling system. 

.4. Impact of urban microclimate on building energy 

The UrBEC model is able to predict the building energy de-

and based on temperature profiles of the building’s immediate

urroundings. Fig. 26 presents the predicted cooling demand for
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Fig. 20. Predicted surface temperature profile in summer (Sept.2015) in comparison with solar radiation. 

Fig. 21. Summary of simulation scenarios and model domain set-up for the sensitivity study; the core block consisted of 31 zones and 16 buildings at the centre of the 

domain is highlighted in red. 
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5 times faster than the state-of-the-art tool such as FLUENT and 20 
16 buildings at the core block in summer. Predicted mean building

cooling demand using the UrBEC model is 13.8 W/m 

2 , 15% higher

in comparison to predicted energy demand based on Virvil-HTB2

(12.2 W/m 

2 ) based on the assumption of a uniform temperature

across the site. The results suggest the necessity of accounting for

localized urban temperature variation in building energy simula-

tion in a high-density city, where the interactions between a build-

ing and its context can lead to considerable variability in microcli-

mate. 

3.5. Convergence and computing 

Convergence of the UrBEC model was satisfactory. The residu-

als for Loop A (pressure), Loop B (temperature), and Loop C (flow
ate) are plotted in Fig. 27 for a total of 30 days (720 h) of simula-

ion run in both winter (Dec. 7–26, 2014) and summer (Sept.4-23,

015). The above results are achieved using a self-developed solver

lgorithm written in Python programming language. The time step

alues used for Loop A, B are 3 . 5 × 10 −6 s and 0.07s, respectively.

he convergence criteria for pressure is 0.0065 Pa, 2 × 10 −4 ºC for

emperature, and 100 kg/s for flow rate, which translates into a ho-

ogeneous airflow of 0.2 m/s for a street opening 20 m by 20 m

n size, within the precision level of measurement equipment used

n this study. The pressure residual �P, temperature residual �T,

nd flow residual �F, decreased below their threshold levels. 

An advantage of the UrBEC model lies in its computing speed.

n average, it takes 10 min to execute a simulation run for an hour,
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Fig. 22. Predicted mean air temperature of the core zones for the Real-World, No Traffic Exhaust, Ghost Town scenarios for the first 9 days of the 15-day period in Sept. 

2015. Air temperature from the Urban Boundary Layer measured from weather station is plotted in the dashed line. 

Fig. 23. Predicted mean air temperature of the core zones for the Real-World, No Traffic Exhaust, Ghost Town scenarios for the first 9 days of the 15-day period in Dec. 

2014. Air temperature from the Urban Boundary Layer measured from weather station is plotted in the dashed line. 

Fig. 24. Predicted 15-day average hourly temperature profile under alternative scenarios in winter (left) and summer (right). 
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o  

m  
imes faster than ENVI-met based approach. At the moment, the

rBEC model runs on Python and Fortran programming languages,

hich, if streamlined in a single programming language platform,

an be accelerated further. It is expected to be able to simulate

nnual-hourly conditions for days in the next steps. 
.6. Limitations and next steps 

This paper summarizes progress of an on-going research project

ver the course of 4 years. Major limitations lie three-fold below,

ostly related to practical constraints of model evaluation studies
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Fig. 25. Sensible heat transfer to urban canopy layer on the study site from HVAC exhaust, traffic exhaust, and urban surfaces in summer over a 15-day period in summer 

(Sept. 4-19, 2015); results are divided by the footprint area of the core block (31,636 m 

2 ). 

Fig. 26. Predicted building cooling demand for a sample of 16 buildings at the core block using the UrBEC model and Virvil-HTB2. 

Fig. 27. Convergence performance for Loop A (Left), Loop B (Middle) and Loop C (Right). Mean residual values by interactions are calculated for a total of 30 days (720 h) in 

both winter (Dec. 7-26, 2014) and summer (Sept.4-23, 2015). 
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using a real urban neigbhhorhood: 

• The scope and duration of evaluation studies are limited. The

current field measurement was conducted in one urban neigob-

hrood – Sai Ying Pun, Hong Kong; the duration of studies

covered daytime hours in two days; measurement in evening

hours were missing due to logistic limitations. 
• The number of measurement locations in the field studies were

confined to four at the ground level; Limits in both manpower

and equipment available reduced the number of concurrent

measurement allowable; safety considerations prohibited the

hanging of equipment from building balconies in order to ob-

tain vertical temperature profiles above street canyons. 
• Means of urban surface temperature measurement were to be

improved. The authors acknowledge that infrared camera ex-

hibit considerable uncertainties in the measurement of surface

temperature; this shortcoming, despite practical difficulties in

accessing private building estates, is expected to be addressed

in further evaluation studies planned in the next steps. 

To address the above limitations, the follow studies are planned

or the next steps: 

• Further evaluation studies are to be conducted on a 1:50 mock-

up site consisted of buildings made of concrete bins; the idea

is to introduce artificial heat source of known power outputs

to mimic traffic exhaust and building HVAC exhaust. This al-
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lows more precise control of anthropogenic heat outputs com-

pare with field studies in a real urban neighborhood; On the

mock-up site, it will be feasible to precisely measure surface

temperature using thermocouples and to measure the vertical

temperature profiles in street canyons. 
• To develop model components allowing assessment of winter

heating. To this aim, appropriate assumptions are to be made

on set points and COP for heating. 
• Further studies are planned to include plants and moisture

modules to estimate latent heat transfer. Outcomes can allow

assessment of the impact of urban greenery, i.e. trees, lawns,

and water features in their effectivevness in the mitigation of

urban heat island effects. 
• Tasks are scheduled to accelerate solver algorithms in order to

allow annual-hour simulation for the model to assess build-

ing energy and microclimate conditions. This is expected to be

conducted in the next steps of studies via (1) refinement of

convergence critiera for practical purposes, (2) streamlining the

data exchange between the UMM and BE components, which

are currently written in two separate programming languages:

Python & Fortran. 

. Conclusions 

A coupled model for urban microclimate and building energy

as been developed. Field measurements were conducted in a

igh-density neighbourhood in Hong Kong to evaluate the model

erformance. The major contributions of this research lie in the

ollowing: 

First, an UrBEC model has been developed to describe the en-

rgy performance of a cluster of buildings in the context of the

urrounding microclimate; the research has therefore contributed

o the literature of environmental modelling at the scale of a clus-

er of buildings (50-500m) typical of which most buildings and

rban design projects are commissioned. Simulation results show

easonable agreement with onsite measurement data in terms of

ir temperature and building surface temperature in both winter

nd summer. 

Second, the simulation study for Sai Ying Pun, Hong Kong sug-

ests that on average street canyons can experience temperature

ise of 2 ºC compared with the urban canopy layer in summer;

he maximum warming effect is 4 ºC; the temperature variation

cross the neighbourhood can be 1-3 ºC. Building HVAC exhaust

nd traffic exhaust are the main causes of temperature rise in the

treet canyons; street level air is predicted to be 0.6 ºC warmer

han those at higher levels (20m + ). Predicted building cooling de-

and is expected to increase up to 15 % in summer due to the

arying temperature profiles in the neighbourhood. 

Third, the UrBEC model has demonstrated potential values in

upport of early stage design. It can predict the distribution of

emperature profile and building energy performance in a neigh-
Table 3 

Specifies of portable HOBO weather stations and components used in this study. 

Temperature & RH sensor (U23 Pro v2 

sensor) + Solar radiation shield (M-RSA), 

Weather Station Logger 

(H21-001) 

Wind Sp

(S-WCA-
ourhood for a given design layout; predicted solar radiation, sur-

ace temperature, airflow rate, and air temperature distribution can

e used to assess the quality of thermal environments in pocket

arks and streets. The model demonstrates satisfactory computing

fficiency: it runs 5 times faster than the existing approach based

n CFD methods, allowing simulation for an extended period and

pen up opportunities in supporting early-stage design and devel-

pment decisions. 
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ppendix 

The specifics of the portable HOBO weather station are pro-

ided as it is shown in Table 3: Temperature & RH sensor (U23

ro v2 sensor) + Solar radiation shield (M-RSA), Wind Speed / Di-

ection Smart Sensor (S-WCA-M003), Weather Station Logger (H21-

01) and Radiation Sensor (S-LIB-M003). 

Convergence conditions for the Re-Circulating Boundary are

rovided below: the results of mean zonal temperature at the

odel domain T̄ N as a function of time step N are plotted in

ig. 28 . Data were computed from a 24 h cycle on Sept.5, 2015.

 ̄N usually converges after 10 iterations, in which �T̄ N drops be-

ow 0.02 ºC, the accuracy range of measurement sensors. After two

teps, the domain mean air temperature increment from T a as a

ercentage of the convergence value ( ̄T N − T̄ a ) / ( ̄T ∞ 

− T̄ a ) , reaches

5%. 

A comparison of technical parameters of the UrBEC model to-

ether with the other two approaches, Fluent-Solene (Bouyer et al.,

011) and ENVI-met-EnergyPlus (Yang et al.) is provided in Table 4

elow. The UrBEC model appears to run faster than the other two. 
eed / Direction Smart Sensor 

M003) 

Radiation Sensor(S-LIB-M003) 

https://doi.org/10.13039/501100001809
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Fig. 28. Percentage changes of mean zonal temperature at the model domain T̄ N as a function of time step N used in the Re-Circulating Boundary computation. 

Table 4 

A comparison between UrBEC model and two other CFD-based approaches. 

Technical Parameters Fluent + Solene (Bouyer et al. [10] ) ENVI-met + EnergyPlus (Yang et al. [13] ) UMM + HTB2 (Huang et al., 2019) 

Running Time (per hour of simulation run) ∼60 mins ∗ ∼300 mins ∗∗ 10 mins 

Size of Case Project 1120 m × 1520 m × 180 m 150 m × 150 m × 50 m 252 m × 378 m × 100 m 

# of Air Cells (external zones) 1,725,000 140,625 194 

# of Buildings 11 15 44 

Surface Mesh 1545 (Surface Mesh) ∼100 (Linking Unit) ∗∗∗ 835 (Surface Element) 

∗ Estimated based on 164 h for a full thermoradiative and CFD coupling for a simulation period of one week. 
∗∗ Estimated based on 168 h for a simulation period of three days. 
∗∗∗ The number of linking unit, the surface connecting a building space to external environment, was not specified in the orginal manuscript. An educated estimate of 

100 was made according to the schematic depiction in Fig. 3 . 
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