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Abstract 11 

An important part of the world’s energy is used for space cooling of buildings. Minimization of space cooling, 12 

especially in hot urban environments, has great energy-saving potential. An important part of the heat ex-13 

change between buildings and the ambient surrounding is due to convective and radiative heat flows. The 14 

impact of these heat flows on energy consumption for cooling is much more important in urban areas com-15 

pared to rural areas. This study aims at quantifying the influence of the urban radiation balance, the urban 16 

heat island effect and urban convective heat transfer coefficients (CHTC) on the space cooling demands. 17 

CHTC correlations were determined using computational fluid dynamics (CFD) for different geometries in-18 

cluding stand-alone buildings and street canyons of different lengths. Buoyancy was accounted for by con-19 

sidering differences between building surface and surrounding air temperature. It was found that the build-20 

ing geometry has a large impact on the CHTC correlations and that the effect of buoyancy cannot be ne-21 

glected when wind speeds are low. These CHTC correlations were used for Building Energy Simulation (BES) 22 

predictions of the space cooling demand. Space cooling demands for a building in a street canyon differ up 23 

to a factor of 1.8 depending on the CHTC correlations used. Therefore, for accurate predictions of the space 24 

cooling demand, adequate CHTC correlations have to be used adjusted to the actual building configuration. 25 
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Abbreviations 33 

BES  building energy simulation 34 

CFD  computational fluid dynamics 35 

CHTC  convective heat transfer coefficient 36 

UHI  urban heat island 37 

1. Introduction 38 

Roughly 25% of the final energy consumption, including all energy delivered to the final consumers (exclud-39 

ing deliveries for transformation and network losses)  in the EU is used for residential and 15% for commer-40 

cial buildings. Heating represents 70% of the residential energy consumption (European commission energy, 41 

2009). Therefore there is a great energy saving potential by minimizing the energy demand for space heating 42 

and cooling of buildings. Today about 50% of the world population lives in urban areas, increasing to about 43 

70% by 2050 (UN, 2007). The microclimate in urban areas differs significantly from the climate in rural areas. 44 

The air temperatures are higher due to the urban heat island effect (UHI) (Oke, 1987) and the wind speeds 45 

are lower due to wind sheltering by buildings. Measurements in London showed up to 7K higher air tempera-46 

tures during the night in the city compared to measurements outside of the city (Watkins et al., 2002). In 47 

Athens the mean heat island intensity exceeds 10K which may double the energy demand for space cooling 48 

in buildings (Santamouris et al., 2001). Global warming and respective heat waves (Schär et al., 2004; Fischer 49 

and Schär, 2009) may further increase the temperatures in urban areas and can reduce the potential for night 50 

cooling significantly. The UHI not only influences the energy demand for space cooling and heating of build-51 

ings, but has also a large impact on the thermal comfort and health of the people living in urban areas. 52 

Reasons for the urban heat island effect are the increased heat gains due to higher absorption of solar radia-53 

tion on dark surfaces such as asphalt, the reduced energy losses during the night due to buildings that block 54 

thermal radiation to the cold sky, the lack of evapotranspiration as well as lower convective heat losses due 55 

to wind sheltering by buildings. Waste heat from buildings, industry and transportation further contributes to 56 

the urban warming. Besides the higher air temperatures higher radiative gains to the building and lower con-57 

vective heat losses from the building also increase the space cooling. Building energy simulation (BES) mod-58 

els are commonly employed to predict space cooling and heating demands (Hensen and Lamberts, 2011). 59 

BES models are transient models, which solve the buildings heat balance including conduction, shortwave 60 

and longwave radiation and convection, internal heat gains and the operation of building systems. In BES, the 61 

building is commonly assumed to be stand-alone, not accounting for the influence of neighbouring build-62 

ings. The neighbouring buildings however decrease the convective heat transfer due to wind sheltering and 63 

increase the radiative gains by reflecting solar and longwave radiation and blocking the radiation exchange 64 

to the cold sky. As input air temperatures weather data from meteorological stations are commonly used, 65 
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while the actual air temperature of the microclimate at the buildings location should be used. These short-66 

comings can lead to inaccurate predictions of space cooling and heating. A number of studies, with different 67 

degrees of complexity, have been conducted to investigate the influence of the urban microclimate on the 68 

energy demand of buildings. The most straightforward way to consider the urban microclimate is to use me-69 

teorological data measured at a specific urban location (Santamouris et al., 2001, Kolokotroni et al. 2006, 70 

Schneider and Maas 2010). A more detailed study, where the radiation exchange and the wind flow in a city 71 

quarter was explicitly modelled, was conducted by Bouyer et al. (2011). All these studies demonstrated the 72 

importance of accounting for the urban microclimate in BES.  73 

In this study, BES results for standalone buildings and buildings forming a street canyon are compared to in-74 

vestigate the impact of the urban microclimate on the building cooling demand. To account for the radiation 75 

exchange with the neighbouring buildings, the BES radiation model, basically intended to model indoor 76 

space radiation, is used for modelling outdoor space radiation between the building surfaces and sky (see for 77 

more details section 3.1.2.). The UHI was accounted for by using diurnal UHI intensity schedules that are ob-78 

tained from field measurements (Rotach et al., 2005). In BES, convective heat transfer coefficients (CHTCs) are 79 

used to quantify the convective flow of heat at the building façades: 80 

refTwT
wcq

ch
−

= ,             (1) 81 

where hc = convective heat transfer coefficient; qc,w = convective heat flux normal to the wall; Tw = surface 82 

temperature at the wall; and Tref  = a reference temperature. 83 

CHTC correlations for different wind speeds are found in literature (Defraeye et al., 2011a) and are commonly 84 

based on measurements at façades of stand-alone buildings. For buildings in urban areas these CHTC rela-85 

tions are not sufficiently correct, since the global flow field and as such also the convective heat transfer is 86 

strongly influenced by the neighbouring buildings. Furthermore, buoyancy is important in urban areas, where 87 

façades and pavement are heated by the sun and where wind speeds are reduced due to wind sheltering. For 88 

example, in a street canyon with an aspect ratio (width versus height) of 1 and a wind flow direction perpen-89 

dicular to the street axis, a vortex is formed in the centre of the street canyon. With increasing temperature 90 

difference between the air around buildings and the building façades, buoyancy will reinforce this vortex or 91 

other counter rotating vortices will be generated. These vortex structures have an important effect on the 92 

CHTC at the different surfaces of the street canyon. CHTCs were also determined by wind tunnel experiments 93 

(e.g. Kovar-Panskus et al., 2002) and CFD simulations (e.g. Xie et al., 2007) where the influence of different 94 

surface temperatures of façades and ground on the flow field was studied.  95 

To determine CHTC by CFD, near wall modelling is needed. For the near wall modelling, two approaches ex-96 

ist: (1) Low Reynolds Number modelling (LRNM), which requires a high density meshing of the boundary lay-97 

er and is by this computationally expensive; (2) and wall functions, where the viscous sublayer, the buffer lay-98 

er and part of the logarithmic layer are not resolved but modelled. Wall functions need only a coarse mesh-99 

ing of the boundary layer and are computationally less expensive. Recently Defraeye et al. (2010) showed that 100 
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the standard wall functions fail to predict accurately the heat transfer at the wall and consequently also the 101 

CHTC. Based on accurate LRNM simulations, Defraeye et al. (2011b) and Allegrini et al. (2012) proposed an 102 

adapted wall function approach, which provides more accurate results for the modelling of convective heat 103 

transfer at bluff bodies immersed in an atmospheric boundary layer. Recently Defraeye et al. (2012, this issue) 104 

showed that these adapted wall functions show also a much higher accuracy when buoyancy is present at 105 

stand alone buildings. Allegrini et al. (2012) came to the same conclusions when considering street canyon 106 

geometries. Therefore, we use in this paper the adapted wall function approach to derive CHTC correlations 107 

for different building geometries, ranging from stand-alone buildings to street canyons, taking into account 108 

the effect of buoyancy. The CHTC correlations are derived for stand-alone buildings and street canyons with 109 

different lengths with or without buoyancy. Only wind directions normal to the buildings are considered. In 110 

the next step, the obtained CHTC correlations are used for BES. The purpose of this paper is to analyse the 111 

influence of the used CHTC correlations on the predicted space cooling demand. The CHTC correlations de-112 

pend both on wind speed and surface temperatures when buoyancy is present. However since buoyancy de-113 

pends highly on the specific heating of the different surfaces forming e.g. a street canyon, the amount of dif-114 

ferent cases to be considered, and thus also the number of correlations to be determined indefinite. Another 115 

option is to directly couple BES with CFD. For each BES time step, a CFD simulation computes the CHTC for 116 

that time step. The surface temperatures used in CFD are the temperatures obtained in the BES. The resulting 117 

CHTCs are then used for the next BES. Such coupled simulations are however computationally expensive and 118 

therefore not practical for annual building energy predictions. Therefore, in this paper, we perform a study to 119 

determine the sensitivity of the BES cooling demand on the used CHTC correlations.  120 

The structure of the paper is as follows. In section 2 the CFD model and CHTC correlations are presented. In 121 

section 3, the BES model is presented and the annual space cooling demand and peak cooling load using dif-122 

ferent CHTC correlations is studied. From these annual simulations detailed results for a two week period are 123 

selected and analysed, with the aim to quantify the sensitivity of the predicated space cooling demands on 124 

the used CHTC correlations. 125 

2. CFD 126 

2.1. Numerical Model 127 

For this study, steady 2D and 3D RANS CFD simulations using ANSYS-Fluent 12.0 (ANSYS Fluent, 2009) are 128 

conducted with a realizable k-ε turbulence model. Xie et al. (2006) validated 2D RANS CFD simulations with a 129 

k-ε turbulence model for street canyons and showed the applicability of the k-ε turbulence model to predict 130 

the flow field in street canyons. For the near wall modelling, modified wall functions as presented by De-131 

fraeye et al. (2011b) are used.  132 

Seven urban geometric configurations are considered including stand-alone buildings and street canyons. 133 

For the stand-alone buildings we consider four cases: (case i) a cubical building with side dimensions H, (case 134 

ii) a rectangular building with a height H, a width W equal to H and a length L (L=110.5m), (case iii) rectangu-135 

lar building with a length 2L , (case iv) an infinite long building, which is modelled as a 2D case. The street 136 
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canyon is modelled as a 2D cavity with three different aspect ratios H/W:  0.5 (case v), 1 (case vi) 1 and 2 137 

(case vii). H equals 14.6 m. The first 4 geometries were chosen to investigate the dependence of the CHTCs 138 

on building length. The last three cases of street canyons were chosen to analyse the influence of the aspect 139 

ratio. The dimensions of the 2D and 3D domains are constructed according to the guidelines of Franke et al. 140 

(2007). Figure 1 gives as an example the domain for 2D stand alone building and street canyon cavity and the 141 

meshed domain for the 3D cubical building (3D and topview).  142 

At the inlet of the domain vertical profiles of the mean horizontal wind speed U (logarithmic law), turbulent 143 

kinetic energy (k) and rate of dissipation of turbulent kinetic energy (ε) are imposed according to Richards 144 

and Hoxey (1993). These profiles represent a neutral ABL, where the turbulence originates only from friction 145 

and shear: 146 
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where u*ABL is the ABL friction velocity, y the height above the ground, z0 is the aerodynamic roughness 148 

length. For z0 a value of 0.03m is chosen, which corresponds to a land surface with low vegetation and isolat-149 

ed obstacles. The same roughness length was also used for the urban geometries in order not to influence 150 

the heat transfer by the characteristics of the approach flow, but only by the building geometries itself. . Be-151 

cause the street canyon is modelled as a cavity and therefore the longitudinal extensions of the domain are 152 

at the roof level, the used roughness length is assumed to be the roughness of the roof and not the rough-153 

ness of the urban area. Eight different reference wind speeds at 10 m height are considered: 0.125, 0.25, 0.5, 154 

1, 2, 3, 4 and 5m/s. The incoming air temperature equals 20°C. The wind direction for the 3D simulations is 155 

normal to the building. The following roughness heights were used for the simulations. The surfaces of the 156 

building and cavity have no roughness. Reason for this particular choice is that the wall functions used in this 157 

paper are derived from LRNM simulations, which allow only smooth surfaces (ANSYS Fluent, 2009). The sur-158 

faces of the longitudinal extension of the domain in front and behind the building or the street canyon are 159 

modelled with different roughness heights, chosen in such a way that the streamwise gradients of the vertical 160 

winds speed and turbulence profiles are minimal (Blocken et al., 2007). The surface temperatures of the 161 

building and cavity walls are assumed to be uniform. Four different surface temperatures are considered: 21, 162 

23, 25 and 30°C to mimic different solar radiation intensities. The Richardson number is used to quantify the 163 

amount of buoyancy: 164 
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where g is the gravitational acceleration, Tw the wall temperature, h a reference height (here the building 166 

height H),  U a reference velocity (here the reference velocity U10 ) and T0 a reference temperature (here the 167 

temperature at the inlet boundary) . The Richardson number for the cases considered in this paper varies be-168 

tween 0.2 and 3200. The other surfaces of the domain, with exception of the building or cavity walls, are 169 

modelled as adiabatic surfaces. Symmetry boundary conditions are imposed at the top boundary and out-170 

flow boundary conditions at the outlet. For the 3D domains symmetry boundary conditions are imposed at 171 

the lateral boundaries. No radiation is considered in the CFD simulations. To model buoyancy, the Boussinesq 172 

approximation is applied. Pressure-velocity coupling is taken care of by the SIMPLEC algorithm. The PRESTO! 173 

spatial discretization scheme is used for the pressure interpolation and a second order spatial discretization 174 

scheme for the convection of the governing equations. 175 

2D and 3D structured grids are built based on a grid sensitivity analysis and on the guidelines of Franke et al. 176 

(2007). The 2D grids consist of 5500 to 11500 cells. The 3D grids consist of 67000 to 155000 cells. All grids 177 

are refined towards the walls. Since a wall function approach is used the y+ values have a maximum of 500. 178 

2.2. Importance of Buoyancy 179 

Buoyancy plays an important role in the natural and mixed convective flow regimes. The flow field in street 180 

canyons changes significantly due to buoyancy when having high surface temperatures and low wind speeds. 181 

These weather conditions are also the critical conditions for determining the building cooling demand and 182 

peak load. In figure 2 the vector flow fields obtained by CFD are shown for cases with and without buoyancy. 183 

Different aspect ratios are considered. Without buoyancy one main vortex in the centre of the street canyon 184 

is formed. Some other small vortices in the corners of the cavity are formed. Due to the buoyancy, air rises at 185 

the heated building surfaces and two (or even more) counter rotating vortices are formed. The vorticity is 186 

higher in the buoyant case than in the forced convection case. With buoyancy, the air velocities (figure 3a) 187 

and air temperatures (figure 3b) at the building façades increase. As a result, the convective heat transfer and 188 

CHTCs increase in the buoyant case.  It can be concluded, that buoyancy has to be taken into account for the 189 

determination of CHTC correlations when the temperature differences between air and surface is high and 190 

the wind speed low.  191 

2.3. CHTC correlations 192 

For the CHTC calculations the reference temperature in equation (1) is defined as the temperature of the in-193 

coming air at the inlet. Surface averaged CHTCs are determined for windward and leeward façade. In figure 4, 194 

the CHTC versus wind speed is shown for the 7 different geometries. Figures 4a-b show the results with 195 

buoyancy and figures 4c-d without buoyancy. The CHTC values for the leeward façade are in general smaller 196 

than the values for the windward façade (note the lower scale in ordinate axis for leeward wall), due to lower 197 

air speeds at leeward surfaces. The CHTC increases nonlinearly with the wind speed. When buoyancy is not 198 

considered, the CHTCs decrease to zero for low wind speeds, while for buoyancy they level off to a constant 199 

value. The heat flux gets constant for low wind speeds, because the flow inside the street canyon is mainly 200 
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driven by buoyancy and not by the flow above the street canyon anymore. We conclude that buoyancy has 201 

to be considered for weather conditions with high surface temperatures and low wind speeds.  202 

Different CHTC correlations are found for different geometries. We first consider the CHTCs for the windward 203 

walls. The CHTCs of standalone buildings are higher than the CHTCs in street canyons. The CHTCs for stand-204 

alone buildings decrease with increasing building length starting from the cubic building towards the infinite 205 

long building. The Reason is that the highest air speeds and consequently convective heat transfer coeffi-206 

cients are found for the cubical building showing an acceleration of the 3D flow around the building. With 207 

increasing building length the air speeds and convective heat transfer coefficients further decrease. The sen-208 

sitivity of the CHTC to the wind speed, represented by the slope of the correlation, is found also to depend 209 

on the building geometry. The slope of the CHTC correlation decreases with increasing building length. The 210 

CHTCs at the windward wall in the street canyon are lower compared to the infinite long stand-alone build-211 

ing. This decrease is due to the wind sheltering caused by the neighbouring building. The CHTCs are lower 212 

for higher aspect ratio H/W, due to the increased wind sheltering effect in narrower street canyons. 213 

Considering the CHTCs at the leeward wall they follow the same trend as found for the windward walls. How-214 

ever, the CHTCs for the wider street canyons (aspect ratios 0.5 and 1) are higher than for the infinite long 215 

stand-alone building. This observation can be explained by the existence of a vortex in the street canyon, 216 

which increases the air speed at the leeward wall compared to the leeward wall in the wake of a standalone 217 

building.  218 

The CHTC correlations derived in this study are compared to the correlations from ASHRAE (2009) in figures 219 

4c-d. The correlations from ASHRAE are commonly used for BES and are based on measurements by Ito et al. 220 

(1972). The CHTCs determined for urban geometries studied in this paper are in general much lower than the 221 

ASHRAE correlations. Only for the windward wall of the cubical building do the ASHRAE values approximate 222 

our CHTC values, whereas for the leeward wall of all urban geometries the values are significantly lower, while 223 

the slope is higher.  224 

Profiles of the CHTCs along the vertical centreline of the leeward and windward walls are given in figure 5a 225 

and 5b respectively for different stand-alone buildings. The profiles for these buildings are similar and the 226 

values are decreasing with increasing building length. 227 

In figure 6a the CHTC correlations for a street canyon with an aspect ratio of 1 are shown for different façade 228 

and ground surface temperatures. With increasing surface temperatures the buoyancy effect on CHTC at low 229 

wind speeds becomes more pronounced. CHTCs are higher and become function of both air speed and tem-230 

perature difference between the surface and air in the street canyon. The CHTCs for wind speeds lower than 231 

1 m/s are almost identical for leeward and windward façade, because the flow, which is mainly driven by 232 

buoyancy, is almost equal at these two façades. For higher wind speeds the CHTC correlations for the differ-233 

ent temperature differences collapse onto one curve, because the influence of buoyancy on the flow field be-234 

comes negligible.  235 
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In figure 6b the CHTC values for low wind speeds (box in figure 6a) are given as a function of the tempera-236 

ture difference between the wall and ground surfaces and the air temperature. The CHTC values are increas-237 

ing in a similar way for all geometries. Theoretically, the air speed and the CHTCs at the walls should increase 238 

linearly with the temperatures difference between the surfaces in the street canyon and the air temperature. 239 

This is because the buoyancy forces are a linear function of the air density and the air density is modelled 240 

with the Boussinesq approximation, where the air density is a linear function of the air temperature. In figure 241 

6b the increase is not linear, since the air temperature in the street canyon increases less rapidly than the fa-242 

çade surface temperatures. Therefore the buoyancy forces, and consequently the air speed and CHTC values, 243 

are increasing nonlinearly. 244 

From these CFD results it becomes clear that the geometry and the temperature difference between surface 245 

and ambient air temperatures are important parameters determining the CHTC correlations. In the next sec-246 

tion we study the influence of the different CHTC correlations on the energy demand for cooling of buildings. 247 

For this purpose, the CHTC correlations are approximated by the following functions: (i) a constant value for 248 

wind speeds below 1m/s (determined as the average CHTC in this low speed region); and (ii) with a power-249 

law function for wind speeds above 1m/s. 250 

 251 

3 BES 252 

3.1. Numerical Model 253 

TRNSYS 17.0 (2010) is used as code for BES in this study. TRNSYS is a transient 3D single building multi-zone 254 

BES software. It includes a 3D radiation model that accounts for shadowing and radiation exchange including 255 

multiple reflections for solar and long wave radiation. Heat conduction through the walls is modelled as 1D 256 

transient heat flow using wall transfer functions. TRNSYS 17 was developed for stand-alone buildings and the 257 

detailed radiation model is basically employed for interior spaces. For this study the BES model was adapted 258 

in such a way that the radiation model can also be applied for outdoor spaces between buildings (see section 259 

3.1.2.). TRNSYS 17 uses CHTC correlations to describe the convective heat transport at the outside surface of 260 

the building. All BES are conducted with meteorological data from the Swiss city of Basel. 261 

3.1.1. The building model 262 
The energy demand of a three storey office building is analysed in a rural and an urban context. In the former 263 

case, the office block is considered as a stand-alone building in an open field, while in the latter case it is sit-264 

uated between two identical buildings (figure 7). Street canyons with different aspect ratios (H/W = 0.5, 1 and 265 

2) are analysed.  266 

The studied building has a length of 110.5 m to minimize lateral boundary effects in the radiation model and 267 

a total height and width of 13.5m. The building is well-insulated. Walls, roof and ground floor have U-values 268 

of respectively 0.25 W/m2K, 0.15 W/m2K and 0.29 W/m2K. A basement is not considered. The walls have a 269 

glazing fraction of 50 % and windows with double glazing (U-value 1.4 W/m2K, g-value 0.59, reflectivity 0.27) 270 
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are used. Internal gains, caused by lights, devices and persons, are set according to SIA 2024 (2006). Light 271 

control is as follows: lights are on when the building is occupied and if the solar radiation on the correspond-272 

ing façade is less than 70 W/m2. External shading devices are closed when solar radiation on the correspond-273 

ing façade is greater than 120 W/m2. The lateral façades of the buildings are modelled as adiabatic. The room 274 

air temperature is controlled to remain between 21°C and 26°C. A mechanical ventilation system is used 275 

(day-time: airflow rate 30 m3/h.person, heat recovery with 80% efficiency, ambient air is not heated to tem-276 

peratures above 21°C; night-time: no mechanical ventilation). For the neighbouring buildings all walls are 277 

modelled as adiabatic except the ones adjacent to the street canyon, which are similar in construction to the 278 

building under study. At the building’s façade, window and roof surfaces heat is exchanged by means of solar 279 

and long-wave radiation and forced and natural convection, which we discuss in more details below. 280 

3.1.2. Radiative heat transfer 281 
In classical BES of stand-alone buildings, solar irradiation on façade elements is considered as a gain, and 282 

long-wave radiation as a heat loss to the cold sky. In street canyon configurations, however, the solar direct 283 

and diffuse irradiation is characterized by multiple diffuse and specular reflections at the building surfaces. 284 

Similarly, the multiple longwave reflections and radiative exchange with neighbouring building surfaces and 285 

the sky must be considered. In TRNSYS 17, the 3D radiation model is only used for interior zones. Therefore, 286 

in this study, the outdoor space between buildings is modelled as an atrium with an open ceiling. In this way, 287 

the shadowing by the neighbouring buildings and the exchange of thermal and solar radiation between the 288 

different buildings is considered. TRNSYS 17 determines which surfaces are sunlit and which are shaded, de-289 

pendent on the position of the sun and the orientation of the studied building. At opaque surfaces a part of 290 

the direct solar radiation is absorbed and the remaining part is reflected in a diffuse way. Thus, specular re-291 

flection of direct solar irradiation is not considered. If direct solar radiation hits a transparent surface (win-292 

dow), a part of the solar radiation is absorbed at the window panes, a second part is transmitted through the 293 

window into the building, and the rest is reflected diffusely. The sum of all diffuse shortwave radiation, con-294 

sisting of diffuse solar radiation, the diffuse reflection of direct solar radiation, is distributed over all the sur-295 

faces in the street canyon (including a surface that represents the sky) using Gebhart factors. Gebhart factors 296 

are basically view factors, corrected to include the effect of multiple (diffuse) reflections. The part of the dif-297 

fuse shortwave radiation that is distributed onto transparent surfaces is again reflected, absorbed and trans-298 

mitted by the window panes. As for the diffuse shortwave radiation, the long wave radiation is distributed us-299 

ing Gebhart factors. Each surface emits long wave radiation dependent on its temperature and its emissivity. 300 

For the sky a fictive sky temperature as a function of the ambient temperature, air humidity, cloudiness factor 301 

of the sky, and the local air pressure is used for the calculations of the long wave radiation. All surfaces are 302 

considered to be opaque for long wave radiation. Therefore no long wave radiation is transmitted through 303 

the windows. 304 

3.1.3 Surface temperatures 305 
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As an example of the presented model, the influence of the radiative exchange in an urban environment on 306 

the thermal behaviour of the street canyon is studied. We determine the surface wall temperatures for differ-307 

ent cases: a standalone building and street canyons with different aspect ratios.  Figure 8 depicts the differ-308 

ence between the wall surface temperature and the ambient air temperature at the 1st floor level of the office 309 

building during a summer period of two days. For reference also the air temperature is given. A building in-310 

side a street canyon with walls oriented to the North (figure 8a) and South (figure 8b) are considered. The 311 

wall surface temperatures for the buildings in an urban environment are in all cases higher than for the stand 312 

alone building. These higher temperatures are caused by multiple reflections of solar and long-wave radia-313 

tion inside the street canyon (solar radiation entrapping). This effect is stronger for the north than for the 314 

south façades, because the direct solar irradiation is reflected from the south façade onto the north façade. 315 

During night, the stand-alone building cools down faster, due to the larger view factor and heat losses to the 316 

cold sky. Temperatures differences remain highest in the narrowest street canyon, due to the lower sky view 317 

factor. We remark that the highest surface temperature differences between stand-alone and street canyon 318 

buildings are found for the 1st floor. For the 2nd and 3rd floors the influence of the neighbouring buildings is 319 

decreasing. 320 

3.2. Space Cooling Demand 321 

3.2.1. Urban vs. rural areas 322 

As discussed in the introduction, three phenomena may contribute importantly to the building cooling de-323 

mand in an urban environment: (1) the radiation exchange between buildings, (2) the urban heat island effect 324 

and (3) wind sheltering. We compare the annual space cooling demand related to the total floor area for a 325 

stand-alone building with the energy demand of a building in a street canyon with different aspect ratios. As 326 

mentioned, all space cooling demands given here are calculated for a room air temperature threshold of 327 

26°C. For the different geometries, TRNSYS models accounting for the detailed urban radiation exchange are 328 

developed. We used the CHTC correlation for street canyons as derived in this paper considering a tempera-329 

ture difference of 10K between the heated surfaces and the air inlet temperature. In these first simulations, 330 

this correlation was used for both stand-alone and street canyon building to be able to distinguish between 331 

different influencing factors. To analyse the influence of the urban heat island effect a second BES is run, 332 

where the surrounding air temperature is increased according to a diurnal urban heat island intensity sched-333 

ule. Each month is characterised by a diurnal urban heat island intensity curve which is obtained by compar-334 

ing air temperatures of the metrological station with air temperatures measured inside a street canyon in the 335 

city of Basel (Rotach et al. 2005). In Figure 9 important differences in space cooling demand are observed be-336 

tween a standalone building and a building in a street canyon. For the building in a street canyon with an as-337 

pect ratio of 0.5, the cooling demand is e.g. more than double than for the same building in a standalone 338 

configuration. The higher space cooling demand for the street canyon is caused by the different heat balance 339 

in an urban environment. Solar radiation is reflected between the buildings, adsorbed by the walls, giving rise 340 

to an increase of the surface temperatures of the buildings. Due to the higher surface temperature more 341 

longwave radiation is emitted between the buildings, resulting in higher heat gains for the buildings. During 342 
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night less long wave radiation losses to the cold sky occur due to the lower sky view factors. This means that 343 

the radiation balance in an urban environment leads to higher solar gains during daytime and less radiation 344 

losses during night-time. As a consequence the cooling demand for buildings in street canyons increases.  345 

For building situated in narrower street canyons the cooling demand is lower, since less solar radiation enters 346 

and gets entrapped in the street canyons. The urban heat island intensity further increases the cooling de-347 

mand, but this effect is less pronounced. However, for buildings with passive cooling by night-time ventila-348 

tion, the impact of the urban heat island effect is expected to be much higher, as night ventilation becomes 349 

less effective at higher ambient temperatures (Allegrini et al., 2011). 350 

3.2.2. Effect of CHTC correlations 351 

Two of the three important phenomena contributing to an increase of space cooling demands of buildings in 352 

an urban context were discussed in section 3.3.1. In this section the influence of the different CHTC correla-353 

tions on the space cooling demand of a building is analysed. We limit the study to one BES model of a build-354 

ing in an urban street canyon with an aspect ratio 1. No urban heat island effect is considered. The CHTC cor-355 

relations as derived for the different geometries are used. The CHTC values are adjusted to the hourly value 356 

of the wind speed. For simplicity we did not adjust the CHTC value every time step to the surface tempera-357 

ture, but studied the sensitivity of the results to the CHTC correlations for different temperature differences.  358 

In figure 10a the annual energy demand for space cooling is given using the different CHTC correlations. The 359 

space cooling demand significantly depends on the geometry. The cooling demand increase with 80% com-360 

paring a cubical building and a building situated in an infinite long narrow street canyon. Buoyancy has a less 361 

important influence on the cooling demand. The cooling demand increases with 17% comparing the CHTC 362 

correlations for the two extreme wall temperatures (21°C and 30 °C) for a street canyon with an aspect ratio 363 

of 2. BES can also be used to predict accurate peak cooling loads, as these are important for the dimension-364 

ing of HVAC systems. In figure 10b peak cooling loads are given for a building in a street canyon with an as-365 

pect ratio of 1, using different CHTC correlations. The same trend as for the annual demand can be found. 366 

The differences for the peak cooling loads are however much smaller than for the annual energy demands.  367 

3.3.3. Effect of wind speed 368 

In the last part of this study two typical weeks are extracted from the one year simulations for further analy-369 

sis. One week is characterised by rather high wind speeds, while the other week low wind speed (figure 11a). 370 

The temperatures are comparable for the two weeks (figure 11b).  371 

Figure 12 shows the weekly space cooling energy demand using different CHTC correlations.  In general the 372 

dependencies are very similar to the annual predictions. For both weeks the influence of the geometry is 373 

lower than for the one year simulations. For the week with the high wind speeds the influence of buoyancy 374 

on energy demand is much lower than for the week with low wind speeds. This is due to the fact that for 375 

most of the time the wind speed is in a range where the influence of buoyancy is quite low (see section 2.2.). 376 

For the week with low wind speeds the impact of buoyancy on the space cooling demand is much more pro-377 
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nounced, because the wind speed is mostly < 1m/s were the CHTC is a function of the surface temperatures 378 

and independent on wind speed.  379 

The results from this section show that it is important to use the appropriate CHTC correlations in order to 380 

get accurate predictions for the annual space cooling demands, weekly space cooling demands and the peak 381 

cooling loads. Most important is that the geometry and the neighbouring buildings are accounted for when 382 

choosing a CHTC correlation for BES. Also buoyancy needs to be considered for weather conditions with low 383 

wind speeds and high surface temperatures especially for buildings in urban areas.  384 

 385 

In conclusion, the three main aspects, i.e. radiation entrapment, urban heat island effect and CHTCs for urban 386 

geometries, need to be considered for an accurate prediction of annual and weekly space cooling demand of 387 

a building in an urban area. This study was conducted for idealized stand-alone buildings and urban street 388 

canyons. Since the focus of this paper is more on the methodology, more realistic geometries like street in-389 

tersections, buildings with pitched roofs or balconies etc. were not considered here, but it is possible to use 390 

the same approach presented here to other (more complex) geometries. Urban street canyons were chosen 391 

being the most generic elements a city is composed of and also critical in terms of space cooling demand, 392 

due to the wind sheltering by neighbouring buildings. 393 

4. Conclusion 394 

A sensitivity analysis was conducted with the aim to identify the influence of different convective heat trans-395 

fer coefficient (CHTC) correlations on the space cooling demand of modern office buildings. In a first step 396 

CHTC correlations for 7 different building geometries, ranging from a stand-alone cubical building to an infi-397 

nite long narrow street canyon, were derived for windward and leeward walls. For all cases, the wind direction 398 

was normal to the buildings and street canyons. For all geometries, CHTC correlations for non-buoyant flows 399 

and for buoyant flows with different temperature differences between buildings façades and air temperatures 400 

were established. It was found that the CHTC values are decreasing from a cubical to an elongated to a build-401 

ing in a street canyon. Further it was found that buoyancy is important for low wind speeds especially for 402 

elongated buildings and buildings in urban street canyons. Therefore convective heat transfer in urban areas 403 

is generally lower than in rural areas. 404 

The urban heat island effect and the radiation exchange with neighbouring buildings are found to substan-405 

tially contribute to the increase of cooling demand. It was also found that it is important to use correct CHTC 406 

correlations that correspond to the actual building geometry and weather conditions to get accurate predic-407 

tions for the space cooling demands and peak cooling loads. For the street canyon building studied, the 408 

space cooling demand is by factor of 1.8 larger when considering CHTC correlations corresponding to an in-409 

finite long street canyon with low buoyancy, compared to the case with CHTC correlations according to a cu-410 

bical stand-alone building with strong buoyancy. This study shows the importance of choosing carefully the 411 

CHTC correlations for Building Energy Simulation, especially for buildings in urban areas.  412 
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Figure Captions 477 

478

Figure 1: Computational domain for a 2D stand-alone building (a), a 2D street canyon (b) and a 3D cubical 479 

building (topview and 3D view) (c). 480 
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 481 

Figure 2: Flow fields neglecting buoyancy (top) and considering buoyancy (bottom) for aspect ratios of 0.5, 1 482 

and 2 (left to right).  483 

 484 

Figure 3: Velocity magnitude normalized by U10 (a) and temperature normalized by the inlet temperature (b) 485 

on the horizontal centreline in a street canyon with an aspect ratio of 2 , U10 = 0.25m/s, inlet temperature 486 

20°C and wall and ground surface temperatures of 25°C.  487 
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 488 

Figure 4: CHTC versus wind speed with a temperature of 30°C for the heated surfaces: (a) windward wall with 489 

buoyancy; (b) leeward wall with buoyancy; (c) windward wall without buoyancy; (b) leeward wall without 490 

buoyancy.  491 

 492 

Figure 5: CHTC profiles on the vertical centreline of the leeward (a) and windward (b) walls of the 4 studied 493 

stand-alone buildings (simulations with 0.5m/s and heated surface temperatures of 30°C) 494 
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 495 

Figure 6: (a) CHTC versus wind speed for windward (WW) and leeward (LW) walls with different wall and 496 

ground surface temperatures for a street canyon with an aspect ratio of 1. (b) CHTC for low wind speeds (red 497 

box in figure 6a) versus temperature difference between air and surfaces temperatures for all 7 geometries: 498 

windward (red) and leeward (green) walls.  499 

 500 

Figure 7: Three identical buildings, separated by street canyons with an aspect ratio of 1. The building of 501 

interest is the middle building. 502 
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 503 

Figure 8: Ambient air temperatures and differences in wall surface temperatures for the north and south fa-504 

çades of the 1st floor, for a stand-alone building and for buildings surrounded by street canyons with differ-505 

ent aspect ratios (0.5, 1 and 2). 506 

 507 

Figure 9: Annual space cooling demand for different modelling cases and different street canyon aspect rati-508 

os. 509 
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 510 

Figure 10: Total annual space cooling demands (a) and annual peak cooling loads (b) for a street canyon with 511 

an aspect ratio of 1 using CHTC correlations developed for different geometries and temperature differences 512 

between building façades (Ts) and ambient air (here 20°C). 513 
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 514 

Figure 11: Wind speeds (a) and air temperatures (b) for the two studied weeks. 515 

 516 

Figure 12: Weekly space cooling demands for a week with high wind speeds (a) and a week with low wind 517 

speeds (b) for a street canyon with an aspect ratio of 1 using CHTC correlations developed for different ge-518 

ometries and temperature differences between building façades and ambient air. 519 
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